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ABSTRACT: The report describes the Ostwald ripening process in a nanocomposite comprising 

gold nanoparticles and TiO2 semiconductor under electrochemical conditions. The phenomenon 

is considered in relation to previous observations on the Ostwald ripening process in metallic 

nanostructures. Possible processes involved are discussed and a mechanism is proposed based on 

the size dependence of the electrochemical parameters of gold nanostructures. 
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1 Introduction 

The characteristic features of the electrochemical behavior of metallic nanoscopic objects, which 

are thermodynamically related to their morphology, surface atomic arrangement, and 

coordination, are of special interest for electrochemical synthesis and applications in the field of 

sensors as well as electro- and photocatalysis.1-12  

      One of the essential features of nanoscale metallic materials is the Ostwald ripening 

process,13 which originally described the growth of larger objects (with a lower free 

energy) of one phase at the expense of smaller ones (with a higher free energy) in a two-

phase system. Although not often documented in nanocomposite systems so far, Ostwald 

ripening may play an important role in the synthesis and application of nanocomposite 

materials incorporating metallic NPs, which change their functional, structural, optical, 

and electrochemical properties due to the size effect.2, 9, 14-18 

      A polydisperse colloidal system is not thermodynamically stable since the large interfacial 

area is a source of free energy, and therefore further stabilization may be achieved by the 

reduction of the interfacial area.19 

the particle interfacial area increases, and the excess surface energy of smaller particles becomes 

more important in making a non-negligible contribution to the Gibbs free energy, resulting in a 

higher chemical potential.20 Consequently, the equilibrium solute concentration at the surface of 

smaller particles in a polydisperse colloidal system is higher than for larger particles, and the 

driving force of Ostwald reforming is the dependence of the interfacial concentrations on the 
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curvature of the interface and, accordingly, the difference in solubility between polydisperse 

particles in accordance with the Ostwald-Freundlich equation21: 

cS(r) = c   exp (2 Vm/RTr), where cS(r) is the solubility of a particle of size r, c  = cS (r = ),  is 

the interfacial tension, Vm is the molar volume of the precipitate, T is the absolute temperature, 

and R is the gas constant. The solubility differences establish concentration gradients between 

the concentrations of solutes at the particle surfaces in polydisperse colloidal systems which 

leads to transport of the solute, e.g., metal ions, from the smaller particles to the larger 

particles.22 Thus, dissolution of smaller crystals or sol particles and the redeposition of the 

dissolved species on the surfaces of larger crystals or particles occurs, which reduces the overall 

free energy associated with the particle-matrix interfacial area. The rate of this aging process is 

determined by the size distribution of the precipitate, its growth kinetics, and the properties of 

the electrolyte and/or support or matrix. 

      Following the nucleation stage,23 Ostwald ripening as an important crystal growth or 

coarsening mechanism was quantified by Lifshitz and Slyozov24 and Wagner25 in the LSW 

theory. The LSW theory was used to describe the coarsening of various colloids, for example, 

Au NPs, ZnO, CdS, InAs, and CdSe nanocrystals.20, 22, 26, The progress of Ostwald ripening 

theories has been reviewed in a number of published works.20, 27-28 

      In recent years, crystal growth and nanoparticles transformations cannot be explained or 

fitted by the Ostwald ripening model through the transport of monoatomic species between 

individual particles. Particle-mediated growth, assembly, and transformation mechanisms 

through the migration and coalescence of particles, such as oriented attachment and mesocrystal 
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formation, have been proposed as alternative -classical 

21, 29, 30 

      Even so, Ostwald ripening remains an essential mechanism in the growth and transformation 

processes of particulate matter, such as colloidal metal growth and reforming,17, 26 solution 

synthesis of quantum dots,31 formation of solid dendrites, grain refining of microstructures, and 

reducing microsegregation of alloying elements, and it is now widely employed in materials 

processing and catalysis.26, 28, 32 In recent years, multiple rounds of Ostwald ripening have 

become a matter-relocation approach to create a new kind of functional nanostructured materials 

with interior cavities - 33 In contrast, by suppressing Ostwald ripening of 

cluster catalysts via atomic control of particle size (using particles with identical size Pt68 and the 

elimination of size selection), a Pt catalyst with high sintering resistance was achieved.34 In 

addition, the much higher stability of magic-size nanocrystals (MSC) compared to nanocrystals 

of any intermediate size in a sample with a wide size distribution makes MSC stable with respect 

to Ostwald ripening.35  

      Several studies have demonstrated the role of chemical and photochemical oxidative and 

reductive conditions in transformations of nanoparticles by the Ostwald ripening mechanism.36-38 

The studies reported on oxygen-induced sintering of Pt NPs in Al2O3 matrixes mediated by an 

Ostwald ripening process,36 and the influence of reducing agents such as hydroquinone37 and 

resorcinol on Ostwald ripening of silver nanoparticles dispersed within pores of nanosized 

zeolite Y.38 These findings suggest that the gradient of electrochemical potentials and 

reductive/oxidative conditions as well as operating electrochemical cells and devices in cycling 

modes (e.g., electrolysis-fuel cell, charge-discharge, and regeneration)39-42 may play an essential 
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role in transformations of nanocomposites and electrochemical interfaces, while their role in 

Ostwald reforming of nanostructures in electrochemical cells needs to be further elucidated. 

      This work reports a new process of electrochemically induced Ostwald ripening in a 

metal/semiconductor nanocomposite material, which could represent a general phenomenon 

occurring in materials and heterojunctions involving the use of metal nanoparticles under 

electrochemical conditions. 

2 Experimental  

2.1 Materials 

HAuCl4 2O, TiO2 (P25), oleylamine (OA), toluene, ascorbic acid (AA), sulfuric acid, ethanol, 

acetone, and indium tin oxide (ITO) electrodes were purchased from Sigma-Aldrich Chemicals 

and used as received. Distilled water was used throughout and other chemicals were reagent 

grade. 

2.2 Apparatus 

Electrochemical experiments were performed in a three-electrode setup controlled by a 

potentiostat (AUTOLAB, The Netherlands). Three-electrode systems were composed of either 

ITO or thin-film gold or Si/SiO2 working electrodes modified with gold nanostructures or a 

TiO2/Au nanocomposite (diameter of the electrode in the electrochemical cell was 0.5 cm), a 

platinum coil counter electrode, and an Ag/AgCl reference electrode (3 M KCl, Ef = 0.210 V vs 

NHE). The values of potentials were recorded against an Ag/AgCl reference electrode. Scanning 

electron microscopy (SEM) of the nanostructures was carried out using a Zeiss Gemini 1550 

device. Transmission electron microscopy (TEM) was performed using an FEI TECNAI F20 
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analytical microscope equipped with a Tridiem energy filter. UV-visible absorption spectra were 

obtained by a Perkin-Elmer Lambda 900 instrument. 

2.3 Electrode preparation 

ITO-coated glass electrodes (Rs = 8-

in distilled water, acetone, ethanol, and distilled water for 5 minutes, followed by ultrasound for 

10 seconds in every solution. 

      The thin-film gold electrodes were prepared on Si/SiO2 (SiO2 1 µm) substrates. A titanium 

adhesion layer (10 nm thick) and gold films of 300 nm were deposited on Si/SiO2 substrates by 

sputter deposition and diced as 11x11 mm substrates. Thin-film gold electrodes were cleaned in 

acetone, propanol, water, and 1:2 v/v of H2O2:H2SO4, followed by electrochemical cleaning and 

water. 

      The Si/SiO2 substrate was diced 11x11 mm and cleaned in acetone, propanol, water, 

followed by1:2 v/v of H2O2:H2SO4 and water. 

      Electrodes were blown dry with nitrogen or pressed air. 

2.4 Synthesis of Au nanostructures and Au/TiO2 nanocomposite  

The Au nanostructures were synthesized following slight modifications to the procedure.43 Oleic 

acid was replaced by OA, according to the report on the effect of OA and oleic acid on the aspect 

ratio of nanostructures.18 The cleaned and dry ITO or thin-film gold electrodes or Si/SiO2 

substrates, all 11x11mm, were introduced into the reaction vessel. 35 mg HAuCl4 2O was 

mixed with 300 µL OA in 25 mL toluene added to the vessel and the mixture was refluxed at 
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about 110 °C (boiling temperature of toluene) until the color of the solution changed from a 

yellowish color to completely colorless. After the solution cooled to room temperature, 20 mg 

AA in 12 mL toluene was added to the mixture. Then, the reaction mixture was aged for three 

hours to three days in the presence of AA, resulting in the formation of Au nanowires (NWs) or 

NPs on the electrodes. 

      The Au/TiO2 nanocomposite was prepared by slightly varying the method for Au 

nanostructure synthesis (Scheme 1). 25 mg TiO2 was firstly dissolved in 25 mL toluene and kept 

in ultrasound for 8 min, then 35 mg HAuCl4 2O in 10 mL toluene was added and the mixture 

was stirred overnight. 300 µL OA was added to the mixture the next day. The following 

procedure was the same as the Au NPs synthesis described above. The mixture was aged for 

three days. 

 

Scheme 1. Experimental process for the synthesis of Au/TiO2 nanocomposite. 

2.5 UV-visible absorption spectra of Au/TiO2 nanocomposites  

During the Au/TiO2 nanocomposite synthesis procedure, the intermediate solutions for every 

step were characterized by UV-visible absorption spectroscopy. Two reference solutions 

containing 3.5 mL toluene and 30 µL OA were detected firstly as the background, then 0.5 mL 

one reference solution was replaced with 0.5 mL intermediate solution or final solution of the 
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Au/TiO2 nanocomposite synthesis. The UV-visible absorption spectra of Au/TiO2 

nanocomposites were recorded during different steps of synthesis procedure and are shown in 

figure 1 (A). 

2.6 Treatment and electrochemical experiments with Au/TiO2 nanocomposite modified 

electrodes 

After extracting the ITO electrodes from the Au/TiO2 nanocomposite solution, they were 

immersed in ethanol, distilled water, and acetone for 2 minutes, respectively, to remove OA and 

AA. Then, they were dried at 100 °C for 2 hours. Cyclic voltammograms (CVs) of the 

nanocomposites on ITO were recorded in 0.1 M H2SO4 in the potential range between 0 V and 

1.5 V with a scan rate of 50 mV s-1. 

2.7 Electrochemical experiments with Au nanostructure-modified electrodes in H2SO4 

CVs of thin-film gold electrodes or Si/SiO2 substrates modified with gold nanostructures as 

described above were recorded in 0.1 M H2SO4 in the potential range between 0 V and 1.5 V 

with a scan rate of 50 mV s-1. After extracting the samples from the nanostructure solutions, the 

modified electrodes were cleaned by immersing them in ethanol, distilled water, and acetone for 

2 minutes respectively to remove OA and AA. They were then dried at room temperature. Au 

NWs on Si/SiO2 substrates were contacted using a contact paste outside the electrochemical cell. 

2.8 SEM characterization of Au/TiO2 nanocomposites and Au nanostructures  

The surface morphologies of Au/TiO2 nanocomposites and Au nanostructures were characterized 

by SEM before and after electrochemical experiments. 
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3 Results and Discussion 

3.1 Electrochemically induced reforming in a nanocomposite comprising gold nanoparticles 

and TiO2 semiconductor 

A new TiO2/Au nanocomposite material was prepared by modification of synthesis.18, 43 

Plasmonic metal nanostructures/TiO2 nanocomposites prepared by other methods were recently 

discussed with respect to the conversion of solar to chemical energy.6, 44, 45 The formation 

mechanism of gold nanostructures is based on the intrinsic property of Au (I) ions to form 

aurophilic interactions stabilized by OA, where Au (I) is subsequently reduced and sterically 

stabilized by OA molecules.43, 46, 47 Before OA is added and the reaction with OA proceeds, the 

gold is adsorbed on the surface of TiO2 (P25) NPs producing nucleation sites for the subsequent 

growth of gold nanostructures. The gold nanoparticles grow in the solution as well. After 

preparation, samples are washed with solvents and water to remove the stabilizing agent. The 

structural and spectral characterization of the nanocomposite material is presented in figures 1, 2 

(A, B) and S1. The NPs were polycrystalline with a diameter of 11.5 nm (Figure S2).  
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Figure 1. (A) UV-visible absorption spectra of Au/TiO2 nanocomposites during different steps 

of synthesis procedure: (a) after HAuCl4 2O, TiO2 and OA were mixed in toluene, refluxed 

and cooled; (b) after AA was added and the mixture was aged for 2 days; (c) after AA was added 

and the mixture was aged for 15 days. (B) EDX spectra of Au/TiO2 nanocomposite. 

      Electrochemically induced reforming or Ostwald ripening of gold NPs in the nanoporous 

semiconductor matrix took place during electrochemical characterization in the dark (Faraday 

cage) (Figures 2, S1 and S3). The structural changes were monitored by means of SEM. As 

follows from figure 2, the size of the gold NPs incorporated into the semiconductor matrix 

increased significantly up to 200 nm in diameter during electrochemical cycling between 0 V and 

1.5 V (Ag/AgCl, 3 M KCl), preserving the NP form. The size dispersion of the NPs increased as 

well. Howev

nm) on flat surfaces of ITO (Figure S4), or on polycrystalline thin-film gold electrodes (Figure 

2 (Figure S6) without a 

semiconductor nanoporous matrix. 
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Figure 2. SEM images of Au/TiO2 nanocomposites (A) before and (C, D) after 14 scans of 

electrochemical cycling in 0.1 M sulfuric acid; scan range 0 V to 1.5 V (Ag/AgCl, 3 M KCl); 

scan rate 0.05 Vs-1. (B) HRTEM image of Au/TiO2 nanocomposites before electrochemical 

cycling. Bright small spheres in the image (A) correspond to gold nanoparticles with a diameter 

of about 12 nm in TiO2 matrix. Additional larger scale SEM and TEM images are provided in 

figure S1. 

3.2 Size-dependence of redox properties of metallic nanostructures 

First, the electrochemical features of gold nanostructures will be discussed, as this helps to 

explain the observed process of nanocomposite reformation. Theoretical and experimental 
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studies reported a negative (cathodic) size-dependent shift of the redox potential of metal/metal 

ion electrodes in metal colloids in relation to that of the bulk metal of up to several hundred 

millivolts, figure 3, (e.g., E0
Ag+/Ag0(aq.) of -1.8 V ).2, 48 This shift is an electrochemical 

manifestation of the shift of the work function, m, of metallic nanostructures. Usually, the 

results are discussed in terms of either the work function or Fermi energy, EF
m, where  

m - µe
m  e0

m - µe
m)q=0 = - (EF

m)q=0  (1),   

identifying the work function of an electron in metal when it is charge-free (zero excess 

electrostatic charge) with the Fermi energy of the charge-free metal40,49 where e
m = µe

m  e0
m 

= µe
m  e0

m m) (in eV) e
m and µe

m are the electrochemical and chemical potential of an 

electron in metal, m and m are the inner and outer (due to excess electrostatic charge on the 

phase) potentials, respectively, and m is the surface potential of the metal in the charge-free state 

in contact with a vacuum49,50, and e0 is the elementary charge. In general case, the charge of a 

metal as a bulk or colloidal51, 52 electrode is not zero ( m  0) in electrochemical studies; the 

charge is supplied to the metals, for example as an external applied potential.53, 54 The presence 

of the charge causes the whole energy band to shift: 

EF
m = e

m = - ( m + e0
m)   (2).  

Therefore, it makes sense to use the electrochemical potential scale in electrochemical systems to 

easily reference the electrochemical potentials and energy levels of electrons in redox systems SI-

Note (1) on electrochemical, absolute potential (V), or physical (eV) scales.53 This makes it easier 

to compare electrochemical potentials or the energy of electrons in various electrochemical 

processes SI-Note (2) (con
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µe
(1) e

(2))49 and redox couples, where EF
m can be fixed, for example, by an electrode 

attached to the material under study. 

 

Figure 3. -radius calculated for Au NPs. 

      Qualitatively, using a galvanic cell to compare the potential scale of a metal in different 

modifications,2, 55 Plieth showed that the whole electrochemical potential scale of the dispersed 

matter is shifted by the same value, - D D can be 

calculated as a voltage of an electrochemical cell with an electrode transfer reaction of one mole 

bulk metal into the dispersed form using an analogue of the Kelvin equation 2, 55, SI-Note (3): 

D = - D/zF = - M/zFr    (3),  

D is the free energy of dispersion associated with the chan M, 

z and r are the surface energy, the molar volume, the lowest valence state, and the radius of NPs, 

respectively. At 25 °C, Au = 1880 erg cm-2
M Au = 10.21 cm3 mol-1, zAu = 1. Thus, the 

electrochemical scale of the disperse

redox metal/metal ion potential, oxidation and reduction potentials, and the potentials of 

adsorption and desorption54 D under the above-mentioned 
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assumptions.2, 55, SI-Note (3) This is schematically shown in figure 4, which is in a first 

approximation given by surface binding becoming vacant effecting essentially electronic 

properties. 

 

Figure 4. Comparison of electrochemical and energy scales for bulk and dispersed matter. 

      Thus, the shift of the oxidation potential in the cathodic direction indicates easier oxidation 

of metal particles.2, 54, 56 The shift of the reduction potential in the cathodic direction is a 

manifestation of larger overpotential or additional energy, which is supplied to reduce the metal 

ions into the dispersed state in comparison to reduction into the bulk state. If Au+ is reduced into 

the nanoparticulate form or if it is reduced on the gold NP surface, which has a higher Fermi 

level than F
Au NP

F
Au

electrochemical energy (negative shift of the potential corresponds to higher energy on the 

energy scale) would be consumed as dispersion energy, GD, of the produced or growing Au 
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NPs (Au0
NP) and the creation of electrified interfaces. Hence, metal ions are more difficult to 

reduce (they are reduced at more negative potential) into the nanoparticulate form with diameters 

of up to about 25 nm. The existence of a positive interfacial energy increases the energy required 

to form small particles with high curvature (higher Gibbs-Thomson potential). As will be shown 

later, these observations on the electrochemical behavior of nanostructures are important for 

explaining nanocomposite reformation. 

      Although there are few electrochemical studies on redox behavior as a function of the size 

and shape of nanostructures, a negative shift of the oxidation potentials (easier oxidation) of the 

citrate-stabilized silver NPs56-58 and spontaneous Ostwald ripening of silver NPs17 observed 

experimentally are explained using eq. (3). And a shift of the reduction potential in the cathodic 

direction due to the size of the NPs has been confirmed in a few publications57, 59-60 (See 

Supporting Information). In this sense, gold nanostructures of different sizes behave like 

colloidal electrodes with different size-dependent reversible metal/metal ion potentials and EF
m 

(Figure 4). 

3.3 Mechanisms of NPs reforming 

Based on the above data, we propose the following mechanism of electrochemically induced NPs 

reforming in the nanocomposite. The metal particles in the nanocomposite were not uniform in 

their energy and meal/metal ion potential. Some particles were more stabilized due to interaction 

with the TiO2 matrix, which reduced their free surface energy (e.g., greater stability against 

electrochemical oxidation was observed for Ag clusters on graphite than for bulk metal61) and 

some particles had slightly larger diameters within the statistical distribution. These particles 

were therefore more stable to oxidation. In the course of the potential scan 0  1.5 V, the 
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cathodic direction; probably those grown in the solution phase during synthesis and not 

stabilized by the interaction with TiO2 matrix) were oxidized first, producing Au (I). The 

particles with a lower energy stabilized by TiO2 and larger particles acted as reprecipitation 

(reduction) centers for the produced Au (I). On these stabilized or larger particles, reduction of 

Au (I) to Au (0) preferably took place. Thus, the Au (I) produced in the anodic scan from the 

particles not stabilized by interaction with a TiO2 matrix and the smaller ones were reduced on 

the particles stabilized by interaction with TiO2 matrix during the cathodic scan, due to the 

difference in the electrochemical potentials. The increased size dispersion mentioned above 

.62 As the process 

proceeded, the size of the dissolving particles was reduced and they became more and more 

thermodynamically unstable. Thus, the potential scan differentiated Au NPs with a different 

s the centers of electrochemical reprecipitation. 

      This was confirmed by the fact that reforming cannot take place without an applied potential 

(Figures 5, 6, and S8-S10). As will be seen from the discussion below, external applied voltage, 

which is necessary for the Au NPs to generate Au (I), is specific to this metal, but was not 

necessary, for example, to reform Ag NPs where the presence of Ag+ was also necessary, as 

follows from the mechanisms proposed.63, 17 However, Ag is a less inert metal than gold and it is 

more easily oxidized and solved in ambient conditions or Ag+ was produced by other means 

without an external electric field. 
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Figure 5. SEM images of (A) the Au/TiO2 nanocomposites on ITO after immersion in the 

growth solution for 9 weeks (arrows mark the aggregated Au NPs) and (B) Au NPs grown on a 

gold substrate by the same method after immersion for 2 weeks. Bright small spheres in the 

image (A) correspond to gold nanoparticles with a diameter of about 12 nm in TiO2 matrix. 

Larger scale image of figure 5 (A) is provided in figure S8. 

 

Figure 6. SEM images of Au/TiO2 nanocomposites in 0.1 M sulfuric acid without applied 

potential (A) under light and (B) without light for 4 days. Bright small spheres on the images 

correspond to gold nanoparticles with a diameter of about 12 nm in TiO2 matrix. Larger scale 

images of figure 6 (A) and (B) are provided in figure S9 and figure S10, respectively. 
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      No structural changes in nanostructures that would be similar to Ostwald ripening were 

observed in gold nanostructures on ITO (Figure S4), thin-film gold electrodes (Figure S5), or 

Si/SiO2 (Figure S6) during electrochemical cycling. Figure S5 shows that the size and form of 

the gold NPs remaining on the thin-film gold electrode surface after electrochemical cycling 

does not change significantly. We believe that this is due to the incorporation of the reduced gold 

atoms (which were oxidized on the surface of NPs during the anodic scan) into the thin-film gold 

substrate40 during the cathodic scan. Furthermore, the reforming process was not observed for 

gold NPs grown on ITO or gold NWs on Si/SiO2 substrates (Figures S4 and S6), but dissolution 

of some nanostructures occurred. 

      Reforming of gold NPs in nanocomposites only occurs upon application of an external 

potential. Figures 5 and S8 show SEM images of the nanocomposite on an ITO substrate after 

immersion in the growth solution for 9 weeks, and, for comparison, micrographs of gold NPs 

grown by the same method (without a semiconductor) on a gold substrate after immersion for 2 

weeks (without application of an eternal potential). Only slight changes are visible in the gold 

nanostructures after 9 weeks in the nanoporous matrix of the semiconductor (some gold 

nanostructures were transformed to nanorods which were marked by arrows). These changes can 

be explained by slow long-term aggregation of NPs, similar to those reported in the literature. 

Moreover, reforming does not take place under acidic conditions, e.g. 0.1 M H2SO4, without 

application of an external potential in the dark or in light (Figures 6, S9 and S10). 

      It is important to discuss the results of studies on electrochemical growth and reforming and 

the application of external fields to structurally control the metal NPs in order to understand the 

factors and mechanisms that contribute to particle size and structural dispersions in 

electrochemical systems. 
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      Spontaneous reforming of silver NPs on conductive surfaces in pure water17 and silver NPs 

reforming on non-conductive substrates under photoirradiation accelerated by the electric field63 

have been reported in the literature. Interestingly, the presence of silver ions (Ag+) in the 

processes essentially proceeded via dissolution and redeposition of silver ions on neighboring 

particles. Possible sources of silver ions are the dissolution of either the Ag2O layer covering the 

Ag NPs,17, 63 which can be slightly solved in water and is readily attacked by acids, or silver 

metal dissolution in acidic conditions. Accordingly, the reformation process described by 

Redmond et al.17 was accelerated in acidic media or by adding silver nitrate as an additional 

source of silver ions. Silver ions therefore initiate the reaction. In the mechanism proposed by 

Redmond et al.,17 the larger and smaller particles behave as different metals with different 

standard potentials (size dependence of electrochemical properties as discussed in section 3.2). 

They form galvanic cells with a concentration gradient of silver ions when connected by a 

conductive substrate due to the greater work function of larger particles and the redox potential 

difference. In the work of Murakoshi et al.,63 illumination is suggested as a method of reducing 

silver ions on a non-conductive substrate where there are no electron conduction pathways 

(electron transfer) between the particles.64 Electric fields may also accelerate the dissolution of 

silver due to water hydrolysis and local changes in the pH, thus providing a source of Ag+ for 

particle growth.  

      In the case of the inert and less reactive gold,65 the Ostwald ripening process was not 

observed under acidic conditions in the dark or in light (Figure 6). This means that Au (I) is also 

necessary for the process to proceed, as it requires the application of potential. This passive 

feature of our process (potential-driven process) resembles a light-driven reforming of Ag 
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nanospheres to nanoprisms of larger sizes.12 In both cases, the energy supplied to the system is 

necessary to initiate and drive the reforming process, although the exact mechanism of the latter 

transformation might require further clarification. 

      It was demonstrated that morphology, structural defects, and facet surface energy strongly 

effect the electrochemical oxidation potentials of Ag NPs, and also significantly influence the 

size and shape evolution of Ag NPs in Ostwald ripening processes.66 The authors proposed that 

the classical Ostwald ripening theory should be modified taking into account morphology and 

structural defects, as this would enable it to predict the evolution of the size and shape of metal 

NPs in solutions more accurately. We believe that differences in the lattice energy and surface 

e to surface dipoles) of nanometals of different modifications should also be 

taken into account.55 The dependence of surface stability and the dynamics of surface structures 

on potential have already been studied for the two-dimensional Ostwald ripening of metal 

surfaces, on which large islands of one layer height grow at the expense of smaller ones.67 Two 

atomic processes were found to be rate-determining in this reformation: the detachment from a 

kink site and atomic diffusion on flat surfaces between the islands. It was shown that atom 

surface mobility increases when the potential is scanned towards a higher positive potential and 

can be enhanced by adsorbates, which reduce the activation energy for transport. The influence 

of the electric field was explained by interaction of an electric field in the double layer with local 

surface dipole moments of adatoms and steps on surfaces. Similar effects should probably be 

included in studies of morphology-dependent66 Ostwald ripening of metal colloids.  

      Recently, dendritic assembly of gold NPs was observed under reductive polarization 

(cathodic potentials) during fuel-formation electrocatalysis.1 The mechanisms proposed were 

diffusion, collision, and coalescence of the entire particles, reducing catalyst dispersion. 
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Although the mechanism, conditions, and structural changes observed were different from those 

reported in the present report, it was also shown here that 1) an external source of energy like 

temperature or electrochemical energy may force transformation of the noble metal catalyst, and 

2) studies on the morphological changes of nanocatalysts during electrochemical catalysis are 

essential to improve our understanding of the nanocatalyst behavior under electrochemical 

conditions. 

      A nanoporous matrix of TiO2 plays an essential role in the electrochemically induced 

ripening of Au NPs, since it was not observed on flat surfaces. We assume that the large 

three-dimensional contact area of the interface between Au NPs and the nanoporous TiO2 

matrix provides stronger stabilization for the Au NPs, which remain attached to the TiO2 

surface while growing during electrochemical cycling. In contrast, a smaller contact area 

and probable lower adhesion between the Au NPs and the planar surfaces lead to the 

detachment of Au NPs, as we observed, for example, on ITO substrates and planar gold in 

Figures S4 and S5 or the incorporation of the reduced gold atoms into the thin gold film 

in the case of Au NPs on planar gold thin film substrates, Figure S5.40 

      There is growing interest in the quantitative investigation of factors which may influence the 

properties of metallic NPs on various supporting substrates and contribute to the stability and 

reforming properties of the Au NPs-support nanocomposites. We assume that one of the key 

aspects in answering this question is a metallic NPs-matrix interface and the adsorption 

(adhesive) energy of Au NPs on various solid supports.68, 69 Further factors include the charge 

distribution and electronic properties of metallic NPs as a result of interaction with a support,4, 70, 

71 particle size and morphology, chemical reactivity, and oxygen adsorption on the interfaces,72 

which are also strongly related to the catalytic activity and stability of metallic NPs.69 However, 
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although there are a number of studies on the properties of interfaces between metallic clusters or 

NPs and oxide supporting matrixes and their influence on the stabilization and reactivity of 

metallic NPs,4, 70-75 a fundamental issue remains elusive, namely how support oxides affect the 

stability and reactivity of metallic NPs. Hence, the role of a supporting substrate as well as 

details of the Au NPs-support interface need to be further elucidated. We assume that similar 

reforming may be observed for other semiconductor or even insulator particles matrixes, such as 

SiO2, Al2O3, CeO2, TiO2, and MgO.38, 76 Our study will probably be employed in future 

investigations of the effect of the matrix on the stability and reactivity of metallic nanoparticles. 

 

4 Conclusion 

The new process of electrochemical Ostwald ripening outlined in this report has important 

consequences. Nanocomposites similar to those used here are expected to be widely used in solar 

energy conversion and catalysis,6, 44, 45 both of which are essentially electrochemically governed 

processes in solutions. So far, the process we refer to as electrochemically induced Ostwald 

ripening has not been reported, but it could have direct implications for both catalytic and light-

adsorbing properties of the transformed nanocomposite due to the size effect. This process may 

help to explain the behavior of semiconductor/metal nanocomposite materials and 

heterojunctions under electrochemical conditions. Furthermore, we anticipate that the same 

transformations could be observed for other material combinations. 
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