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Bi2O3 Nanoparticle Clusters: Reversible Agglomeration Revealed 
by Imaging and Nano-Impact Experiments 
T. R. Bartlett[a], S. V. Sokolov[a], J. Holter[b], N. Young[b] and R. G. Compton[a]* 
Abstract: Solutions of uncapped, weakly charged Bi2O3 
nanoparticles are studied in aqueous solution. Nanoparticle tracking 
analysis reveals the particles to be agglomerated. In contrast 
electrochemical detection via the nano-impacts technique shows 
almost exclusive detection of monomeric nanoparticles. Comparison 
of the two techniques allows the conclusion to be drawn that the 
agglomeration/deagglomeration of the nanoparticles is reversible. A 
minimum rate constant for the deagglomeration process is estimated. 

Introduction 

The detection and quantitative sizing of single 
nanoparticles (NPs) is a growing area of research [1]. In the new 
nano-impacts technique suspended NPs collide with an 
electrode held at a suitably reductive or oxidative potential 
resulting in the complete electrolysis of the incident particle[2]. 
Measurement of the charge passed during each electrolysis 
event can be directly related to the size of the impacted NP and 
provides sizing information of each individual particle. The range 
of materials characterised voltammetrically by electrolytic nano-
impacts is expanding and now covers a range of metallic[2-3], 
metal oxide[4], metal halide[5], organic[6], polymeric particles[7] and 
even biological entities such as liposomes[8], bacteria[9] and 
viruses[10].  

An important topic of research for suspended NPs is that 
of inter-particle interactions and the processes of agglomeration 
and aggregation[11]. The relative extent of these processes in NP 
systems is important across the field of nanotechnology affecting 
NP reactivity[12] and distribution in the environment[13]. The 
IUPAC definition of agglomeration is a reversible process 
whereby dispersed particles are held together by weak physical 
interactions leading to phase separation by the formation of 
precipitates of larger than colloidal size[14].  Aggregation is 
defined as an irreversible process in which particles are strongly 
bonded together to form clusters. A model for the equilibrated 
reversible agglomeration of NPs has recently been derived[15] 
permitting the distribution of agglomerates to be predicted 
assuming an entropy of mixing only model. This model takes the 
entropy of mixing as the important driving force for the resultant 
particle size distribution explaining why often, despite weakly 

repulsive forces between the particles, agglomeration is 
nevertheless observed.  

Agglomerated NPs have been previously observed by 
nano-impacts[16]. Citrate-capped Ag NPs impacts were 
measured and directly compared to NTA, with the resultant 
distribution for both cases showing excellent agreement, 
matching the size and distribution of the clusters. Here 
monomeric, dimeric, trimeric etc. NPs were detected in their 
clustered forms at the electrode and thus the agglomeration of 
NPs could be directly observed. This requires the kinetics of    
agglomeration/deagglomeration to be slow with respect to the 
voltammetric timescale (~r2/D, where r is the electrode size and 
D is the diffusion coefficient of the NP). The reversible but slow 
nature of this agglomeration/deagglomeration behaviour was 
later confirmed by nano-impact experiments[17]. The addition of a 
magnetic field on super-paramagnetic Fe3O4 NPs has also been 
shown to promote agglomeration, with dimeric and trimeric 
clusters detected by nano-impacts[18]. In cases such as these, 
the inter-particle interactions are studied by forcing 
agglomeration/deagglomeration by applying external forces and 
then impacting the NPs. In these examples the nano-impacts 
method quantitatively detects dimers and trimers as well as 
monomers. Given that the latter diffuses to the electrode faster 
than the larger species this requires the rate of 
agglomeration/deagglomeration to be slow. It is interesting and 
technologically important to ask the question if there are cases 
where the agglomeration/deagglomeration kinetics are “fast” 
enough to outrun experimental timescales.   

The aim of this paper is to identify such rapid 
agglomeration/deagglomeration processes through the 
comparison of NTA and nano-impact experiments of uncapped 
Bi2O3 NPs. NTA provides information of the equilibrated 
agglomerate size distribution, however cannot directly provide 
information on the speed of agglomeration/deagglomeration. If 
the deagglomeration rate is faster than the diffusion of the 
agglomerates to the electrode surface, nano-impacts may be 
able to resolve these effects. Due to the equilibrium inherent in 
agglomeration, some monomeric form must be present in 
suspension. Electrolysis of these monomers at the electrode 
surface would drive the equilibrium towards the release of 
monomer and hence drive rapid deagglomeration of the particle. 
Electrolysis of the impacting NPs would therefore act as a 
voltammetric perturbation of the system whilst simultaneously 
detecting the monomers formed. This approach accesses much 
faster deagglomeration kinetics than conventional sonication or 
bubbling methods [19] and should allow resolution of rapid 
agglomeration/deagglomeration effects through exclusive or 
near exclusive detection of the monomeric form. The identity of 
the impacting aggregate can additionally be inferred indirectly by 
imaging of the nano-deposits remaining on the surface after 
impact [20].  
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Results and Discussion 

First, the voltammetric response of Bi2O3 NPs is studied by 
use of drop-cast modified glassy carbone (GC) macroelectrodes 
to establish the potentials required for nano-impact experiments. 
Next, nano-impact experiments are conducted at a carbon 
microelectrode across a range of reductive potentials and 
quantitative sizing achieved.  Finally, the results gained from 
electrochemical analysis of the NPs is critically compared with 
results gained from NTA and SEM imaging discussed in terms of 
agglomeration/deagglomeration.  
 A GC macroelectrode was modified with 0.69 nmoles of 
Bi2O3 NPs and stripped voltammetrically in 0.10 M NaOH as 
seen in Fig 1 (top). A clear reductive peak is observed at -1.33 V 
vs MSE consistent with the known 3e- reduction of Bi2O3

[21]: 
 
 C1:            Bi2O3  + 2OH− ⇌ 2BiO2

−  + H2O 
                       BiO2

−  + 2H2O + 3e− → Bi +  4OH− 
 
A shoulder at -1.45 V vs MSE is also apparent and is attributed 
to the 6e- reduction of Bi2O3

[21]:  
 
C2:          Bi2O3  + 3H2O + 6e− → 2Bi +  6OH−     

Figure 1. (Top) Cyclic stripping voltammetry in 0.10 M NaOH at 50mV s-1 
(dashed line) bare GC (solid line) 0.69 nmoles of Bi2O3 NP modified GC. 
(Bottom) Consecutive scans of Bi2O3 modified GC (black) scan 1 (red) scan 2 
(blue) scan 3.  

 

The presence of the C2 process may indicate a OH- deficiency 
within the drop-cast layer. This might be due to the prevalence 
of aggregates/agglomerates forming during drying and the 
inhibited diffusion of the electrolyte into the clusters[5b]. On the 
reverse scan a wide oxidation peak is observed. The process 
occurring here can be rationalised by considering the respective 
change in the oxidation and reduction peak in consecutive scans 
of the drop-cast NPs as seen in Fig 1 (bottom). Clearly the C2 
process is not present after the first scan, consistent with OH- 
produced during the reduction of Bi2O3 in the first scan and 
remaining in the diffusion layer of the electrode, allowing 
dominance of the C1 process. During the scans, the size of the 
oxidation peak remains approximately constant, with the only 
significant change being the size of the reduction peak between 
scan 1 and scan 2, with this ending up equating to that of the 
oxidation peak. This strongly indicates that the oxidation process 
occurring is dominated by the reverse of the 3e- process C1.  

 
Figure 2. (Top) NP distribution as found from NTA, showing deviations from 
entropy only model[23]. (Bottom) SEM of drop-cast NPs showing Bi2O3 clusters 
and monomer. 
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Prior to nano-impact experiments the NP suspension was 
characterised by NTA as shown in Fig 2. A heavily 
agglomerated/aggregated system is observed, with a monomer 
radius of 19 nm, calculated from the peak modal value, matching 
the supplier specification of 19 nm. Sonication of the sample 
was found to have little impact on the distribution obtained 
indicating a fast rate of cluster formation of Bi2O3 NPs. Zeta 
potential measurements of the NPs in 0.10 M NaNO3 showed 
the particles to have a zeta potential of -11 mV. The fitting 
shown in Fig 2. is that for the entropy only model[15] which has 
been shown to explain the agglomeration behaviour in capped 
metallic NPs. The achieved distribution in this case 
approximates the entropy only model with some larger particles 
present. 

Next, nano-impact experiments were conducted on the 
agglomerated particles to study the agglomeration process. As 
there are two competing reductive processes occurring for Bi2O3 
in the chose electrolyte, nano-impact experiments were 
conducted at a range of potentials from -1.1 V to -1.70 V vs MSE.  

  
Figure 3. (Top) Current-time transient at a CF microelectrode held at -1.70 V 
vs MSE in 0.10 M NaOH (red line) No NPs (black line) 40 pM Bi2O3 NPs. 
Increase in background current on addition of NPs attributed to reduction of 
small amounts of solubilised bismuth hydroxide species. Insert shows a 
zoomed in image of an example NP impact current trace. (Bottom) Average 
radius of NP as a function of held potential during current-time transient. 
 

Current-time transients were conducted at -1.70 V vs MSE with 
and without 40 pM NPs in 0.10 M NaOH. As seen in Fig 3 (top), 
current spikes were observed only when NPs were present 
indicating the reduction of Bi2O3 NPs. Experiments were 
conducted across the potential range mentioned and the size of 
the NPs calculated using the equation[6]: 
 

𝑅𝑅𝑁𝑁𝑁𝑁 =  �
3𝑀𝑀𝑤𝑤𝑄𝑄
4𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

3
 

 
where RNP is the radius of the NP, Mw is the molecular weight of 
the composite material (465.96 gmol-1), Q is the charge under 
the spike, n is the number of electrons involved in the reduction, 
F is Faraday’s constant and ρ is the density of the material (9.17 
gcm-3)[22]. Fig 3 (bottom) shows the resultant mean sizes of the 
NPs detected assuming the C1 process operates for which n=3. 
A clear potential dependence is observed, with no NPs being 
detected at potentials positive of -1.20 V vs MSE, concurrent 
with the stripping voltammetry in Fig 1. The consistent mean 
radius of the NPs from -1.30 V to -1.70 V vs MSE also suggests 
that the C2 process does not occur. This is to be expected as 
mass transport to an individually impacting NP is exceedingly 
fast[23] and would allow sufficient supply of OH- to promote the 
3e- reduction. 

As the NTA observed the presence of clusters, the size of 
the NPs detected by nano-impacts was studied as a function of 
time.  Fig 4 (top) shows a plot of the average NP radius plotted 
against the start time of each 50 second current-time transient at 
-1.70 V vs MSE, with the first scan (T=0) occurring 2 minutes 
after NP addition to the electrolyte. No significant change in the 
average NP radius can be observed across the 20 minute time 
period, with the average NP radius remaining constant at approx. 
17 nm.  This suggests that the NPs detected by nano-impacts 
are confined to monomeric NPs only, with no NP clusters 
detected. To achieve a NP size distribution from nano-impact 
experiments, the resultant radii for the 851 spikes analysed 
across potentials from -1.30 V to -1.70 V vs MSE were 
combined as seen in Fig 4 (bottom). The mean radius of the 
NPs was found to be 17 nm with a standard deviation of 3 nm 
showing close agreement with that of the monomer found by 
NTA analysis and confirming the near exclusive detection of 
monomeric Bi2O3 NPs. This difference of 2 nm radius matches 
that calculated for the loss of material by formation of some 
soluble Bi(OH)x3−x  species. The amount of material lost was 
calculated using Medusa equilibrium software[24] at the 
concentrations and pH stated for nano-impacts experiments. 
This assumes equilibrium is reached prior to experimentation.  

 NTA analysis shows large proportions of clusters, which 
would be expected to be observed by impact voltammetry as 
estimated on the basis of their diffusion coefficients if they are 
present in the diffusion layer of the electrode[5b]. This observation 
is seemingly in contrast to that previously reported where 
agglomerates were detected in their clustered form[16]. The 
detection of only the Bi2O3 monomer by electrochemical 
methods suggests that Bi2O3 clusters reversibly 
agglomerate/deagglomerate much faster than the NP systems 
previous studied and may explain why only monomeric NPs are 
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detected where larger clusters are not observed even over 
extended time periods. Simply put the dimer, trimer and higher 
order agglomerated clusters which are slow diffusing dissociate 
within the diffusion layer so that the faster diffusing monomeric 
species are detected: 

 
nmer ⇌ (n − 1)mer + monomer 

(n − 1)mer ⇌ (n − 2)mer + monomer 
trimer ⇌ dimer + monomer 

dimer ⇌ monomer + monomer 
monomer + 6Ne− + 3H2O → 2NBi3+ + 6OH−  

 
where N is the number of molecules of Bi2O3 present in a 
monomeric NP. 

 
Figure 4. (Top) Mean radius of NP vs start time of 50 second current-time 
transient. (Bottom) Size distribution of Bi2O3 NPs summarised across 
potentials from -1.20 V to -1.70 V vs MSE.   
 

Recent work on the formation of nanoelectrode arrays by 
nano-impacts has shown it is possible to electrolyse single 
impacting metal halide NPs to leave nano-deposits of the 
corresponding metal on the electrode surface[20]. The ability of 
Bi2O3 to be reduced to Bi was therefore exploited to allow SEM 
imaging of surfaces impacted by Bi2O3 NPs at -1.60 V vs MSE. 
Fig 5 (top) shows the resultant GC electrode is covered with 
nanoscale bismuth deposits. Sizing of these deposits is shown 

in Fig 5 (bottom) alongside the original NP size distribution 
obtained from nano-impact experiments. The mean size of the 
nano-deposits was found to be 14 nm with a standard deviation 
of 3 nm which is in good agreement with that calculated from the 
impact voltammetry. What is evident is the distinct lack of 
deposits resulting from the impact of NP clusters. This provides 
direct microscopic evidence for the “fast” reversible 
agglomeration mechanism as illustrated in Scheme 1. “Fast” 
reversible agglomeration of Bi2O3 to form clusters ensures a 
constant source of monomeric NPs in suspension. As these 
clusters approach the electrode, the monomers are 
electrochemically reduced. This in turn drives the equilibrium 
towards the release of monomers for clusters approaching the 
electrode surface, effectively providing voltammetric perturbation 
of the system and immediate detection. This leads to the 
selective electrochemical detection of the monomeric NP 
component of the clusters by electrolytic induced, “fast” 
reversible deagglomeration.  

 

 

 
 

Figure 5. (Top) SEM image of GC surface after 5 min deposition of Bi2O3 NPs 
at -1.60 V vs MSE in 40 pM Bi2O3 and 0.10 M NaOH. (Bottom) Comparison of 
size distributions obtained from (black) NP impacts (red) SEM of nano-
deposits. 
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Scheme 1. Reversible agglomeration of Bi2O3 NPs approaching the electrode, 
resulting in the deposition of monomeric Bi nano-deposits. 

Conclusions 

The rapid agglomeration/deagglomeration of uncapped 
Bi2O3 clusters has been confirmed by voltammetric and 
microscopic study. By electrolytic detection of single NPs at the 
electrode surface, the reversible nature of agglomeration has 
been shown to promote the release of single NPs and provide 
selective detection of the monomer by nano-impacts. 
Voltammetric studies with Ag and Fe3O4 NPs have previously 
shown only slow agglomeration of NPs[16-18, 25], observable over 
experimental timescales, and the detection of dimeric, trimeric 
and higher ordered agglomerates as well as monomers. Here, 
NP suspensions consisting of entropically agglomerated clusters 
have been shown to undergo rapid deagglomeration to release 
monomers at an active electrode surface. The electrolysis of 
these monomers results in the deposition of metallic Bismuth 
onto the electrode surface. Direct microscopic evidence of pure 
monomer detection is provided by imaging of the electrode by 
SEM. By impacting the NPs the deposits are immobilised 
allowing imaging without drying induced 
agglomeration/aggregation effects. This is the first time the rapid 
agglomeration behaviour of metal oxide clusters has been 
studied by the nano-impact technique and provides a unique 
and complementary mode of study in conjunction with other 
analytical techniques.  

Experimental Section 

Chemicals 

The NPs studied were 38 nm diameter NanoArc® bismuth oxide 
(Bi2O3, +99.5 %) nanopowder (Nanophase, USA). Sodium hydroxide 
(NaOH, ≥97 %) was supplied by Sigma Aldrich, UK. All dilutions used 
Millipore water with a resistivity of 18.2 MΩ.cm at 298 K.     

 

Equipment 

For electrochemical experiments the potentiostat used was an 
Autolab PGSTAT 302N (Metrohm-Autolab, Netherlands) fitted with an 
ECD module. All experiments were conducted in a thermostated Faraday 
cage held at 25 oC and solutions degassed with nitrogen. A three-
electrode system was employed consisting of a saturated mercury 
sulphate reference electrode (MSE, equiv. to +0.64 V vs NHE) (BASi, 
UK), and a platinum wire counter electrode (Goodfellow Ltd, UK)[26].  
 Cyclic stripping voltammetry was conducted on a 3 mm diameter 
glassy carbon (GC) working macroelectrode (CH Instruments, USA). To 
modify the electrode, a known concentration of Bi2O3 NPs was 
suspended in H2O by sonicating for 10 minutes and 5 μL dropped onto 
the electrode surface. This was dried under nitrogen to achieve a loading 
of 0.69 nmoles of Bi2O3.       
 For nano-impact experiments a 7 μm diameter carbon fibre (CF) 
working microelectrode, sealed in glass was used (BASi). NPs were 
suspended in water and sonicated for 10 minutes prior to addition to the 
NaOH electrolyte. After addition, bubbling with nitrogen was continued for 
2 minutes to ensure thorough mixing of the NPs before electrochemical 
investigation. All electrodes were polished before use with 1, 0.3 and 
0.05 μm alumina powder acquired from Buehler, UK.  

Nanoparticle Characterisation 

Nanoparticle tracking analysis (NTA) was used to provide solution 
phase characterisation of the NPs. A Nanosight LM10 (Nanosight, UK) 
was used and equipped with a sample chamber with a 638 nm laser. All 
measurements were conducted at room temperature and measured for a 
duration of 60 seconds at a frame rate of 30 frames per second. NTA 2.3 
software was used for data capture. The sample preparation method was 
that previously used for nano-impact experiments and was conducted 
with a NP concentration of 40 pM for direct comparison with 
electrochemical experiments. Zeta potential measurements of the Bi2O3 
NPs was conducted in 0.10 M NaOH with a NP concentration of 40 pM to 
allow direct comparison with voltammetric impact experiments. This was 
performed on a Zetasizer (Malvern, UK).   Scanning electron microscopy 
(SEM) images of the NPs were taken using a JeoL JSM-6500F field SEM 
at 5 keV. Images of the drop-cast were carried out by modification of a 
GC sheet. For images of the Bi nano-deposits, nano-impact experiments 
were conducted with the GC sheet as the working electrode prior to 
imaging. 
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