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Three dimensional (3-D) periodic nanopillar electrodes have a significantly increased 

electroactive surface area compared to a conventional flat surface. The fabrication of organized 

nanostructured surfaces generally require advanced nanofabrication methods. Those can be both 

time-consuming and expensive. Moreover, the use of nanostructured electrodes combined with 

optical methods in studies of electrochemical processes provides a distinct advantage for the 

investigation of mechanistic details, since it adds another dimension to the classical 

electrochemical approaches. In this work, we have implemented a method, based on interference 

lithography technique, for the fabrication of 3-D nanopillar electrodes. The electrical current 

measured from those high-density 3-D nanopillars was 17% higher than from a smooth gold 

surface, which was confirmed by numerical simulations using COMSOL1. Finally, gold-coated 

nanopillar electrodes support the phenomenon of surface plasmon resonance (SPR). Therefore, 

the optical characteristic of the surface (SPR) was measured simultaneously to the classical 

electrochemical data. A simple reversible redox system (ferrocyanide/ferricyanide) was used in a 

proofof-concept experiment to demonstrate this application of the nanostructured surface. 
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We present a physical model of oxide growth on platinum (Pt). The driving motivation stems 

from necessity to understand Pt in the cathode catalyst layer of polymer electrolyte fuel cells. As 

is known, Pt oxide formation and reduction, in particular under transient conditions, are strongly 

linked to Pt dissolution processes [1, 2]. However, a consistent model of the oxidation processes 

on Pt does not exist. We develop a refined oxide growth model that implements interfacial 

exchange processes between Pt and oxygen ions as well as transport mechanisms of oxygen 

vacancies via diffusion and field-driven migration.  

 

[1] B. E. Conway, G. Tremiliosi-Filho, and G. Jerkiewicz. J Electroanal Chem, 297:435–443, 

1991.  

[2] A. A. Topalov, S. Cherevko, A. R. Zeradjanin, J. C. Meier, I. Katsounaros, and K. J. J. 

Mayrhofer. Chem Sci, 5(2):631, 2014.  
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Crystalline gold bead electrodes, which include large, well-defined [111] and [100] facets, allow 

for the systematic study of the influence of surface crystallography on the properties of adlayers. 

Previous work has shown that the desorption potential of an alkylthiol self-assembled 

monolayer (SAM), which can be reductively desorbed from electrode surfaces by the 

application of sufficiently negative potentials, is sensitive to the underlying surface 

crystallography.1,2 The presented results demonstrate that Au [111] facets can be selectively, 

electrochemically desorbed with a high degree of precision. Electrolessly, the same effect can be 

achieved using sodium borohydride as a reducing agent to control electrode potential in 

solution. This work aims to exploit the different crystallographies of alkylthiol-protected gold 

nanorods to selectively functionalize the predominately [111] nanorod ends. 

 

[1] Z. L. Yu et al., J. Am. Chem. Soc. 2015, 137(1), 276–288. 

[2] J. N. Murphy et al., J. Am. Chem. Soc. 2009, 131, 4042–4050. 
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We present an easy fabrication of graphene electrodes via the electrochemical reduction of 

monolayer flakes (content > 95 %) of graphene oxide (GO) in aqueous suspension. This method 

has advantages of simple process and high quality GO compared to the conventional Hummers’ 

method that starts from the oxidation of graphite powders [1]. The scanning electron microscopy 

(SEM) images of the graphene on an Au substrate (-0.8 V vs. Ag/AgCl ~ 100 seconds) showed a 

uniform layer. The corresponding Raman spectrum exhibited two prominent peaks at 1595 cm-1 

(G band) and 1330 cm-1 (D band) [1]. The electrochemical impedance spectroscopy (EIS) of the 

graphene electrodes at 100 seconds and 2400 seconds were measured in a 1× phosphate buffered 

saline solution (frequency: 10 ~ 104 Hz). The EIS results were fitted using an equivalent circuit 

model, which consists of a constant phase element (CPE) representing the double-layer 

capacitance, in series with the electrolyte resistance (Rs). The fitting results indicated the phase 

constants decrease from 0.96 (Au) to 0.80 (graphene at 100 seconds) and 0.48 (graphene at 2400 

seconds). The graphene electrodes showed a better performance towards the reduction of carminic 

acid and the oxidation of dopamine. [1] H. Guo, et al., ACS Nano 3, 2653 (2009). 
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There is an urgent need for flexible lithium-ion batteries (LIBs) as power sources for next-

generation wearables and smart fabrics. Flexible electrode materials are core components for 

constructing flexible LIBs. However, the development of flexible LIB electrode materials is 

facing many challenges. Capacity, coulombic efficiency, electrical conductivity, flexibility and 

cost are the limiting factors. To address this issue, I have developed a flexible LIB electrode 

from the forest industry waste material. Further, I created a prototype flexible battery by 

integrating this flexible electrode with a selected flexible electrolyte. Someday, this flexible 

lithium-ion batteries from the forest-based waste materials could power devices from clothing 

packed with light-emitting diodes (LEDs) to roll-up tablets and prosthetic hands.  
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A solar rechargeable redox flow battery is presented with the highest reported volumetric and 

areal energy density for an integrated solar energy harvesting and storage device. These features 

are demonstrated in a scalable solar rechargeable redox flow battery with iodide/polysulfide as 

the pair of active materials, nickel foam and platinum mesh permeable porous electrodes and a 

dye sensitized photoelectrode. The flow rate acts as a controlling mechanism for optimal 

performance of the device. A charge capacity of 4.17 Ah L-1 together with an energy density of 

2.1 Wh L-1 are achieved, which are 6 times larger than previous reported solar redox flow 

battery chemistries. The solar rechargeable redox flow battery system offers a higher round-trip 

efficiency and potential cost savings on fabrication compared to coupled separate devices. 
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In an energy storage system, the reversible and faradaic capacitive reactions are always essential 

for higher energy density and cyclic performance. The parasitic non-capacitive faradaic reactions 

are always undesirable but we propose these as advantageous in our case. The dissolution of 

valuable metal from the active electrode material in synergism with energy storage could be a 

promising approach. In this preliminary work we studied the reduction of chalcopyrite (CuFeS2) 

into chalcocite (Cu2S) (charging step) followed by Cu2+ dissolution during discharging in a two 

electrode cell setup. At 0.2 A-g-1the ~20 mAh-g-1specific discharge capacity was achieved within 

a 1.1V operating potential window. The ~60% decrease in columbic efficiency and 70 % capacity 

fade in initial 30 cycles could be related with the faradaic reactions. In the proceeding cycles the 

monotonic increase in capacity and columbic efficiency could be affiliated with the existence of 

cupric ions in the anolyte.   
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Proton transport through nanoporous media is an important process in electrochemical energy 
conversion. Proton density and mobility in porous electrodes determine the proton conductivity 
as well as the rates of interfacial electrochemical processes. In the case of polymer electrolyte 
fuel cells (PEFCs), the foremost practical objective is to design porous electrodes or catalyst 
layers with high performance at markedly reduced platinum loading. Achieving this objective 
demands an understanding of the impact of composition and porous structure as well as surface 
structure and charging properties of pore walls on the proton density distribution. In the 
presented work, we consider simple pore geometries to study the concerted effects of ionomer 
structure and metal charging properties on proton density and transport in nanopores. The 
approach employs Poisson-Nernst-Planck theory1,2.The basic model system is a cylindrical 
pore confined by an ionomer shell. The core to consist of a solid metal rod and the gap spece 
between the core and the ionomer shell is filled with water. The set of ordinary differential 
equations for transport and reaction in these model structures is formulated and solved. 
Solutions are analysed by comparing potential and proton density distributions for varying pore 
geometries and charging properties at interfaces. The effectiveness factor of catalyst utilization 
is calculated to evaluate the electrocatalytic performance at the pore level. 
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Alkaline batteries with the MnO2/Zn chemistry use Electrolytic Manganese Dioxide (EMD) as 

the cathode electrode. EMD is an amorphous MnO2 that consists of protonated arrays of MnO6 

octahedra in 1 x 1 and 1 x 2 tunnels, which allow for the intercalation/deintercalation of protons 

during the discharge and charge processes. EMD has a low production cost, low toxicity, high 

specific capacity, low self-drain rate, and is abundant in nature. However, alkaline batteries 

cannot be easily recharged due to the rapid capacity loss and low energy efficiency of the MnO2 

product used. An approach to improving the rechargeability of alkaline batteries may be 

synthesizing higher quality and/or modified EMD. Electrodeposition of EMD relies on the 

oxidation of Mn2+ in an acidic environment (typically H2SO4), and each synthesis parameter has 

an affect on the physical structure. The EMD samples synthesized at 125 A m-2 with a 

manganese salt to acid ratio of 1.25:2 (2M H2SO4) show a proton content and surface area which 

are nearly twice that of the commercially available EMD products. The modified EMD also 

exhibits improved cycling performance and higher energy efficiency. Synthesis and 

characterization of various EMD samples and their electrochemical results will be presented. 
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Proton exchange membrane fuel cells are an attractive energy conversion device due to their 

high power density and low temperature of operation. Within the cathode catalyst layer where 

the sluggish oxygen reduction reaction occurs, oxygen mass transport resistance through the 

ionomer component is considered to contribute an overpotential loss which limits cell 

performance. While it is known that water uptake, water transport, and proton conductivity are 

reduced upon reducing relative humidity, the effect on oxygen mass transport remains unknown. 

We report a two-electrode approach to determine mass transport coefficients for the oxygen 

reduction reaction in air at the Pt/perfluorosulfonic acid ionomer membrane interface between 

90 and 30% RH at 70 °C using a Pt microdisk in a solid state electrochemical cell. A decrease in 

oxygen permeability by a factor of 1.7 and 3.4 from 90 to 30% RH for Nafion 211 membrane 

and as-cast Nafion DE2020 ionomer solution, respectively, was observed.  
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The formation, growth and stability of oxygen bubbles inside the porous transport layer (PTL) 

pores of the anode current collector of a polymer electrolyte membrane water electrolysis 

(PEMWE) cell was investigated. The effect of oxygen bubbles on the electrolysis potential has 

been evaluated, and the results were used to predict the effects of catalyst and PTL structures on 

the electrolyzer performance. 

Generation and stability of bubbles is an important phenomenon in an electrolysis cell, 

especially at high current densities. Surface oxygen bubbles block active catalyst sites and 

decrease the electrochemically active surface area (ECSA). The modeling results show the 

effects of catalyst layer wettability, PTL wettability and morphology, and the operating 

conditions on the growth and detachment of bubbles from the catalyst surface. These results can 

be used for optimizing the porous transport layer and interface with the catalyst layer. 
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An electroactive binary self-assembled monolayer (SAM) on gold consisting of 6-
ferrocenyl-1-hexanethiol (FcC6SH) and thiol-tagged DNA has been developed for the 
simple, fast, and convenient DNA film characterization on surface. Cyclic voltammetric 
(CV) studies confirmed that the Fc CV signal is capable of providing multi-information for 
probing DNA film properties. Specifically, DNA surface density over a wide range in the 
DNA/FcC6SH SAM can be investigated from Fc surface density, which was determined 
from Fc CV peak area. Moreover, the changes on the Fc CV peak width, peak splitting, 
and background charging current may indicate the aggregated DNA clusters in the 
DNA/FcC6SH SAM due to the high DNA surface coverage. In addition, the effect of ionic 
strength on DNA film conformation was investigated by measuring the relation between 
Fc CV peak potential and ClO4- concentration in solution. Besides DNA film 
characterization, the DNA/FcC6SH SAM may also be applied to study the kinetics of 
DNA immobilization process, interfacial DNA hybridization, and DNA isothermal 
amplifications on surface.  
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Our research focuses on dioxygen activation and conversion of CO2 into liquid fuels, which are 

important reactions for fuel cells cathodes and renewable chemical feedstock production, 

respectively. Here, we present: (1) electrocatalytic O2 reduction by carbon electrodes coated with 

asymmetric Fe(III)-tetra(aryl)porphyrins, and (2) electrochemical reduction of CO2 to CO by M-

TPOH (M = Mn, Fe, Co, Ni) in acidic aqueous solution. Our asymmetric iron-porphyrin systems 

bear three phenyl groups at the meso- positions, and a proton relay group at the remaining meso- 

position. The presence of the three hydrophobic aryl groups promotes adsorption to graphite 

electrodes and the presence of a single proton relay group at the fourth meso- position makes the 

asymmetric iron-porphyrins significantly more robust catalysts that support higher sustained 

current densities than the parent iron-tetraphenylporphyrin (FeTPP). Iron porphyrins bearing a 2-

pyridyl group (FeTPPy) are the most active catalysts for O2 reduction and operate at stable current 

densities ≥ 1 mA cm–2 for over 5 hours. Interestingly, CoTPOH adsorbed on graphite surface show 

significant CO2 reduction at low overpotential (≤ 0.4V) in aqueous medium.  
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The generation of solar fuels is currently an area of intensive research. Many materials exist that 

can be used as photoelectrochemical electrodes. Typically, inorganic semiconductors are 

employed, but organic semiconductors have also been shown to be useful for 

photoelectrochemistry. However, little research has been done on the water splitting ability of 

organic semiconductors. Poly(3-hexylthiophene) (P3HT), a p-type semiconductor, is a material 

that could be used to perform photoelectrochemical hydrogen evolution. Electrons that are 

promoted to the conduction band by the absorption of visible light have sufficient energy to 

reduce protons to hydrogen. P3HT has been shown to produce a photocurrent in 0.1 M H2SO4 

but no hydrogen was produced, which indicates that a co-catalyst is needed. Platinum, a 

common catalyst for hydrogen reduction, was deposited under visible illumination from low 

concentration solutions of the precursor, K2PtCl6. Platinum deposition increases the magnitude 

of the photocurrent by one order of magnitude and produces hydrogen under visible 

illumination.      
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Surface metal oxides can reduce activation energies for electrocatalytic applications. 

Specifically, surface nickel oxides (NiOx) are frequently used as anodic electrodes in systems 

relevant to establishing the renewable energy sector. Although NiOx and nickel (Ni) containing 

metal oxides exhibit superior catalytic activity, there are potentially physical and chemical 

phenomena that lead to reduced system performances and high overpotentials. Intentionally 

designed surface architectures can address reduced catalytic activity and mass transport 

inefficiencies by enhancing the surface roughness of an electrode, thereby exposing a greater 

electrocatalytic surface area to the electrolyte solution. Surface roughness can also alter the 

wettability of an electrode at a solution interface. Nickel inverse opals were fabricated using 

self-assembled polystyrene templates with several distinct diameters (e.g., 1 um, 10 um, and 20 

um) followed by a controlled electrodeposition process. The oxygen evolution reaction was 

systematically studied for a series of inverse opal architectures using a three-electrode set-up, as 

well as by a rotating disk electrode set-up to investigate mass transport properties of these 

structured surfaces.  
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We are dedicating to understanding the fracture formation behaviors in polymeric 

materials that are used in polymer electrolyte fuel cells. In polymer electrolyte 

membranes, ionomers are represented as rods of charges uniformly distributed on their 

surfaces. Rods are aggregated into close-packed electrolyte free bundles. Bundles 

themselves are cross-linked, forming some certain lattice. Fractures of a bundle can be 

triggered by thermal, chemical, and mechanical stressors, which is a time-dependent 

function. When the fractures spans through the fuel cell at some time, the fuel cell is 

considered to be broken down. 

Now this gives us the motivation to map the fracture formation problem for a 

membrane of cross-linked networks onto the percolation theory for a lattice. The 

breaking of a bundle, bundles meeting at nodes, crack, sample spanning fracture in the 

membrane fracture formation problem are mapped to bond occupation, bonds’ 

connectivity, cluster of occupied bonds and spanning cluster in the bond percolation 

theory. In the homogeneous bond percolation, any bond can be occupied by a 

probability p. At or above a certain probability, a certain proportion of bonds are 

occupied in a lattice, resulting in those bonds of having connectivity forming clusters. 

When the probability is high enough, several clusters combine into a big cluster 

(spanning cluster) which can span from both opposite boundaries. At this point, a 

phase transition occurs, which was 

called percolation (for a lattice of infinite size). Such probability was called 

percolation threshold pc, which varies in different lattices. This homogeneous bond 

percolation theory corresponds to a simplified regime for membrane fracture 

formation problem: a. The correlations between bundles are assumed weak enough so 

that to be ignored. This means if a bundle is broken, that bundle will not changing its 

neighbors’ probability of breaking. Such regime in percolation theory was called as 

“random percolation”. b. The breaking probability of each bundles are assumed to be 

homogeneous. This is called homogeneous percolation theory. As we care about the 

lifetime of a fuel cell, thus kinetic (time-dependent) percolation theory is more 

interested in as compared to time-independent percolation theory. 

In the first year of my Ph. D program, a progress was made for the percolation theory 

in several lattice of translational symmetry (square lattice, cubic lattice and 

honeycomb lattice) using Monte Carlo simulation approach. Homogeneous time-

independent percolation thresholds were obtained. In the future, any lattice of 

translational symmetry less than or equal to 3 dimension should be able to be 

modelled. After that, the kinetic Monte Carlo simulation was introduced to simulate 

the kinetic regime. E 89.3 (2014): 032603. 
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Based on current regime “random percolation”, both homogeneous and 

inhomogeneous cases were simulated and discussed. A short break time was found for 

inhomogeneous lattice, in agreement with the result [3] that heterogeneity of bond 

properties reduces the percolation threshold. In the future, another regime “correlated 

percolation” will be considered. The breaking of a bundle will trigger its neighbor 

enduring much higher stress, larger probability of breaking dependent on time. Hence 

the predicted lifetime should be reduced significantly. 

[1] Melchy, P-ÉA, and M. H. Eikerling. "Physical theory of ionomer aggregation in 

water." Physical Review 

[2] Ghelichi, Mahdi, Pierre-Éric Alix Melchy, and Michael H. Eikerling. "Radically 

Coarse-Grained 

Approach to the Modeling of Chemical Degradation in Fuel Cell Ionomers." The 

Journal of Physical 

Chemistry B 118.38 (2014): 11375-11386. 

[3] Ioselevich, Alexei S., and Alexei A. Kornyshev. "Approximate symmetry laws for 

percolation in 

complex systems: Percolation in polydisperse composites." Physical Review E 65.2 

(2002): 021301. 
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The focus of the work is to develop new methods to better investigate the self-assembled 

monolayers (SAMs) deposited on Au, which is often used as the platform for bio-sensors. The 

properties of the SAMs are strongly influenced by the surface crystallography of the underlying 

substrate. The properly fabricated single crystal Au bead electrode with the family of crystalline 

surfaces symmetrically distributed following the face cubic centred crystal structure is 

introduced and utilized throughout the whole work. Three different types of SAMs have been 

studied: alkanethiol SAMs, thiolated α-aminoisobutyric acid (Aib) peptide SAMs and thiolated 

DNA SAMs. These adsorbates were labelled with fluorophores, which enables the in-situ 

fluorescence imaging under the potential control. First, the desorption potentials of the 

alkanethiol SAMs and the Aib peptide SAMs have been found to be strongly influenced by the 

surface crystallography. In addition, the low coverage Aib peptide SAMs deposited on Au(111) 

surface show the property of the potential modulated structure or orientation change. Finally, the 

potential modulated optical behaviour of the DNA SAMs have been characterized with non-

linear impedance technique. 

 

 


