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Abstract 

We report a novel metal particle coarsening mechanism that is controlled by exposure of the 

substrate to light. Pt nanoparticles on TiO2 are observed to undergo enhanced coarsening during 

light illumination under conditions associated with photocatalytic water splitting. The average Pt 

particle size changed from 1.7 to 2.1 nm over 12 hours of photoreaction conditions whereas control 

experiments in the dark showed no change in Pt particle size. The coarsening is thermodynamically 

driven by the Gibbs-Thompson effect but is kinetically controlled by photon illumination 

conditions.. These effects accelerate electron transport between particles on the substrate of 

differing sizes and dramatically increases the rate of Ostwald ripening.  This enhanced coarsening 

mechanism will operate in other metal particle systems supported on semiconductors which harvest 

light and inject electrons into the conduction band.  The kinetic rate of ripening is related to the 

degree to which the substrate conductivity and photovoltage is enhance during light illumination.  
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Introduction 

Photocatalytic processes are important for energy conversion and remediation of 

environmental pollutants (Lewis and Nocera 2006, Maeda, Teramura et al. 2006, Kudo and Miseki 

2009).  Heterogeneous photocatalytic materials are composed of light harvesting semiconductors 

which are functionalized with metal co-catalysts (Fujishima and Honda 1972, Jakob, Levanon et 

al. 2003) (Liu, Qu et al. 2004, Sakthivel, Shankar et al. 2004). For example, metal particles such as 

Pt act as reduction catalysts for adsorbed protons producing hydrogen molecules in water splitting 

applications (Greeley, Jaramillo et al. 2006). They may also facilitate electron-hole pair separation 

if the Fermi level of the metal lies below the Fermi or quasi-Fermi level of the oxide semiconductor 

(Subramanian, Wolf et al. 2001, Anpo and Takeuchi 2003). Long-term stability in aqueous 

environments remains an ongoing issue for many photocatalysts and photoelectrocatalysts. For 

example, both the light harvesting semiconducting components (Gerischer 1977, Chen and Wang 

2012, Cheng, Benipal et al. 2017) and metal co-catalysts such as Ni are known to photocorrode 

under reaction conditions (Liu, Zhang et al. 2015, Zhang, Liu et al. 2015, Han, Kreuger et al. 2017).  

Coarsening processes of Pt nanoparticles on conducting bulk electrodes under electrochemical 

conditions have also been widely studied in part because of their relevance to fuel cell applications 

(Ferreira, la O’ et al. 2005, Redmond, Hallock et al. 2005, Shao-Horn, Sheng et al. 2007, Shao-

Horn, Sheng et al. 2007, Lafforgue, Zadick et al. 2018).  The problem of deactivation has motivated 

fundamental research to elucidate specific kinetic pathways responsible for particle coarsening 

under a variety of conditions (Wanke and Flynn 1975, Harris 1986, Asoro, Kovar et al. 2010, 

Simonsen, Chorkendorff et al. 2011, Parthasarathy and Virkar 2013) in order to develop mitigation 

strategies. Here we describe a photoinduced Ostwald ripening mechanism for supported metal 

nanoparticles which has not previously been reported.  

The current investigation was carried out on the ripening process of supported Pt metal 

nanoparticles under liquid phase photoreaction conditions. TiO2 was selected as the light harvesting 
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support because it is very stable under reaction conditions allowing changes in the behavior of the 

Pt co-catalyst to be studied. We employed aberration corrected transmission electron microscopy 

(TEM) to follow the evolution of the particle size distribution during water splitting and observed 

significant Pt particle coarsening driven by light illumination. Previous work has investigated 

photodeposition of Pt nanoparticles onto TiO2 from Pt precursors solutions under UV 

irradiation(Shironita, Mori et al. 2008). In contrast we explore the changes taking place on Pt 

nanoparticles already deposited on the support during light and dark conditions. The observed 

coarsening is interpreted in terms of an Ostwald ripening process which is kinetically controlled by 

the light induced changes in the TiO2.  The mechanism should be active in other supported metal 

systems that satisfy the thermodynamic and kinetic conditions described below.  

Experiments 

Materials Preparation.  

2 wt % Pt on high surface area anatase TiO2 nanoparticles was prepared with a wet 

chemical impregnation method. A Pt loading of 2 wt% was selected to minimize back reactions 

and light shadowing by the metal(Ohtani, Iwai et al. 1997, Sayama and Arakawa 1997). The high 

surface area anatase particles were prepared following a hydrothermal method(Zhang, Miller et al. 

2013). The TiO2 particles were suspended in 20 ml of PtCl4 (Sigma-Aldrich, 99.99%) aqueous 

solutions, stirred and dried. The particles were then calcined in air @500°C for 3 hrs followed by 

a reduction in flowing 2% H2/Ar @500°C for 2 hrs. X-ray diffraction data from the fresh sample is 

shown in Fig. S1 of the Supplemental Materials confirming that the TiO2 crystal structure is anatase. 

Photoreaction Setup 

The photoinduced ripening was investigated using a liquid phase photoreaction under UV 

illumination.  20 mg of the as prepared 2 wt% Pt/TiO2 material was suspended in 50 ml de-ionized 

H2O and a 450W xenon lamp (Newport) fitted with a 350-450 nm bandpass dichroic beam turning 
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mirror, (which filters out infrared light) was used as the source, with the light coming vertically 

through the top quartz window of the reactor. The incident light intensity into the reactor was about 

50 mW/cm2 and the temperature increase during the reaction was less than 5°C for the duration of 

the run. H2 released during the associated photocatalytic water splitting was constantly swept out 

of the reactor with Ar as the carrier gas continuously flowing at 5 cc/ min.  H2 was detected and 

quantified using a gas-chromatography (GC) (Varian 450-GC) system connected to the 

photoreactor.   

Pt Nanoparticles and Solute Characterization.  

Pt coarsening during the reaction was characterized with high resolution TEM (HRTEM) 

on an aberration corrected FEI Titan and high-angle annular dark-field scanning TEM (HAADF 

STEM) on JEOL 2010F. HAADF was employed to determine accurate Pt particle size distributions 

at different times during the reaction (Treacy, Howie et al. 1978, Treacy and Rice 1989).  During 

the photoreaction, the reactor was periodically opened to extract small quantities of reactant 

solution (water and catalyst) for analysis. Pt2+ concentrations in solution during the reaction were 

determined using inductively coupled plasma mass spectrometry (ICP-MS). A series of water 

samples (2ml each) were taken 1hr, 3hrs, 5hrs, 7hrs and 12 hrs during the photo-reaction from the 

initial 50ml volume of solution. Photocatalyst particles were separated out efficiently using 

microsep advance centrifugal devices with omega membranes (Pall Corp.) under 10,200 rpm 

centrifuges for 15 mins. The water sample after the filtering was acid digested and analyzed by 

quadrupole ICP-MS (ThermoFisher Scientific iCAP Q, with CCT option). To correlate coarsening 

observations with photocatalytic activity, a continuous experiment was also run for 12 hours 

without opening the reactor to follow the H2 evolution rate.  
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Results 

Morphology and Photocatalytic activity                 

The morphology of the as prepared 2 wt% Pt on anatase is shown in Fig.1a. Pt particles 1-

2 nm in size were well dispersed on TiO2 nanoparticles. Lattice fringes of 2.27 Å were observed 

on the particles which match the Pt (111) fringe spacings. Most of the Pt particles preferred to 

nucleate and grow at high surface energy sites including corners and steps as marked on the figure 

where surface atoms on the TiO2 support are less coordinated. (TEM imaging of the particles after 

the reaction still showed 2.27 Å lattice fringes belonging to Pt (111)). The H2 production rate is 

plotted in Fig. 1b which shows initial transient oscillatory behavior for the first 3 hours followed 

by a steady drop in H2 production from about 200 minutes over the subsequent 6 hours.  (The initial 

low H2 signal is related at least in part to the time it takes for H2 to reach saturation concentration 

in water, get released to the head space and then mix fully with Ar carrier gas). In situ electron 

microscopy was also performed in the presence of light and water vapor. These measurements are 

shown in Supplemental Materials and no particle coarsening was observed in the presence of water 

vapor.  

Coarsening of Pt particles 

A series of HAADF images were taken on the catalyst after 0 (fresh), 3, 7 and 12 hrs of 

photo-exposure. Pt particle coarsening is very obvious by comparing the images of the 12 hrs light 

exposure sample and the initial fresh sample as seen in Fig. 2 (note images not from same area). 

Over 300 particle sizes were measured from 15 to 20 images for each sample and particle size 

distributions were determined. The resulting histograms in Fig. 3 show the time-dependent particle 

size increased during light exposure in water. Average particles sizes and surface areas for each 

sample are summarized in Table 1. (The specific surface area (area per unit mass) was estimated 
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for each sample by dividing the total surface area by the total mass of measured particles (each 

particle was treated as a hemisphere)). 

The average particle size increases from an initial value of 1.69 nm ± 0.05 nm to a final 

value in 12 hrs of 2.06 nm ± 0.09 nm. (The error is taken to be three times the standard error in the 

mean).  Control experiments in the dark were performed to prove that the observed coarsening is 

induced by light. The particle size distribution of a sample exposed to liquid water in the dark for 

12hrs is compared with a fresh catalyst and the result is shown in Fig. 4. The particle size 

distribution is identical to the fresh sample within experimental error with an average size of 1.66 

± 0.05 nm showing that no detectable coarsening occurred in the dark.  

Pt Ion Concentration in Solution during Catalysis 

ICP was carried out to measure the time-dependent Pt concentration in solution. Combining 

the Pt concentration determined by ICP with the mass of fresh catalyst used in the reaction allows 

the percentage of the Pt  ions in solution to be calculated relative to the total mass of Pt. The results 

are summarized in Table 2 (in the table 100% is equivalent to 2 wt% Pt). The initial relative 

concentration of Pt2+ in solution is comparatively high, around 1 %, as a result of residual chloride 

species from the platinum chloride precursor. The Pt concentration drops quickly after the light is 

turned on because of photo-deposition and reaches less than 0.01% after 5 hours. The photo-

deposition of the initial 1% relative concentration of Pt from solution onto the support is too small 

to explain the observed particle size increase reported in section 3.3. (To increase the mean particle 

size from 1.7nm to 1.8nm, would require 19% additional mass deposition from solution, which is 

almost a factor of 20 higher than the initial Pt concentration measured in solution). The 

concentration of the Pt2+ stays low and relatively constant after 5 hours suggesting a 

dissolution/deposition based kinetic pathway for Pt to transfer from small particles to larger Pt 

particles.  

Discussion 
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The particle size analysis clearly shows that the Pt nanoparticles are coarsening during 

exposure to light. We hypothesize that the coarsening mechanism is a photon induced Ostwald 

ripening process. Ostwald ripening is a particle coarsening process involving thermodynamically 

less stable small particles that, via kinetic pathways such as surface diffusion, volume diffusion or 

dissolution/deposition, transform to large particles. The driving force for this is the particle-size 

dependent chemical potential set by the surface-to-volume ratio of nanoscale particles. From an 

atomistic view, particles with smaller size have a larger number of under-coordinated atoms so 

there is a higher probability that these atoms can detach from the particle surface and migrate across 

a support or dissolve into solution. This leads to a net transfer of atoms from the small particles to 

the large particles resulting in time-dependent increases in the average particle size. Here we show 

that, under the conditions employed, it is thermodynamically possible for Pt particles to undergo 

dissolution.  We then discuss how the kinetics of the process is regulated by light illumination of 

the TiO2 support.  

We focus on the dissolution mechanism for Pt transport. The 5°C temperature difference 

between the photoreactor and the ambient room (where the dark experiments were performed) is 

insufficient to thermally drive ripening. The Tamman temperature (traditionally the temperature 

where thermal ripening occurs) is 750°C so this pathway should be completely shut down at the 

temperature used for the experiment. We also investigated surface diffusion in light and water vapor 

using in situ electron microscopy (see the Supplemental Materials section). We observed no change 

in the particle size or distribution even after 11 hours of exposure so, based on this observation, we 

do not think Pt diffusion across the TiO2 support is significant.  

The initial concentration of Pt detected by ICP and the use of the chloride precursor 

indicates that there is still some residual PtCl4
2−

 in solution. A simple thermodynamic analysis 

shows that dissolution of small Pt particles is possible under such condition with the chloride 

functioning as an intermediate.  As discussed in detail by Tang et al., for a finite-sized single-
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component solid of radius r in equilibrium with a fluid phase containing that component (e.g., 

Pt2+/Pt equilibrium), there is a difference in the chemical potentials of the component in the solid 

and fluid phases given by,   

𝜇𝑠 − 𝜇𝑙 = (𝑓 − 𝛾)Ω(2/𝑟)      Eq ( 1) 

where  f  is the solid/fluid interface stress (assumed isotropic),   is the solid/fluid interfacial free 

energy (assumed isotropic) and  is the molar volume of the solid (Tang, Li et al. 2010)   For the 

reaction, 𝑃𝑡𝐶𝑙4
2− + 2𝑒− = 𝑃𝑡 + 4𝐶𝑙−, (E=0.755 V., NHE),  the chemical potential of Pt in the 

liquid phase is given by 

 𝜇𝑙 = 𝜇�̅� (𝑃𝑡𝐶𝑙4
̅̅ ̅̅ ̅̅ ̅2−

) + 𝑅𝑇𝑙𝑛(𝑃𝑡𝐶𝑙4
2−/𝑃𝑡𝐶𝑙4

̅̅ ̅̅ ̅̅ ̅2−
),   Eq.( 2) 

where the bar quantity indicates the saturation concentration associated with a planar (𝑟 = ∞) 

surface at equilibrium. The chemical potential of the Pt in the solid is given by 

 𝜇𝑠 = 𝜇�̅� (𝑃𝑡𝐶𝑙4
̅̅ ̅̅ ̅̅ ̅2−

) + 𝑓𝑃𝑡Ω𝑃𝑡
(2/𝑟).      Eq.( 3) 

Using the equilibrium condition of Eq.( 1) we obtain, 

𝑅𝑇𝑙𝑛(𝑃𝑡𝐶𝑙4
2−/𝑃𝑡𝐶𝑙4

̅̅ ̅̅ ̅̅ ̅2−
)= 𝛾𝑃𝑡Ω𝑃𝑡(2/𝑟).     Eq.( 4) 

The left-hand side of this equation is the Gibbs free energy difference for Pt in the liquid phase 

surrounding a Pt particle of radius r and that for a planar surface.  Since Δ𝐺 = −𝑛𝐹𝐸, (n = 

number of moles of electrons transferred = 2), we obtain  

𝐸𝑃𝑡𝐶𝑙4
2−(𝑟) =  �̅�𝑃𝑡𝐶𝑙4

2− − 𝛾𝑃𝑡𝛺𝑃𝑡/𝐹𝑟    Eq.( 5) 

where �̅�𝑃𝑡𝐶𝑙4
2− is the electric potential for a planar surface; 𝐸𝑃𝑡𝐶𝑙4

2−(𝑟) is the electric potential for 

a particle with radius r surrounded by liquid phase;  𝛾𝑃𝑡 is the surface energy ; 𝛺𝑃𝑡 is the molar 

volume of Pt and F is the Faraday constant(Tang, Li et al. 2010). From our ICP analysis, we 
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estimate that the concentration of PtCl4
2- is ~ 10-7 giving a value of  �̅�𝑃𝑡𝐶𝑙4

2−~0.55𝑉 . Taking 𝛾𝑃𝑡 =

2.4 Jm-2, Ω𝑃𝑡 = 9.09 x 10-6 m3, we obtain  

𝐸𝑃𝑡𝐶𝑙4
2−(𝑟)~0.55 − 0.226/r                               Eq.( 6) 

where r is in units of nanometers(Diebold 2003). The extra term for small particles compared to the 

planar surface has a negative shift in the standard electric potential of 0.226/r. The electric potential 

shift is plotted against particle size in Fig. 5. For a 1 nm diameter particle, the potential for initial 

dissolution of Pt is shifted down by 0.46V giving 𝐸(𝑟)~ + 0.1𝑉 which is low enough to make 

initial oxidation of small Pt particles possible. The distributions of the negative potential shifts for 

each sample can be calculated from the particle size distributions and are plotted in Fig. 6 for each 

reaction time.  The ripening mechanism impacts the photocatalytic activity in several ways.  First, 

the Pt surface area drops by about 23 % as shown in Table 1. Also the rate of electron transfer to 

protons will be faster on the small particles compared to the large particles because of the change 

in potential shown in Fig. 5 and 6. Finally the Pt particle number density on the TiO2 surface 

decreases which increases the distance that photogenerated electrons have to travel in the TiO2 to 

reach the co-catalysts. These factors are considered in more detail in Supplemental Materials which 

shows that the predicted decay in the H2 production agrees with the experiment (excluding the 

initial transient period).  

This argument and the particle size distributions indicate that, for the conditions employed 

here, Pt dissolution is thermodynamically possible but it does not give any information about 

kinetics. The experimental observations show that the rate of coarsening is much faster during 

illumination. The 5°C temperature difference between experiments performed in the light and the 

dark is unlikely to cause a large change in kinetics.  The temperature increase may cause a small 

increase in the Pt concentration in solution (see eqn(2)). However, comparing the concentration of 

Pt in solution (ICP analysis Table 2) with the rate of increase in Pt particle size (Table 2) shows 
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that these two quantities are not correlated. This suggests that the ripening kinetics is not strongly 

affected by the Pt solution concentration.  

There are several factors which contribute to the acceleration of the ripening during 

illumination associated with the generation of both photovoltage and photoconductivity in the TiO2.  

To understand how kinetics is influenced by illumination conditions, it is important to notice that 

charge transfer must take place whereby the Pt atoms in the small particle must lose two electrons 

during dissolution. Conversely, the Pt+2 ions in solution must gain two electrons when they 

incorporate onto the surface of the larger Pt particle. Thus Ostwald ripening via metal dissolution 

requires a charge compensation path to provide electron transfer between small and large particles. 

The charge transfer kinetics can be greatly enhanced when the support is a conductor. This is 

essentially the situation in the fuel cell electrode because the carbon support is an electron 

conductor. In the current case, the presence or absence of light changes the kinetics of this charge 

transfer process by changing the conductivity of the underlying TiO2 support.  

In the dark, anatase is a poor conductor with a conductivity of ~10-7 Ω-1m-1 but this 

increases by 7 orders of magnitude under UV light irradiation (Watanabe, Muramoto et al. 2010, 

Pomoni, Sofianou et al. 2013).  The conductivity and lifetime will vary depending on the incident 

light intensity and defect densities but greatly enhanced electron transfer will take place under 

illumination (Fujishima, Zhang et al. 2008). Dissolution of Pt will be inhibited in the dark because 

charge transfer through the TiO2 is very slow (see Fig. 7). When the catalyst is illuminated with 

light of energy greater than the TiO2 bandgap (about 3.2 eV), electron-hole pairs are generated in 

the TiO2 putting electrons into the conduction band and holes into the valence band increasing the 

titania conductivity.  

Under illumination, photoexcited electrons accumulate on TiO2 giving rise to a 

photovoltage which further drives the ripening. The increased density of electrons in the TiO2 

conduction band cause the quasi-Fermi level of TiO2 to shift to a more negative electric potential 

as illustrated in Figure 7 (Subramanian, Wolf et al. 2001). The driving-force/photovoltage of the 
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electrons to reduce PtCl2- to Pt depends on the electric potential difference between the quasi-Fermi 

level of TiO2 and the PtCl2-/Pt redox potential. There is a larger potential difference between the 

quasi-Fermi level of TiO2 and the larger Pt particles compared to smaller Pt particles. Thus there’s 

a greater driving force for the larger particles to be reduced which further accelerates the ripening 

under light illumination.  

The overall scheme is summarized in Figure 8. The particle electric potential shift is 

different for particles of different size leading to a net difference in the electrochemical driving 

force of: 

 𝐸(r) −  𝐸(R) =
𝛾𝑃𝑡𝛺𝑃𝑡

𝑛𝐹𝑅
−

𝛾𝑃𝑡𝛺𝑃𝑡

𝑛𝐹𝑟
< 0                                             𝐸𝑞.( 7) 

When small and large particles are connected by the photo-excited conducting TiO2 substrate, 

thermodynamically, after partial dissolution, small Pt particles with more negative potential will 

transfer electrons to large particles. This electron transfer is further enhance the photovoltage 

generated in the TiO2. The Pt in the small particles is oxidized and to maintain charge neutrality, 

Pt2+ ions from the small particles travel through the electrolyte to the large particle.  Effectively, 

the two particles behave like the electrodes in a Galvanic cell as described by the schematic drawing 

in Fig. 8. This is similar to the electrochemical coarsening of Ag on conducting substrates reported 

by Redmond et al (Redmond, Hallock et al. 2005).  The difference with the work of Redmond et al 

is that, in our case, photoconductivity and photovoltage are generated in the TiO2 during light 

illumination driving the photoelectrochemical coarsening. The driving force increases as the 

particle size difference increases. This photo-electrochemical Ostwald ripening process is the 

mechanism which leads to the observed coarsening of the particle size distribution.  

   

Conclusion 
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We have observed a novel light induced ripening process for metal particle supported on 

light sensitive substrates. When Pt/TiO2 photocatalysts in liquid water are exposed to ultraviolet 

light, Pt particles undergo accelerated coarsening. High angle annular dark-field imaging was 

employed to determine the quantitative change in particle size distributions and showed that the 

average Pt size increased by 20% over 12 hours. Control experiments in the dark showed no change 

in Pt particle size. Very small concentrations of Pt2+ were detected in solution by ICP suggesting 

the particle size increase is due to an Ostwald ripening process involving dissolution of Pt. In the 

dark, the TiO2 substrate is strongly insulating and Ostwald ripening is slowed because charge 

compensation through the substrate is inhibited. Under light illumination, the conductivity of the 

TiO2 is dramatically increased by the injection of electrons into the conduction band enhancing 

charge compensation through the oxide substrate and driving Pt transport between particles via the 

liquid phase. The increase in photovoltage during illumination also accelerates the ripening. This 

enhanced coarsening mechanism will operate in other supported metal photocatalysts which harvest 

light via photoinduced injection of electrons into the conduction band of a semiconducting 

component. The kinetics of this process is regulated by changes in the substrate conductivity 

induced by variations in light illumination.  
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Fig. 1. a) TEM image of as prepared 2 wt% Pt/TiO2 showing good dispersion of 1~2nm Pt particles. Pt particles prefer to 

nucleate at high surface energy sites such as surface corners and steps. b) Steady state H2 evolution rate per gram of catalysts 

vs light irradiation time in minutes. 

Fig. 2. HAADF-STEM image of a) initial sample and b) after 12hrs 

light exposure in H2O.  
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Fig. 3. Particle distribution of samples after different irradiation times for 

a) fresh b) 3 hours c) 7 hours and d) 12 hours. 
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Fig. 4. Particle size distribution of fresh 

sample and sample after 12hrs in H
2
O in 

dark. No coarsening was observed on 

samples in dark.  
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Fig. 5. Particle electric potential shift as a function of particle diameter (taken from eqn(6)).  
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Fig. 7. Schematic drawing of negative shift of quasi-fermi level of TiO2 particles during 

photoexcitation.  

Fig. 6. Electrode potential shift distribution of samples after different irradiation times.  
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Fig. 78. Schematic drawing summary of 

photo-electro-chemical Ostwald ripening 

progress. In the dark (upper) negligible 

dissolution happens because of slow electron 

transport. During illumination (lower), the 

TiO2 becomes conducting connecting small 

and large Pt particles. Charge transport 

through the TiO2 compensates for ion 

transport through the water accelerating 

Ostwald ripening.  
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 Table 1. Average particle sizes and specific surface areas during different time periods of 

irradiation. The surface area dropped by a factor of 1.3 after 12hrs irradiation. 

 

 

 

 

Table 2. Pt2+
 

concentration in H2O during different time periods of light irradiation. The as-

prepared sample contains Pt2+ from precursors not fully reduced to Pt metal. The initial Pt2+ 

concentration drops because of photo-deposition onto TiO2 when exposed to light. The Pt2+
 

concentration stays very low because Pt2+
 

redeposits onto large Pt particles after dissolution from 

small ones. 
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Metal particle coarsening driven by light illumination of the supporting semiconducting substrate.
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