
This item is the archived peer-reviewed author-version of:

Effectiveness of reducing the influence of CTAB at the surface of metal nanoparticles during in situ

heating studies by TEM

Reference:
De Meyer Robin, Albrecht Wiebke, Bals Sara.- Effectiveness of reducing the influence of CTAB at the surface of metal nanoparticles during in situ heating

studies by TEM

Micron - ISSN 0968-4328 - 144(2021), 103036 

Full text (Publisher's DOI): https://doi.org/10.1016/J.MICRON.2021.103036 

To cite this reference: https://hdl.handle.net/10067/1758740151162165141

Institutional repository IRUA



Effectiveness of reducing the influence of CTAB at the surface of metal nanoparticles during 

in situ heating studies by TEM. 

Robin De Meyera,b, Wiebke Albrechta,b, Sara Balsa,b 

a EMAT, University of Antwerp, Groenenborgerlaan 171, B-2020 Antwerp, Belgium 

b Nanolab Centre of Excellence, Groenenborgerlaan 171, B-2020 Antwerp, Belgium 

Abstract  

In situ TEM is a valuable technique to offer novel insights in the behavior of nanomaterials under 

various conditions. However, interpretation of in situ experiments is not straightforward since the 

electron beam can impact the outcome of such measurements. For example, ligands surrounding 

metal nanoparticles transform into a protective carbon layer upon electron beam irradiation and 

may impact the apparent thermal stability during in situ heating experiments. In this work, we 

explore the effect of different treatments typically proposed to remove such ligands. We found that 

plasma treatment prior to heating experiments for Au nanorods and nanostars increased the 

apparent thermal stability of the nanoparticles, while an activated carbon treatment resulted in a 

decrease of the observed thermal stability. Treatment with HCl barely changed the experimental 

outcome. These results demonstrate the importance of carefully selecting pre-treatments 

procedures during in situ heating experiments.  
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1 INTRODUCTION 

Metallic nanoparticles (NPs) have unique functions that can differ greatly from their bulk 

equivalents. Because of these properties, metallic NPs have great potential for various applications. 

For example, in the field of life science, gold NPs can be used for molecular sensing, as contrast 

agents in imaging, for drug delivery applications and even as therapeutic agents (Huang et al., 

2010; Stone et al., 2011; Sun et al., 2011). Metallic NPs furthermore play an important role in 

thermo-, electro- and photocatalysis to facilitate a multitude of reactions (Han et al., 2019; 

Hassanzadeh et al., 2013; Priecel et al., 2016). Unfortunately, metallic NPs are much less stable at 

increased temperatures in comparison to bulk Au. Indeed, whereas Au has a melting temperature 

of 1064 °C, anisotropic Au NPs can already deform at temperatures as low as 100 °C (Mohamed 

et al., 1998). Understanding the structural changes of Au NPs at high temperature is therefore of 

great importance for their use in future applications. 

Transmission electron microscopy (TEM) is a useful technique to investigate the structure and 

composition of NPs. Electron tomography also enables one to perform these investigations in 3D 

(Weyland and Midgley, 2004). To understand the behavior of metallic NPs under conditions that 

are relevant for their applications, novel approaches for in situ experiments have been developed 

(Nanoscience instruments, 2020; Vanrompay et al., 2018). For example, using dedicated in situ 

holders, based on microelectromechanical system (MEMS) technology, structural, compositional 

and morphological changes of NPs can be studied as a function of temperature (Chatterjee et al., 

2004; Vanrompay et al., 2018) or in a realistic environment such as a liquid or a gas (Altantzis et 



al., 2019; Zhu et al., 2018). Recently, such experiments were combined with electron tomography 

to study particles in 3D (Albrecht et al., 2019; Altantzis et al., 2019; Skorikov et al., 2019; 

Vanrompay et al., 2018). 

Although in situ experiments are an important addition to the TEM toolbox, one should not forget 

that the electron beam might influence the outcome of these measurements. As reported earlier, 

irradiating a Au NP by electrons might impact the in situ behavior (Azcárate et al., 2017) and 

deformation at high temperature (Albrecht et al., 2018). Clearly, this effect should be taken into 

account during in situ experiments and their interpretation. For example, it was found by Albrecht 

and co-workers that the CTAB surfactant surrounding the Au NPs transformed into a protective 

carbon layer around the NPs upon electron beam exposure, preventing the NPs to deform in inert 

atmospheres at temperatures up to 400 °C, although ex situ results showed that these particles 

deformed at much lower temperatures (Albrecht et al., 2018). This might lead to a wrong 

interpretation of the thermal stability of these particles. In order to prevent such electron beam 

induced effects, one could attempt to remove the surface ligands. When the particles are in colloidal 

solution, the surface ligands are indispensable for their stability. Removal of the surface ligands 

therefore needs to happen when the NPs are deposited on the TEM grid. Many techniques have 

already been developed to remove hydrocarbon contamination from TEM grids that originate from 

the grid preparation or even just the air. Contamination removal treatments typically include plasma 

cleaning, acid treatment and activated carbon treatment (Algara-Siller et al., 2014; Hansen et al., 

2010; HAYAT, 1986; McGilvery et al., 2012; Mitchell, 2015; Pantelic et al., 2011). In this study, 

we will investigate if these treatments are also effective in removing organic ligands surrounding 

the NPs. Moreover, we want to explore in how far different sample preparation treatments can 



influence in situ results. We will hereby focus on in situ heating studies and the effect of possibly 

remaining ligands on the deformation at high temperatures. 

2 EXPERIMENTAL METHODS 

2.1 Microscopy and data analysis 

For all experiments, an FEI Osiris TEM was used in HAADF-STEM mode at 200 kV together with 

an in situ heating holder from DENSsolutions. The microscopy parameters were kept constant for 

every experiment, with a screen current of 50 pA and an electron dose of approximately 200 e-/Å2. 

We refer to nanoparticles as being pre-irradiated, when one 1 k x 1 k HAADF-STEM image was 

acquired of the region of interest under these conditions. We used Au nanorods (NRs) and Au 

nanostars (NSs) synthesized by seed-mediated growth with CTAB as a surfactant (Scarabelli et al., 

2015; Yuan et al., 2012a, 2012b). For the in situ experiments, the NPs were dropcasted on a heating 

chip and were left to dry at room temperature. Next, multiple particles were imaged in a specific 

region of the heating chip. Then, the chip was heated to 100 °C and was left at that temperature for 

15 minutes, after which it was quenched to room temperature. Thereafter, images of the same 

particles were acquired. Furthermore, particles that were not irradiated by the electron beam 

previously (from a different region on the heating chip) were imaged as well. These steps were 

then repeated for 200 °C, 300 °C and 400 °C. HAADF STEM images were processed and analyzed 

using the TEM Imaging & Analysis (TIA) software version 4.19.  

2.2 Plasma cleaning 

For the plasma treatment, the NRs and NSs were dropcasted on a heating chip in the same manner. 

Then, the heating chip was placed in a Fischione Model 1070 Nanoclean plasma cleaner for 10 



minutes. A plasma was generated with pure oxygen gas and a power of 50 W was used. After 

plasma treatment, the same in situ experiment was performed as described in the previous section.  

2.3 Acid treatment 

For the acid treatment, a heating chip containing the NPs was submerged in a 0.25 M HCl solution 

for 15 minutes. After this treatment, the chip was washed multiple times with deionized water to 

remove all the remaining acid. After drying at room temperature, the chip was inserted in the 

microscope and the same experiment was performed.  

2.4 Activated carbon treatment 

For the activated carbon treatment, a heating chip containing the NPs was placed in a cleaned glass 

dish. To prevent oxidation of the electrodes on the heating chip, they were covered with parafilm. 

Next, a small amount of crushed activated carbon was placed on top of the heating chip with the 

side containing the sample facing up. Then, the dish was placed on a heating plate where it was 

heated to 100 °C for 30 minutes in open air. It should be noted that CTAB does not decompose at 

temperatures below 200 °C (Kumar et al., 2006). After that, the heating plate was switched off and 

the system was left to cool down for 30 minutes. Finally, the remaining activated carbon was 

removed from the chip using compressed air. After this treatment, the chip was inserted in the 

microscope and the same experiment was repeated. 

3 RESULTS AND DISCUSSION 

First, we will reproduce the general result of an earlier publication by Albrecht et. al., where an 

apparent increase in thermal stability of Au nanorods (NRs) after electron beam irradiation was 

observed (Albrecht et al., 2018). These results will serve as a benchmark for further experiments. 



Then, the influence of plasma cleaning, acid washing and activated carbon treatment prior to in 

situ heating experiments using the same Au NPs will be investigated. 

3.1 Benchmark in situ experiment 

First, we will quantitatively compare the high temperature deformation of Au NRs and NSs that 

were irradiated by the electron beam prior to heating and non-irradiated particles. In Figure 1 A, a 

set of pre-irradiated Au NPs are shown after heating to different temperatures for 15 min. Figure 1 

B shows the results of the same experiment but for Au NPs that were not irradiated prior to heating 

at a given temperature. These figures show that pre-irradiated Au NRs did not change notably and 

the pre-irradiated NSs still showed sharp features after heating at 200 °C. Even after heating at 400 

°C, some anisotropy of the NSs remained. However, when the Au NPs were not irradiated prior to 

heating, the NSs lost almost all of their features after heating at 200 °C and no anisotropy remained 

after heating at 300 °C. Moreover, the non-irradiated Au NRs appeared somewhat shorter and wider 

at elevated temperatures. Also note that NPs sintered easily when were close to each other, forming 

large agglomerated that could no longer be treated as individual NPs (see Figure 1 B after heating 

at 300/400 °C). This limited the number of particles that could be included in the quantitative 

analysis, especially after heating at high temperatures. 

To quantify the results, we measured morphological features of the NPs. The results are shown in 

Figure 1 C-D. For the Au NRs, the aspect ratio (AR) was measured, but since the highly anisotropic 

NSs particles yielded various morphologies, we used the diameter of the smallest possible circle 

that encompassed the entire NS in the 2D HAADF-STEM image as a measure for the NSs. As seen 

in Figure 1 A-B, when the NSs deformed, their sharp tips disappeared. Consequently, the diameter 

of the smallest circle containing the NS decreased for a given NS. The average AR and diameter 

were calculated based on at least 30 individual NRs and at least 10 individual NSs. Overlapping or 



sintered/agglomerated particles were excluded from the analysis. Figure 1 C (NRs) confirms that 

pre-irradiated NRs deformed only slightly since the AR decreased from 3.3 ± 0.4 to 3.2 ± 0.4. 

However, for non-irradiated NRs the AR dropped from 3.3 ± 0.4 to 2.2 ± 0.7. The non-irradiated 

NSs reached a minimal diameter after heating at 200 °C, after which the particles were quasi 

spherical so they could not deform further. The pre-irradiated NSs remained notably more 

anisotropic at high temperatures. For example, after heating at 200 °C the irradiated NSs still had 

an average diameter of  95 ± 16 nm while the non-irradiated NSs reached the minimal average 

diameter of 75 ± 6 nm. 

Based on the results shown in Figure 1, it is clear that the electron beam had a significant impact 

on the thermal stability of the Au NPs. These findings are in good agreement with the results from 

Albrecht et. al. (Albrecht et al., 2018). As explained by these authors, this effect is due to the 

formation of a protective amorphous carbon layer surrounding the NPs by pyrolysis of the CTAB 

ligands around the particles, consequently leading to inhibited surface diffusion and hence less 

deformation (Albrecht et al., 2018). In the following, we will explore in how far various sample 

treatments can minimize this effect allowing for a more reliable representation of the actual 

deformation behavior during in situ TEM investigations.  



 

Figure 1: Influence of the electron beam during in situ heating experiments. A: HAADF STEM 

images of pre-irradiated Au NRs and NSs after heating to different temperatures for 15 min. B: 

HAADF STEM images of Au NRs and NSs on the same chip without prior electron beam 

irradiation. The NPs that had been irradiated prior to heating appeared more thermally stable in 

comparison to the non-irradiated NPs. C: Comparison of AR of untreated Au NRs with and 

without electron beam irradiation prior to heating. The NRs were more stable after electron 



beam irradiation as is evident from the higher AR. D: Comparison of diameters of untreated Au 

NSs with and without electron beam irradiation prior to heating. The irradiated NSs deformed 

less compared to the non-irradiated NSs. 

3.2 Plasma cleaning 

The first treatment is based on the use of an oxygen plasma, as explained in the experimental 

methods section. The results are shown in Figure 2 and by comparison with Figure 1, we conclude 

that plasma treatment certainly had an impact on the outcome of the in situ heating experiments. 

Surprisingly, the non-irradiated plasma treated NRs (A: filled red circles) barely deformed after 

heating at 300 °C, showing no significant difference with the pre-irradiated NRs (A: hollow red 

circles). Only after heating at 400 °C a substantial deformation of the NRs was observed. In 

addition, the plasma treated NSs that were not irradiated before heating (B: filled red circles) even 

showed an increased stability at 200 °C in comparison to the non-irradiated untreated NSs (B: filled 

blue circles). Based on our results, it is likely that the plasma treatment affected the CTAB 

surfactant surrounding the particles, potentially transforming it into a carbon layer, similar to what 

was proposed by Albrecht and co-workers (Albrecht et al., 2018). This means that when a sample 

is treated with an oxygen plasma prior to an in situ heating microscopy experiment, instead of 

removing the ligands and eliminating the variations of in situ results, a protective layer is formed 

affecting the apparent thermal stability. It can be expected that the effect of a plasma treatment 

strongly depends on various plasma parameters, such as the composition of the gases for example. 

It is therefore not proven that the effects that are described here will always be identical when 

plasma treating the sample. However, it should be taken into account when preparing the sample. 

Interestingly, at 400 °C both the irradiated and non-irradiated NRs deformed more after the plasma 

treatment (A: red circles) compared to the non-treated particles (A: blue circles). For irradiated 



NPs, this could indicate that, although the plasma transformed the CTAB into a protective layer, 

part of these organic compounds were also removed by the plasma. This would make the protective 

carbon layer thinner, meaning it could allow for a larger deformation of the NPs at higher 

temperatures since there is less material preventing the diffusion of the Au atoms. For non-

irradiated NPs, stronger deformation of the NRs at 400 °C could indicate that part of the ligands 

were nonetheless removed, which might create gaps in the carbon shell allowing for easier surface 

diffusion of the gold atoms. However, this trend was not observed for the Au NSs or at other 

temperatures and might be rather related to statistical deviations.  

 

Figure 2: Influence of oxygen plasma cleaning on in situ heating experiments. A: Comparison of 

the AR of Au NRs treated with O2 plasma and untreated NRs. The non-irradiated plasma treated 

NRs remained more stable at higher temperatures (higher aspect ratio at temperatures up to 300 

°C), while being equally or less stable at 400 °C compared to the untreated NRs. B: Comparison 

of the diameters of Au NSs treated with O2 plasma and untreated NSs. While the untreated non-

irradiated NSs were already spherical after heating at 200 °C, the plasma treated non-irradiated 

NSs still had a larger average diameter.  



3.3 Acid treatment 

In the next step, we submerged the chip with the deposited Au NPs in a 0.25 M HCl solution prior 

to the experiment (details can be found in the Methods section). The results are shown in Figure 3. 

Although a slight change in deformation behavior could be observed for the NSs after heating at 

100 °C, there was no significant difference between the particles that were treated with HCl and 

the untreated particles at all other temperatures. This shows that our acid treatment did not 

significantly affect the CTAB layer surrounding the NPs and that it is not useful to remove surface 

ligands. Since the ligands most likely remained present, the electron beam still strongly affected 

the outcome of the in situ experiment, similar to the benchmark experiment. 

 

Figure 3: Influence of HCl treatment on in situ heating experiments. A: Comparison of the AR of 

NRs treated with HCl and untreated NRs. The effect of the acid treatment is minimal. B: 

Comparison of the diameters of NSs treated with HCl and untreated NSs. The effect of the acid 

treatment is minimal except for a slight deviation at 100 °C.  



3.4 Activated carbon treatment 

Finally, we treated the heating chip containing the deposited NPs with activated carbon (details can 

be found in the Methods section). As shown in Figure 4, the non-irradiated Au NRs and NSs (filled 

red circles) deformed notably more compared to non-irradiated untreated particles (filled blue 

circles). The aspect ratios of the NRs were substantially lower for the non-irradiated activated 

carbon treated particles compared to the untreated NRs for temperatures above 100 °C (Figure 4A). 

For the NSs, a difference was only noticeable after heating at 100 °C, because at higher 

temperatures, the NSs already reached their minimal diameter configuration (i. e. spherical). Note 

that the irradiated particles (hollow circles) behaved in the same manner, independent of pre-

treatment. This shows that some of the ligands must have remained after the activated carbon 

treatment because the electron beam still formed the protective carbon layer. At the same time, 

some of the ligands were removed and/or the CTAB shell was weakened, because when the 

particles were not irradiated, the Au atoms could more easily diffuse across the surface, causing a 

greater deformation. Activated carbon has been proven to be effective in removing hydrocarbon 

contamination, but this technique often requires temperatures (approximately 300 °C) far too high 

for anisotropic NPs (Algara-Siller et al., 2014). This could explain why our treatment was only 

partially successful in removing the CTAB from the NPs. 



 

Figure 4: Influence of activated carbon treatment on in situ heating experiments. A: Comparison 

of the AR of Au NRs treated with activated carbon and untreated NRs. The activated carbon 

treated non-irradiated NRs were less stable than the untreated NRs. B: Comparison of the 

diameters of Au NSs treated with activated carbon and untreated NSs. Again, the activated 

carbon treatment made the non-irradiated particles less stable compared to the untreated ones.  

While the proposed treatments did not solve the initial problem of electron beam influence on the 

thermal stability of Au NPs, they did imply other effects. The oxygen plasma treatment did affect 

the ligands, but it did not fully remove them. This is somewhat contradictory to what can be found 

in literature, where this technique was proven successful, so caution is needed when using plasma 

treatments and further research for specific plasma conditions could be valuable (Fuchs, 2009; Liu 

et al., 2010; Martinsson et al., 2016). The specific acid treatment used here was not successful in 

removing the ligands, but possibly there may be other chemical treatments that could be used in an 

attempt to remove these surface ligands, for example with ozone or (NH4)2S (Choi et al., 2008; 

Menard et al., 2006; Sanz-Ortiz et al., 2015; Wang et al., 2010; Zhang et al., 2011). Finally, the 

activated carbon treatment showed promising results, but still did not entirely remove all ligands. 



Further investigation and optimization of this technique might prove very useful in future sample 

preparation techniques for in situ experiments.  

These results show that many processes can influence the results of in situ experiments. The 

standard techniques, often used to remove ligands were not successful. This is an important 

observation and demonstrates that the necessary caution should be taken when interpreting in situ 

heating results. While these experiments were only conducted using NPs with CTAB as a ligand, 

we believe the results are more widely applicable. As CTAB is mostly a hydrocarbon chain, we 

believe the presented effects are due to breaking of C-C bonds in the ligands. Therefore, these 

results are expected to be similar for all ligands that consist mainly of C-C bonds. Further research 

should be directed towards better understanding these processes for a larger variety of ligands, 

eventually leading to a technique that reliably removes all surface ligands without affecting the 

NPs. Alternatively, when the influence of the ligands is an important part of the research, 

experiments can better be performed ex situ or under low electron beam exposure. Possible 

techniques to minimize the electron beam exposure include the use of integrated differential phase 

contrast and compressed sensing. However, it still needs to be investigated whether these 

techniques are compatible with in situ studies.  

4 CONCLUSION 

In this paper, we confirmed that electron beam irradiation increased the apparent thermal stability 

of Au NPs surrounded by a surfactant (CTAB). This effect is attributed to the formation of a 

protective carbon layer around the NPs due to the pyrolysis of the ligands. In order to eliminate 

this stabilizing effect, which influences the expected behavior of the NPs at elevated temperatures, 

we treated the sample by plasma, acid and activated carbon prior to the in situ experiment. These 



treatments, conventionally proposed to remove ligands, were not successful in fully removing the 

CTAB from the NPs. Treatment by an oxygen plasma increased the apparent thermal stability of 

the NPs, even when they were not irradiated by the electron beam. Treatment with HCl under the 

conditions used in this study did not have a significant effect. Finally, activated carbon treatment 

showed promising results, but was still unable to fully remove all ligands.  

In conclusion, we showed that the ligands can play a huge role during in situ experiments and 

various treatments that are commonly used in sample preparation can influence the outcome of an 

experiment due to their impact on these surface ligands. Therefore, caution is needed when 

performing such in situ heating experiments and comparison of experiments are necessary.  
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