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ABSTRACT OF THE THESIS 

Controlled synthesis of nanoparticles using the alternating current method 

By 

Dingjie Pan 

Master of Science in Material Science and Engineering  

University of California, Irvine, 2020 

 

Fuel cells can potentially become a practical solution for solving the emerging energy crisis. 

Platinum nanoparticles are used as electrocatalyst for oxygen reduction reaction. Many synthesis 

methods exist that produce platinum nanoparticles supported by carbon support. The goal for 

synthesis is to increase its performance and reduce its loading. In this paper, we successfully 

synthesized Pt nanoparticles within 2.09 ± 0.76 nm range with the alternating current method. 

With this one-step, top-down method, Pt nanoparticles were produced by simply applying the 

square wave potential to the Pt wire without adding any additional chemicals. Besides, the 

rotating disk electrode (RDE) measurements suggest this method has a possibility to increase the 

performance of the Pt nano catalyst.   

Moreover, we explored the mechanism of the generation of nanoparticles and proposed the 

critical potential range for this method. And we first reported the Pt formation in neutral and acid 

electrolyte.   
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Chapter 1 Introduction 

1.1 A brief overview of the energy revolution 

Energy is one of the essential elements to ensure human civilization. Throughout human history, 

the three transformations in energy development took place. These transformation were: from 

wood to coal, then to oil and gas, and now and in the future renewable energy will be the next 

transformation. Before the 18th century, humans were limited to the direct use of natural energy 

sources such as wind, water, animal power, and wood. The reformation of the steam engine by 

James Watt in 1769 accelerated the development of the coal industry and coal surpassed wood as 

the largest share in the primary energy mix in the 1780s. In 1885, the invention of the internal 

combustion engine by Gottlieb Wilhelm Daimler motivated the requirement of oil and gas. In 

1979, the proportion of the sum of oil and gas in the world's energy consumption structure was 

72 % and replaced coal to complete the second conversion of energy. (1) However, the reserve of 

oil on the earth is limited, and the increased demount of oil consumption has caused the shortage 

of energy supply and the rise of extreme weather events. The increased ocean acidity and the 

shrinking of the glacial landmass were due to global warming. (2) In 2015, 196 states reached the 

Paris agreement to control the increase of global average temperature within 2 ℃ above the pre-

industrial level. (3,4) The third transformation of energy from fossil fuel to non-fossil fuel new 

energy is imperative. And the development of the clean energy industry is not only for meeting 

the target of temperature rise but also marketing driven. (5,6) And the zero-emission fuel cell 

vehicles with high efficiency and fast charging is the key to reducing the emission from the 

transportation sector. (7,8) 
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1.2 The introduction of polymer electrolyte fuel cells (PEFCs) 

Fuel cells, as electrochemical devices, convert the chemical energy from fuels into electrical 

energy directly, promise high efficiency of power generation, and negligible environmental 

impact (9). Tracing back to 1839, the publication, which reported a current produced from the 

combination of hydrogen and oxygen by Christian Friederich Schönbein (10) is the origin of the 

fuel cell. (11) Figure 1.1 is a schematic of the basic fuel cell operation.  

Typically, fuel and oxidant (oxygen from the air, generally) are fed continuously and separately 

to the anode and cathode, respectively. The triple-phase boundary (TPB), the interface between 

the gas electrode and electrolyte phases, is the place for the occurrence of electrochemical 

reactions (on a molecular scale). Pure H2 reaches to the TPB on the anode side through the gas 

diffusion layer (GDL) and the hydrogen oxidation reaction (HOR) is accelerated by the anode 

catalyst and the remaining fuel and exhaust are expelled from the unit cell. The proton (H+) 

transfers to the cathode through the ion-conducting electrolyte (proton exchange membrane) by 

the ionic potential gradient, as the driving force while electrons generated by the HOR travel 

through the external circuit to the cathode. Once the proton and oxygen reache the surface of the 

cathode, the oxygen reduction reaction (ORR) takes place on the TPB at the cathode. The 

produced water as the byproduct is removed by the remaining air in the gas flow-field (9). 
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Figure 1.1 The design of fuel cell unit cell, where transport processes are shown too. 

HOR at the anode side: 𝐻2 → 2𝐻+ + 2𝑒−            0 V 

ORR at the cathode side: 
1

2
𝑂2 + 2𝐻+ + 2𝑒− → 𝐻2𝑂   1.23 V 

Depending upon chemical potential difference rather than the thermodynamic driving force, fuel 

cells produce electricity directly using electrochemistry and avoid multiple intermediate 

conversion steps of producing heat and mechanical work, which are inevitable for conventional 

heat engines (9). Thus, not limited by the Carnot efficiency (12), PEFCs operate at 50 – 80 ℃, 

and have 45 – 60 % fuel efficiency and 40 – 70 % voltage efficiency (13,14). Compared with 

batteries, fuel cells have high energy and fast refueling speed. Additionally, since combustion is 

avoided, fuel cells produce power with zero to ultra-low pollutant emission and very low noise 

levels (9). However, the cost limits the popularization of fuel cells as platinum is one of the 
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costly components in PEFCs. To accelerate the HOR and ORR at low temperatures (50 – 80 ℃), 

the catalyst layers consisting of 2 – 5 nm platinum nanoparticles supported on 20 – 30 nm 

primary carbon particles bound with 2 – 70 nm thin-film ionomer coatings are critical porous 

layers in the PEFCs (8,15–17). 

In this thesis, we focus on reducing the cost by generating the Pt nanoparticles with high purity, 

uniform size and better performance to reduce the amount of Pt in PEFCs and to enable cleaner 

manufacturing method. 

1.3 The alternating current method of synthesizing Pt nanoparticles catalyst layers  

For commercial fuel cell vehicle, the catalyst layers of cathode and anode in PEFCs are 

composed of Pt-based nanostructures supported on high surface area carbon. (18) To reduce the 

amount of costly platinum catalyst, producing small size Pt nanoparticles to maximize the 

surface-to-volume ratio is necessary. In general, for producing the Pt nanoparticles with size-

controlled and desirable characteristics for various applications, three groups of synthesis 

methods (physical, chemical, and biological) are adopted. Laser ablation, arc discharge, vapor 

deposition, melt mixing, ball milling, sputter deposition, and flame pyrolysis are available for 

physical methods. Though physical methods have various advantages including high speed, high 

purity, uniform size and shape, and no toxic chemicals, the high cost, lower thermal stability, 

high requirement of energy, temperature, and pressure limit the widely use of physical methods. 

For cost-effective chemical methods, metal monomers are reduced from cation in the solution, 

and extra chemicals as stabilizers are added inevitably to keep the constant size. The use of toxic 

chemicals and organic solvents causes low purity and the environmental damage. Biological 

methods with the aim of being environmentally friendly are difficult to use to control the shape, 
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size, aggregation, and the growth of crystals. Besides, the purification process of removing the 

bacteria is time-consuming. (19)  

In this paper, we introduce a top-down synthesis method via the electrochemical breakdown of 

the macroscopic metal wire by apply alternating current. For synthesizing platinum 

nanoparticles, a square wave potential is applied to two Pt wires, which are immersed in alkaline 

solution. Pt nanoparticles are generated from wires immediately along with the gas bubbles. 

According to the Pourbiax diagram of platinum (20) in Figure 1.2 (cited from the published 

paper), above the standard reduction potential (21), platinum dissolves and forms platinum ions. 

The standard reduction potential of Pt vs RHE: 

𝑃𝑡2+ + 2𝑒−  →  𝑃𝑡            1.2 𝑉 

 

Figure 1.2 The Pourbiax diagram of platinum, reproduced from Ref. (20)  
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With better size and shape control and no additional chemicals, this single-step method of 

nanoparticles synthesis was first published in 1898 then was further explored by Kabanov in 

1979 for the preparation of intermetallic compounds and in this century, great progress was made 

by several groups and the method was named as cathodic corrosion. (22–47) Thanks to these 

studies, the knowledge of size and shape control and platinum performance was well correlated. 

Whereas the understanding of alternating current electrochemistry is insufficient and lack of 

experiments focusing on the mechanisms for the synthesis of nanoparticles with the AC method. 

Current explanations of the nanoparticle generation are (1) cathodic corrosion; (2) micro 

explosion and (3) cation effect. 

The mechanism of the cathodic corrosion hypothesis is shown in Figure 1.3. The alternating 

current is superimposed by positive charge and negative charge for each cycle, the phenomenon 

transforms into two direct current conditions. Under a high positive voltage, electrons are 

extracted, and an oxidation reaction happens. The Pt wire and oxygen anions in the solution are 

oxidized to PtO and O2, respectively. While under the negatively applied potential, electrons are 

pumped into the wire, forcing the PtO and hydrogen cations to reduce to Pt and H2, respectively. 

The continuous formation of gas brings the newly synthesized platinum nanoparticles, which are 

not well attach to the wire, into the solution and produce Pt nanoparticles (48). However, the 

generation of alloy nanoparticles reported with this method (22) contradicts the corrosion theory, 

since the different standard potentials of two metals should result in dissolution of one metal and 

not the other. However, previous study showed that with the AC method we can generate alloy 

metal.  
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Figure 1.3 The mechanism of cathodic corrosion hypothesis , where metal wire is shown during + 10 V (left) 

and – 10 V (right), where oxygen evolution reaction occurs at +10 V and hydrogen evolution happens at -10 

V. Pt particles are produced during – 10 V.   

Figure 1.4 shows the mechanism of the micro explosion (49) theory. The AC potentials applied 

to the Pt wire are above the dissociation potential of both hydrogen and water (1.23 V) (21) 

leading to the formation of H2 and O2 on the same Pt wire in the negative and positive voltage 

sweep, respectively. The mixture of H2 and O2 in the outer layer causes the micro explosion in 

the solution and Pt nanoparticles are mechanically removed from the wire due to the stress 

induced by this micro explosion. The SEM image (43,49) of the rough surface of Pt wire after 

experiment supports this theory. 
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Figure 1.4 The mechanism of micro explosion hypothesis , where hydrogen and oxygen are generated on Pt 

surface in negative and positive potential sweep. Both bubbles recombine and cause micro-explosion.   

Figure 1.5 is the third proposed mechanism of the formation of Pt nanoparticles, which caused 

by the cation effect. In alkaline electrolytes, K+ cations are diffused to the Pt wire and attack the 

vacancy on the surface of the Pt electrode during the negative applied potential. In such a high 

negative potential, the metallic state Pt is reduced to metal anions and they combine with 

attacking K+ cations into an unstable intermediate transition state. As the potential quickly 

switches to the positive potential and Pt becomes positively charged, this short lived unstable 

material leaves the surface of Pt wire with the generation of bubbles and breaks down into the 

K+ and Pt nanoparticles. The absence of platinum creates more vacancies for K+ cations and 

maintains the reaction (50). 
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Figure 1.5 The mechanism of cation effect hypothesis, where in a) metal is negatively charged and K+ 

intercalates into Pt lattice, b) as the potential is increasing and metal surface is positively charged the ejection 

of meta-stable phase occurs and c) Pt nanoparticles form.   

The result of the concentration-effect (33) of the different cations in the electrolyte suggests this 

theory and the paper in 2009 supports the existence of the metal anions (51). In this paper, we 

design a series of experiments to identify the mechanism of nanoparticles generation by AC 

method. 

1.4 Valuating the catalyst performance with the electrochemical measurement 

For analyzing the nanocatalyst performance, Figure 1.6 provides the design of the 3-electrode 

setup consisting of the working electrode (WE), the counter electrode (CE), and a reference 

electrode (RE). The WE is where the desired electrochemical reaction occurs and the potential or 

current goes through the WE is under control. For electrochemical cell, at least two electrodes 

are required. In the 2-electrode setup, the CE is the second electrode for conducting current and 

completing the electric circuit. Connecting the RE to the WE as the third electrode ensures the 

RE does not participate in the reaction and no current flow to the RE. Since no current passes 

through the RE, it provides a reference point for measuring or controlling the potential (52). 
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Figure 1.6 The schematic of the three-electrode setup 

Figure 1.7 is the design of the Hydro Flex hydrogen reference electrode, which can provide a 

known, stable potential to measure other potentials. Since no current passed through the RE, it 

remains at the equilibrium potential, which is well defined. The hydrogen electrode measures the 
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activity of hydrogen ions directly and very close to 0 V, therefore, no potential correction is 

needed (52). 

 

Figure 1.7 The design of Hydro Flex hydrogen reference electrode 

The rotating disk electrode (RDE) set up is shown in Figure 1.8. At the end of the rotatable 

cylinder an electrode disk is embedded, which is surrounded by the insulating material (Teflon). 

Submerging the RDE into the electrolyte, the velocity of mass-transport to the uniform surface of 

the disk is distance dependent and is not affected by the radial position or the angle. Since the 

concentration change of the electrolyte (usually 1 M HClO4) can be neglected and the gas (O2 or 

N2) is pumped in the electrochemical cell with constant speed, the rate of mass-transport does not 

change with time. The polarization curve is influenced by (1) activation loss, (2) ohmic loss (3) 

mass-transport and in 3-electrode setup, the last two terms can be removed after the iR-

correction, thus, RDE measurements are frequently used in studying ORR and measuring kinetic 

current (52). 
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Figure 1.8 The rotating disk electrode measurement set-up, where three-electrode set-up is shown with WE 

being mounted onto the RDE.   
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Chapter 2 Methods of Synthesis of Nanoparticles  

2.1 Materials and equipment  

In this study, four types of wires were used for nanoparticle synthesis. Platinum wire (0.25 mm 

diameter, 99.9%) and gold wire (0.25 mm, 99.9%) were obtained from Sigma-Aldrich. 

Palladium wire (0.5mm diameter, 99.9%), and platinum-iridium wire (0.25mm, 99.9% Pt: Ir; 

85:15 wt%) were purchased from Alfa-Aesar. Carbon black (Vulcan XC-72R, Fuel Cell Store) 

was used as a support material. Potassium hydroxide, KOH (Sigma-Aldrich, 85%), potassium 

chloride, KCl (Sigma-Aldrich, 99.0-100.5%), sulfuric acid, H2SO4 (Sigma-Aldrich, 95.0-98%) 

and hydrochloric acid, HCl (Millipore Sigma, 1 mol/L) were used as the electrolyte. The 2-

Propanol, IPA (Sigma-Aldrich, 99.5%) and Nafion, 5wt% (D521, Fuel Cell Store) were used to 

prepare ink for RDE testing. Ultrapure water (18.2 MΩ/cm, 3ppb TOC) was generated by Milli-

Q Integral water purification system. To obtain cleaned and reproducible conditions, all 

glassware was washed by ultrapure water at least 3 times before each of the experiments.   

VSP potentiostat (Biologic Science Instruments) was used to provide square wave potential. 

Ultrasonicator (Branson1800) and homogenizer (T25-S1, IKA Labortechnik) were used to 

disperse and prevented the agglomeration of the nanoparticles during the synthesis. Centrifuge 

(Ample Scientific, F-33D) was used to separate the nanoparticles in the solution. Laboratory 

oven (BLUE M) was used to dry the nanoparticles. MSR rotating electrode and standard graphite 

counter electrode kit for RDE experiment were obtained from Pine Research Instruments. The 

reference electrode was used hydro flex from Gaskatel. All the TEM images were conducted by 

the JEM-2800 Transmission Electron Microscope in UC Irvine Materials Research Institute 

(IMRI). 
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2.2 Nano platinum catalyst synthesis with 2-electrode setup 

In this study, Pt nanoparticles were synthesized in a 20mL vial. This smaller vial was used 

instead of a large volume beaker since a homogenizer in a smaller beaker enables better carbon 

black dispersion in the alkaline electrolyte and the Pt distribution on the carbon surface during 

the synthesis by reducing the distance between two Pt electrodes. As carbon suspension away 

from electrodes cannot be coated with Pt due to the formation of nanoparticles only near the 

surface of two electrodes. Besides, the Vulcan carbon with high volatility in the wide-mouth 

beaker would easily volatilize during the ultrasonic and homogenizing treatment. And since there 

is no extra space for inserting salt bridge or reference electrode in the 20 mL vial the experiment 

adopted the 2-electrode setup rather than 3 electrode setup. 

 

Figure 2.1 Procedure of Nano-Pt synthesizes 
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For the Pt synthesis 10 mg of carbon was used. The Vulcan carbon with large surface tension is 

hard to disperse in alkaline solution and it would flow to the top of the electrolyte and it would 

also aggregate. Thus, before the synthesis, few drops (10 µL each) of 1M KOH were added into 

the vial with Vulcan carbon and it was stirred until carbon black was completely wet. The 

procedure was repeated 3-5 times. Then carbon black was filled with 1M KOH solutions of 10 

mL and ultrasonicated for 1h with ice water to well disperse the carbon black. As a control case, 

an additional experiment was conducted without Vulcan carbon. The volume of KOH solution 

that was added in the vial was same (10 mL) in each experiment since the amount of the Pt 

nanoparticles generation was affected by the depth that wires immersed into the solution and 

controlling the amount of electrolyte helps to obtain the desired amount of Pt and the Pt/C ratio.  

Before and after each experiment, two metal wires were weighted and then immersed into the 

solution with 3 cm exposed to the electrolyte. After synthesis, the wires were wiped with 

Kimwipe, dried, and weighed again. The reaction was fast enough that analytical balance can 

reflect the difference and the difference in the mass was recorded and was attributed as a mass of 

nano-particles generation due to the square wave potential applied. 

A square wave potential (±10 V 200Hz) was applied to two Pt wires by Biologic for 300s. 

Compared to sin wave potential, square wave provides a constant potential for both positive and 

negative charge, which leads to the unchanging reaction speed. Thus, the produced Pt 

nanoparticles have a small average size and narrow distribution. During the application of high 

potential, O2 and H2 evolve during Pt synthesis on both electrodes rapidly and at the same time, 

the nanoparticles were generated from the surface of both Pt wires immediately and were 

dispersed into the whole solution with numerous gas bubbles. To demonstrate the frequency 

effect on metal particle size, the samples were synthesized in 100/300/400 Hz respectively. To 
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maximum prevent agglomeration, vials were inserted into the homogenizer and kept in 

ultrasonicator with ice water during the whole synthesis process. The obtained suspension 

solution was stirred overnight with a magnetic stirrer to ensure the Pt nanoparticles are fully 

dispersed on the rough surface of the carbon. The nanoparticles suspension with carbon black 

was filtered with a vacuum filter and washed with DI water 5 times, while the sample without 

carbon black was centrifuged at 3300 rpm and washed with DI water 5 times. The sample was 

dried in the oven at 50℃ for 12h. The synthesis in the ultrasonic bath should fill with ice and the 

temperature of the oven should not above 80℃ otherwise the Pt nanoparticles would lose 

catalyst activity which would harm the electrochemistry activity study in the following RDE 

experiment section(53).  

2.3 The preparation of TEM samples 

To prepare the sample for TEM, 1 mg of Pt/C nanoparticles was dissolved in IPA. 

Ultrasonication was performed for 10-30 min until Pt became a uniform and homogenized 

solution. Cleaning the TEM sample grid by dipping it into the IPA solution for a few seconds. 

Then drop the nano-Pt solution on the grid and seal it into a box. Standard operation procedure of 

JEOL 2800 TEM, IMRI was used to operate TEM (54). 

2.4 Electrochemical measurement using the rotating disk electrode (RDE)  

The RDE experiment was guided by the electrochemical protocol written by Dr. Tristan Asset, a 

post-doctorate researcher in UCI (53). The cell consisted of two compartments and Luggin 

capillary. Since the RDE experiment requires an extremely clean environment, thus cleaning was 

done of the electrochemical cell with a piranha solution (7:3 mixture of concentrated sulfuric 
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acid and 30% hydrogen peroxide solution) by suspending the cell overnight. Before the start of 

the experiment, the glassware was washed in boiled water 5 times to completely remove the 

residue of the piranha solution. For each experiment, the RDE tip was mechanically polished 

with abrasive paper (2000 and 3000 grit) then polished with three alumina suspension in 

following order 5 µm, 0.3 µm, and 0.05 µm (3 min each). The suspension was removed by DI 

water then the tip was cleaned for 5 min in an ultrasonic bath with successive solutions: acetone, 

ethanol and DI water. The ink contained Pt/C powder, 5 wt% Nafion solution (Ionomer), IPA 

and DI water and the specific amount of each chemical of the ink is followed: 

1. The ratio of Carbon to Ionomer (I) was I/C = 0.3. 

2. The ratio of IPA to water was IPA/H2O = 0.5. 

3. The loading of Pt was 20 µg/cm - 40 µg/cm. 

4. 10 µL - 20 µL of ink was deposited on the electrode. 

5. The surface of the electrode was 0.196 cm2 

Then the rotator was positioned with the tip upwards and rotated at 100 rpm. The ink was gently 

deposited as rotation rate was slowly increased to 400 rpm. After 30 min the ink was dried, and 

optically observed for film uniformity then the rotator shaft with tip was immersed into the glass 

cell. Before the measurements, the 0.1M HClO4 electrolyte was purged with N2 gas for 15 min. 

The experiments were collected with the Gamry framework in the following order:  

1. The Activation CV was conducted in N2 gas with a sweep rate of 500 mV/s and the 

potential range from 0.05 V to 1.23 vs the reference hydrogen electrode, RHE for 100 

cycles. The activation was used to clean the surface until the CV from cycle to cycle was 

overlapping. 
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2. CV was performed in the same potential at 20 mV/s for 5 cycles in N2. 

3. The LSV was recorded from 0.1 V to 1.05 V vs RHE at 5 mV/s in N2 and the rotation 

rate was 1600 rpm.  

4. The ohmic resistance was measured by EIS in N2 with 0.4 V vs RHE, 1 MHz to 1 Hz, 7 

points per decade. 

5. After purging O2 for 15 min, LSV was collected with the same condition as step 3 with 

rotation speed at 400 rpm, 900 rpm, 1600 rpm, 2500 rpm, respectively. 

2.5 Mechanism of nanoparticles generation study with 3-electrode setup 

The experiment of exploring the phenomenon of the nanoparticle’s synthesis was adopted using 

the 3-electrode setup for the more accurate and precise study of the applied potential effect. 

Compared to the 2-electrode setup only one metal wire, which served as a working electrode was 

used in the experiment to have control of applied potential. To study the effect of different 

metallic elements, several wires (Pt/ Au/ Pd) were used as a working electrode. The counter 

electrode was graphite with a large surface area. And hydro flex, which is RHE was used as the 

reference electrode. Hydro flex must be kept in a separate beaker and connected with salt bridge 

since the reaction would generate nanoparticles and removing the reference electrode from the 

reaction beaker could prevent contamination. 
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Figure 2.2 Mechanistic study with 3-electrode setup used in this study 

To identify the micro explosion theory, N2 was purged for 15 min before each experiment to 

minimize the effect of the O2, which dissolved in the electrolyte. For studying the mechanism of 

nanoparticles generation, no support material was added into the electrolyte since the transparent 

solution without Vulcan carbon would contribute to observing the generation of particles. In this 

study, the mass loss of Pt wire before and after the synthesis was measured by analytical 

balances. Hence, adequate reaction time was essential to reflect the mass difference in the 

balances. And the reaction time was determined by the repeat cycles. Since all the experiments 

for the mechanism, the study was conducted in 200 Hz, and the repeat cycles in 5 min would be 

60,000. 

Several groups of experiments were conducted in various conditions (metal/electrolyte/potential) 

and details are listed in the next chapter.  
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Chapter 3 Results  

3.1 The carbon effect during the synthesis  

 

Figure 3.1 (a) Pt nanoparticles with Vulcan carbon black as support and (b) Pt nanoparticles without Vulcan 

carbon. 

Figure 3.1 (a) and (b) show two representative TEM images of nanostructured Pt particles with 

and without the support of Vulcan carbon, respectively, prepared by the alternating current 

method. The dark particles in Figure 3.1(a) are Pt nanoparticles and the large grey cloud in the 

image is carbon black that was added to the solution before the synthesis to disperse Pt 

nanoparticles and for later electrochemistry activity measurements. Apparently, adding the 

porous Vulcan carbon as a support material can tremendously enhance the dispersity and reduce 

the Pt particle aggregation. Besides, the method of separating the particles from the carbon black 

suspension after the experiment would affect this conclusion since for the shape of the sample 

without Vulcan carbon were more like hydrosol thus the pore size of the vacuum filter paper 

were not small enough to separate the particle and the particles might be aggregated during the 
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centrifuge process. Pt nanoparticles will agglomerate without added surfactant, as shown in 

Figure 3b.  

3.2 The impact of frequency on the particle size 

 

Figure 3.2 TEM images of Pt particles synthesized using AC frequencies of (a) 100 Hz (b) 200 Hz (c) 300 Hz 

(d) 400 Hz 

The typical TEM images of Pt/C synthesized with varied AC frequency of 100 – 400 Hz are 

shown in Figure 3.2. In Figure 3.2, round-shaped Pt nanoparticles below 10 nm in size were 

synthesized by applying square wave potential. Pt nanoparticles were unevenly dispersed on the 



22 

 

surface of the Vulcan carbon and some of the particles were aggregated together. Besides, we 

observe carbon particles without Pt nanoparticles, and this can explain by the hydrophobicity of 

the Vulcan carbon. Some carbon particles were flowing on top of the alkaline solution inevitably 

and were not involved in the synthesis process but were collected by the filtration. And the 

carbon that dispersed into the solution with distancing to the Pt wire would reduce the 

opportunity to interact with newly synthesized Pt particles. 

 

 

Figure 3.3 Size distribution of Pt particles synthesized using various frequencies (a) 100Hz (b) 200Hz (c) 

300Hz and (d) 400Hz. 

Figure 3.3 shows the particle size analysis of Pt from TEM images reported in Figure 3.2 with 

ImageJ. For each set of frequency, over 100 particles were measured using different TEM 
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images. The distribution chart reveals the number averaged sized for Pt/C nanoparticles is 4.14 ± 

1.22 nm (100 Hz); 2.73 ± 0.70 nm (200 Hz); 2.66 ± 0.95 nm (300 Hz); 2.09 ± 0.76 nm (400 Hz). 

Ideally, the narrow Pt size-distribution is preferred, as it enables control and reproducibility. The 

standard deviation of the distribution reports the spread of Pt nanoparticles sizes for each 

frequency. Pt nanoparticles synthesized at 100 Hz has the broadest distribution with a standard 

deviation of 1.22 nm. The Pt particles synthesized at higher frequencies have lower spread. Thus, 

synthesis with 100 Hz is not as desirable, as it does not allow control over the size. 

 

Figure 3.4 Dependence of synthesized Pt nanoparticles size on synthesis AC frequency   

Figure 3.3 and Figure 3.4 show as the AC frequency increases, the particle size of Pt decrease 

from 4.14 nm to 2.09 nm and compare to the particle size in 100 Hz and 400 Hz, the size 

distribution was narrower from 1.22 nm to 0.76 nm. Since the Pt nanoparticles were formed in 

every potential shift cycle, increasing the frequency would reduce the time for the growth of 
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nanoparticles before detachment. Therefore, a clear trend is observed in Pt-size with respect to 

AC synthesis frequency. 

3.3 The electrochemical performance from RDE analysis  

The cyclic voltammetry (CV) is used to analyze the oxidation and reduction processes, as well as 

to measure an electrochemical surface area (ECSA) of Pt. To generate the CV curve, a triangle 

wave potential is applied. In this experiment, the potential increased from 0.05 V to 1.23 V at 20 

mV/s scan rate, which called anodic scan, and the cathodic scan was decreased from 1.23 V to 

0.05 V at the same velocity (vs RHE). The anodic scan and the cathodic scan constitute a 

complete cycle. In the anodic scan, the oxidation reactions occur. According to the standard 

potential of the half-reaction of hydrogen and oxygen, in 1 M HClO4, hydrogen oxidize to ionic 

state combined with Pt catalyst in the low potential region (0.05 V to 0.4 V vs RHE) and oxygen 

is formed in the high potential region (1 V to 1.23 V vs RHE). While in cathodic scan the 

reduction reaction occurs. Hydrogen is formed in the low potential region and the oxygen is 

consumed in the high potential region. Under the sweep cycle of 0.05 V to 1.23 V triangle 

potential, the oxidation current and the reduction current response in the anodic scan and 

cathodic scan, respectively, and the CV cure is obtained. (52,55) The CV curve for four different 

frequencies are shown in Figure 3.5. 

Typically, the catalyst activity of Pt nanoparticles, synthesized with the AC method, depends on 

the surface area of nanoparticles. The hydrogen peak increased from 100 Hz to 300Hz. However, 

with the smallest size nanoparticles, the sample generated with 400 Hz has a low hydrogen 

oxidation peak, which might be due to the carbon corrosion at 0.75 V (56).  
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Figure 3.5 CV curves for Pt/C samples synthesized at various frequencies for 100 to 400 Hz. 

Since Pt catalyst accelerates the redox half-reactions, the activity of platinum nanoparticles is 

generally proportional to the electrochemical surface area (ECSA), which can be measured 

quantitively by integrating current in the Hupd region. The ECSA is used for analyses the surface 

area of platinum catalyst and the equation for calculating ECSA is below (53): 

𝐸𝐶𝑆𝐴𝑃𝑡(𝑚2𝑔𝑃𝑡
−1) = [

𝑄𝐻(𝐶)

210(𝜇𝐶𝑐𝑚𝑃𝑡
−2) ∗ 𝑚𝑃𝑡(𝑔)

] ∗ 105 

Charge 𝑄𝐻(𝐶) =
𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎(𝑉∙𝐴)

𝑆𝑐𝑎𝑛 𝑟𝑎𝑡𝑒(𝑉/𝑡)
 

Where QH(C) is the charge in the hydrogen adsorption region, which is obtained from the 

integral of the hydrogen oxidation peak in the CV curve and divided by scan rate. The constant is 

the charge of monolayer adsorption of protons to a surface of polycrystalline platinum (53) and 

mPt is the loading of Pt on the electrode disk. Typically, the ECSA is higher for reduction scan 

rather than the oxidation scan. Table 3.1 includes oxidation ECSA and reduction ECSA from 

frequency of 100 Hz to 400 Hz. Since the Vulcan carbon was added before the synthesis of Pt 
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catalyst for better dispersion, the Pt/C loading was different in 4 samples. The sample 

synthesized with 100 Hz has 19.98 m2/gPt oxidation ECSA and the low ECSA might due to the 

Pt agglomeration. The oxidation ECSA and reduction ECSA for sample with 200 Hz are 30.07 

m2/gPt and 24.3 m2/gPt, respectively. While the oxidation ECSA and reduction ECSA for samples 

in 300 Hz are 25.81 m2/gPt and 32.19 m2/gPt. Due to the carbon corrosion, the sample in 400 Hz 

with 20 𝜇L, which is double than any other sample, has only 5.96 m2/gPt oxidation ECSA and 

15.08 m2/gPt reduction ECSA. 

Table 3.1 The ECSA in the sample synthesized by various frequencies 

Frequency 

(Hz) 

Ink volume 

(𝜇L) 

Loading 

(Pt/C) 

Oxi ECSA 

(𝒎𝟐𝒈𝑷𝒕
−𝟏) 

Red ECSA 

(𝒎𝟐𝒈𝑷𝒕
−𝟏) 

100 10 17% 19.98 30.96 

200 10 31% 30.07 24.3 

300 10 23% 25.81 32.19 

400 20 17% 5.96 15.08 

 

The electrochemical impedance spectroscopy (EIS) is the method to investigate the resistance of 

an electrochemical system (52). A typical Nyquist plot is combined with a semi-cycle and a 

straight line with a slope of 1, which is shown in Figure 3.6. The frequency decreases along the 

x-axis. In high frequency, the semi-cycle can be regarded as an AC circuit while the 45-degree 

straight line in low frequency can be seen as DC circuit. And the intersect of the semi-cycle and 

the straight line is the resistance of the electrochemical cell. The resistance of 4 cells is listed in 
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Table 3.2. The resistance of the RDE cell is for iR-correction and should below 30 Ω, thus we 

select the samples generated with 200 Hz and 300 Hz and do further analysis. 

 

 

Figure 3.6 Nyquist plots in the sample Pt/C synthesized with various frequencies (a) 100Hz (b) 200Hz (c) 

300Hz (d) 400Hz. 

Table 3.2 The high-frequency resistance of the electrochemical cell for 4 samples.  

Frequency (Hz) 100 200 300 400 

Resistance (Ω) 51 14 28 49 
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For linear sweep voltammetry (LSV), only the anodic scan is applied and the potential increase 

from 0.1 V to 1.05 V. Figure 3.7 shows the LSV plot for 400, 900, 1600 and 2500 rpm, 

respectively. The halfway potential are listed in Table 3.3. For the 200 Hz sample, the halfway 

potentials are 916, 905, 898, 895 mV in 400, 900, 1600, 2500 rpm, respectively. While the 300 

Hz sample has 931, 922, 913, 906 mV halfway potential in 400, 900, 1600 and 2500 rpm, 

respectively. 

 

 

Figure 3.7 the LSV plot with iR-correction (a) 200Hz (b) 300Hz 

Table 3.3 The halfway potential from LSV plot 

rpm ½ E (mV) in 

200 Hz 

½ E (mV) in 

300 Hz 

400 916 931 

900 905 922 

1600 898 913 

2500 895 906 
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The LSV curve at 1600 rpm was used to calculate kinetic current (ik) by Koutecky-Levich 

equation (57)： 

1

𝑖𝑚
=

1

𝑖𝑘
+

1

𝐵𝐿
∙

1

√𝜔
 

𝑖𝑚 is the measured current (𝑚𝐴/𝑐𝑚2) 

𝑖𝑘 is the kinetic current (𝑚𝐴/𝑐𝑚2) 

𝜔 is the angular rotation rate of the electrode (rad/s) 

𝐵𝐿 is the Levich Constant 

𝐵𝐿 = 0.620𝑛𝐹𝐷
2
3𝜈−

1
6𝐶 

n is the number of moles of electrons transferred in the half-reaction  

F is the Faraday constant (C/mol) F=96485 C mol-1 

D is the diffusion coefficient (see Fick's law of diffusion) (cm2/s) DO2=2.1*10-5 cm2s-1 

v is the kinematic viscosity (cm2/s) v=0.0107 cm2s-1 

C is the analyte concentration (mol/cm3) CO2=1.03*10-6 mol cm-3 

The Koutecky-Levich plot is shown in Figure 3.8. The intersect of the plot (1/ik) can directly 

read from the plot, which is 0.0278 and 0.0054 cm2mA-1 for samples in 200 Hz and 300Hz, 

respectively. The slop of the plot represents one over the Levich constant and is used for 

calculating the number of electrons transferred in the half-reaction. The value of n is 4.13 and 

4.21 confirming the four-electron pathway. 
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Figure 3.8 KL plot for Pt/C generated with 200 and 300 Hz AC method. 

The kinetic current density, the mass activity (MA), and the specific activity (SA) are shown in 

Table 3.4. The geometric surface area of the rotating disk electrode is 0.196 cm2 and the kinetic 

current density is the reciprocal of the intersect, which is 35.97 and 185.19 mAcm-2, respectively. 

The Pt loading on the electrode disk is 40 µgPt /cm2 and the current at 0.9 V was used for iR-

correction. The equation of MA and SA is followed: 

𝑀𝐴 =
𝑖𝑘

𝑃𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔
 

𝑆𝐴 =
𝑖𝑘

𝐸𝐶𝑆𝐴
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Table 3.4 The electrochemical activity of synthesized Pt catalyst 

Frequency 

  (Hz) 

Potential  

(V) 

Slope 1/B   

(cm2A-1rad1/2) 

Intercept 1/ik  

(cm2mA-1) 

ik  

(mAcm-2) 

n MA 

(mA/mgPt) 

SA 

(µA/cm2
Pt) 

200 0.425 2420.9 0.0278 35.97 4.13 899.25 1196.21 

300 0.425 2375.4 0.0054 185.19 4.21 4629.75 7175.13 

 

3.4 Critical potential range for nanoparticles generation   

According to the micro explosion theory, (49) the nanoparticles were the byproduct during the 

combustion of hydrogen and oxygen, which were generated in hydrogen evolution reaction 

(HER) and oxygen evolution reaction (OER). Thus, producing hydrogen and oxygen 

simultaneously is essential for the micro explosion theory. To test this hypothesis, an 

overpotential was applied to two half-reactions to ensure the formation of two gases. And the 

standard electrode potential of HER and OER vs RHE (21) are listed below: 

2𝐻+ + 2𝑒−  →  𝐻2            0 𝑉 

𝑂2 + 4𝐻+ + 4𝑒−  →  2𝐻2𝑂        1.23 𝑉   

The experiments in Table 3.5 were conducted in 1 M KOH, at 200 Hz frequency. The generation 

of nanoparticles can be simply distinguished by the change of color of the solution. In the 1 M 

KOH transparent solution, the generation of Pt nanoparticles could disperse with bubbles and 

turn electrolyte to a black hydrosol in less than 1 min.  
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Table 3.5 Applying different set of alternating potential to Pt wire in 1 M KOH  

Over 

potential  

Negative 

potential  

Positive 

potential  

Nanoparticles Mass loss 

(mg/min) 

Time 

(min)  

1 -1 2.23 No 0.22 5 

1.2 -1.2 2.43 No 0.12 5 

-1;2 -1 3.23 No 0.28 5 

-2;1 -2 2.23 No 0 5 

1.5 -1.5 2.73 Yes 1.04 5 

1.7 -1.7 2.93 Yes 0.97 3 

2 -2 3.23 Yes 0.97 3 

3 -3 4.23 Yes 1.7 1 

 

Several sets of overpotential were applied to the Pt wire in the 3-electrode setup as shown in 

Figure 3.9. The nanoparticles started to form at 1.5 V overpotential. The potential on the WE 

alternated between –1.5 V and 2.73 V. At -1.5 V HER occurred, whereas at 2.73 V OER 

occurred. Pt nanoparticles were systematically synthesized above this critical overpotential and 

the mass loss per min was around 1 mg from 1.5 V to 2 V overpotential, but as the overpotential 

increased to 3 V, the mass loss increased to 1.7 mg. During the experiment, the difference in 

reaction rate was observed. At 1.5 V overpotential, bubbles and nanoparticles were slowly 

released from the Pt wire and after 5 min of the experiment, the grey hydrosol was flowing on 

the transparent KOH electrolyte, while the generation rate was significantly increased in 3 V and 

the solution turn to the uniform black ink in 1 min.   
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Figure 3.9 The critical potential for the generation of Pt nanoparticles 

Pt nanoparticles would not form below 1.5 V; bubbles came out and we did not observe any 

visible nanoparticle and the metallic Pt wire turned black. However, a small mass loss from 0.12 

mg to 0.22 mg occurred without particle formation. Platinum might dissolve into the solution in 

the ionic state during these high applied potentials.  

Besides, in Table 3.1, uneven overpotential showed the same observation. Applying -1 and 3.23 

V or -2 and 2.23 V alternating potential on a WE did not synthesize the Pt nanoparticles. In these 

two cases, one of the overpotentials was above 1.5V and one was below this critical potential, 

which means the nanoparticles can only exist when both negative and positive potential on the 
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WE were above 1.5 V. Also, no mass loss in -2 and 2.23 V can be explained the dissolution of Pt 

would inhibit as two potential were close.  

Moreover, researchers claimed particles can be synthesis by only applying a negative alternating 

potential (25–30,40) while we cannot repeat the results reported in those works. The generation 

of hydrogen and oxygen simultaneously was necessary. By controlling the potential that only 

formed one of the two gases (hydrogen or oxygen) would not trigger the formation of Pt 

nanoparticles. In -10 and 0 V, only the hydrogen was formed and in 0 and 10V only oxygen was 

formed, and we did not observe Pt nanoparticles in these two regimes. 

3.5 The concentration of cation contributing to the synthesis of nanoparticles 

To identify the short-lived cation effect (50), the concentration of potassium cations was 

controlled during each synthesis experiment. The potassium chloride powder was added to 

increase the concentration without changing the volume of the solution and the pH of the 

electrolyte. In Figure 3.10, a 200 Hz square wave potential (5.23 V to -4 V) was applied to the Pt 

wire for 3 min in the 70 mL 1 M KOH solution. As the concentration of K+ increased from 1 M 

to 2 M, the reaction was accelerated, and the mass-loss rate increased from 1.63 mg/min to 2.33 

mg/min. 



35 

 

 

Figure 3.10 Mass loss in different concentration of K+ anion 

Since chloride ions were added to the system, Cl2 was formed as a byproduct instead of O2. This 

experiment proved the nanoparticles can be synthesized without the presence of oxygen, thus the 

micro explosion theory was less likely to be the mechanism of particle synthesis. 

3.6 The novel method to synthesize Pt nanoparticles in the neutral and acid electrolyte 

Many researchers reported the platinum nanoparticles synthesis in alkaline media using the AC 

method (22,32,33,36,38–40,42,44) but none of the works were able to synthesize Pt 

nanoparticles in the neutral or acid media. According to the K+ cation effect theory, Pt particles 

should be synthesized in neutral or acid media with the presence of K+ ion. In Table 3.2 and 

Table 3.3, experiments were conducted in the 3-electrode setup with 200 Hz square wave 

potential and this is the first-ever work to observe the Pt particle generation in pH < 7.  



36 

 

Table 3.6 Pt nanoparticles synthesized in 1 M KCl solution. 

Electrode Potential (V) Nanoparticles Mass loss (mg/min) Time (min) 

Pt wire + Carbon  5.23; -4 Yes 0.9 3 

2 Pt wire 5.23; -4 Yes 0.4 3 

 

As shown in Table 3.6, particles were synthesized in neutral 1 M KCl electrolyte. Pt wire and 

carbon electrode were adopted as working electrode and counter electrode, respectively. During 

the 3 min +5.23 and -4 V square wave potential period, 0.9 mg nanoparticles were generated per 

minute, while the counter electrode switched to the Pt wire, the mass loss dropped to 0.4 mg/min 

from a single wire. In the same condition, 2 Pt wire setup produced fewer Pt nanoparticles than 1 

Pt wire setup thus the color of the solution after the experiment was significantly lighter. It might 

be because the surface area of the carbon electrode was larger than the thin Pt wire. With a larger 

surface, more current pass through the electrode and would generate more nanoparticles.  

Besides, as two Pt wires in the electrolyte moving closer, the rate of bubbles generation increase 

due to the decrease of the ohmic resistance of the system. Therefore, the distance between two 

electrodes, the volume of electrolytes, and the immersed depth of the electrode should be 

constant in each set of experiments.  
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Table 3.7 Pt nanoparticles synthesized in different pH 

pH Electrolyte  

(1 M) 

Potential  

(V) 

Nanoparticles Mass loss  

(mg/min) 

Time  

(min) 

0 80 mL HCl ±6 No 0 3 

5.35 80 mL KCl + 0 µL HCl ±6 Yes 0.97 3 

3.22 80 mL KCl + 50 µL HCl ±6 Yes 0.7 3 

2.5 80 mL KCl + 400 µL HCl ±6 Yes 0.6 3 

1.42 80 mL KCl + 5 mL HCl ±6 Yes 0.6 3 

0.9 80 mL KCl + 20 mL HCl ±6 Yes 0.6 3 

 

In Table 3.7, no particle were formed in 1 M HCl solution. However, nanoparticles formed in the 

acid electrolyte when K+ ions were present. The various volume of the 1 M HCl solution was 

mixed with the 1 M KCl solution. Pt nanoparticles were still synthesized as the pH dropped from 

5.35 to 0.9 while the mass loss rate was decreased from 0.97 mg/min to 0.6 mg/min. Compared 

with the results in alkaline solution, the average response current for synthesized nanoparticles 

was dropped from 3A to 0.6A, which reflected the reduced reaction rate and reduced amount of 

Pt produced.  

Surprisingly, compared with neutral media, applying 5.23 V and -4 V square wave potential in 

KCl and HCl acidic mixture did not generate particles, only at higher potentials (±6) 

nanoparticles were generated. This contradictory phenomenon can be explained by ionic 

mobility. The ion mobility of K+ and H+ in water is 7.62 and 36.23 (µ)/10-8 m2 s-1 V-1 

respectively and the relative mobility (relative to K+) of H+ was 4.75 (58). When applying the 
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negative potential to the Pt wire below its potential zero charge (~0.23 V) high mobility H+ ions 

with smaller volume would reach the surface of the electrode before K+ ions. In acidic 

electrolyte, the consumption rate of protons in hydrogen evolution reaction was slower than the 

H+ ion mobility thus, H+ ions absorb onto Pt surface and blocking the K+ intercalation into a 

platinum wire. Therefore, an extra negative potential will be required to overcome the Pt-H 

double-layer capacitance.  

In lower pH, as the concentration of H+ increased, the lower generation rate of bubbles and 

particles were observed. In Figure 3.11, the mass-loss rate decreased as the pH dropped from 

5.35 to 2.5 but no significant difference in reaction rate was observed after more than 400 µL 

HCl was added into the beaker. It might be because the concentration of H+ reached the critical 

value and no longer affect the reaction-rate. 

 

Figure 3.11 Mass loss in different pH 
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The sample for TEM imaging in Figure 3.12 was synthesized in the acidic electrolyte (60 mL 

KCl + 20 mL HCl, pH 0.8) and ±6 V 200 Hz square wave potential was applied to the Pt wire in 

a 3-electrode set up in a glass cell with the salt bridge. 20 mg of Vulcan carbon XC72 was added 

to the electrolyte before the experiment and 4.9 mg of Pt nanoparticles were produced in 30 min. 

The nanoparticles were centrifuged 3 times with 4500 RPM.  

In Figure 3.12 (b), the long thin shape of Vulcan carbon black suggests carbon corrosion (59) 

during the synthesis in acidic electrolyte. The polygon shape, cylindrical shape and oval shape of 

Pt nanoparticles are found in Figure 3.12 (c) - (e). Figure 3.12 (f) shows the disordered 

orientation of platinum on Vulcan carbon. 

 

Figure 3.12 TEM image of platinum nanoparticles synthesized in acid 
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Comparing these TEM images with the TEM image in the alkaline electrolyte in Figure 3.2, the 

bad dispersion and ununiform shape of platinum in Figure 3.12 is caused by the difficulty of 

measuring the Pt nanoparticles size. In alkaline solution, platinum nanoparticles are round in 

shape, while in HCl and KCl mixture, various type of shapes is unevenly spread on the carbon 

support. For alkaline media, Pt was synthesized in a vial with 2-electrode setup, the small 

container has better carbon dispersion and shapes control while platinum nanoparticles in acid 

were synthesis in a large glass cell with the salt bridge, most of the solution (HCl + KCl with 

carbon) between WE and CE did not contribute to the synthesis. For quantifying the nanoparticle 

shapes in neutral and acidic solutions, further experiments are required. 

3.7 The alternating current method for synthesis of Au and Pd nanoparticles 

For better understanding the mechanisms of the generation of nanoparticles, other metal wires 

apart from platinum were used. The same square wave potential in the 3-electrode setup was 

applied. In the McCann et al. paper (47), Au nanoparticles were synthesized in the neutral 

electrolyte by applying the AC potential, however, as shown in Table 3.8, no Au nanoparticle 

were formed in alkaline/ neutral/ acid electrolyte when we attempted the synthesis in a wide 

potential window.  

In KOH and KCl electrolytes, no mass was lost after 3 min of AC potential application. We 

observed bubbles generation in this potential regime. On the surface of the Au wire, the red gold 

oxide (Au2O3) was formed during the synthesis procedure. It was not possible to remove by 

wiping the wire with tissue paper, as we did with Pt wire. Since the non-symmetric potential was 

applied, Au2O3 also formed on the carbon electrode in the electroplating process. A significant 

heat was also produced during the experiment with Au wire compared to the Pt experiment. The 
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whole gold wire was completely dissolved in the 1M HCl solution and turned to a yellow 

solution (AuCl3). At 4 V overpotential, 15 mg/min gold was rapidly dissolved in 1 M HCl, in 

comparison, 1.63 mg/min, 0.97 mg/min, and 0 mg/min of platinum were lost in the KOH, KCl, 

and HCl, respectively, in the same condition. 

Besides, a trial with Pd wire was conducted at ± 6 V 200 Hz square wave potential in 1 M KCl, 

and we successfully produced palladium nanoparticles.  

Table 3.8 Au wire in 3-electrode setup with 200 Hz square wave potential  

Electrolyte Potential (V) Nanoparticles Mass loss (mg/min) Time (min) 

1 M KOH  5.23; -4 No 0 3 

1 M KCl 5.23; -4 No 0 3 

1 M HCl 5.23; -4 No 15 3 

 

The metal oxide was formed in high AC potential (41,48), for the gold experiment, the gold (III) 

oxide coated on the surface of the electrode tightly and the prohibited the dissolution in KOH 

electrolyte, while the Au2O3 was soluble in acid and did not trigger the passivation process. Also, 

the insoluble platinum oxide in acid passivated particles generation in 1M HCl and the 

dissolution of PtO lost the ability to protect the wire from the generation of nanoparticles. 
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Chapter 4 Conclusion  

In conclusion, we successfully synthesized the Pt nanoparticles within sizes of 2 – 5 nm with the 

alternating current method and first reported the Pt generation in pH < 7. For the three 

mechanism theories, we have a proof for the cation effect hypothesis, since the corrosion 

hypothesis was unable to explain particles formation from the alloy wire that retained alloy 

structure as nanoparticles. The dissolution of Pt wire suggested the generation of nanoparticles 

was a chemical process rather than a physical process. Also, no paper supported the hypothesis 

that hydrogen could combust at the nanoscale in liquid media. Besides, nanoparticles were also 

formed during the formation of Cl2 instead of O2 and in acid or at a low potential, no particles 

generated when the bubble was formed. All these results prove the inappropriate explosion 

theory.  

Our future work would focus on the in-situ TEM of the Pt nanoparticles generation and the 

comparison of nanoparticle structure between a different pH of electrolyte and different metal 

and alloy.  
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