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SUMMARY 

Polyaniline is an electronically conducting polymer whose redox state can be 

precisely controlled. The nitrogen groups in the polymer are weak bases, which can be 

protonated and because of the redox and acid –base properties, it can be used as a matrix 

for insertion of various metal complexes. Our preparation uses the conducting form of 

PANI with precisely controlled potentials and solution conditions in order to insert Pd into 

the polymer matrix. The goals of this thesis were to identify which carbon substrate 

provides the best support for the deposition of PANI, to find which Pd species in aqueous 

acidic solution results in the most favorable interactions with the polymer, and to elucidate 

the nature of these interactions in a controlled and systematic way, in order to create 

C/PANI-Pd composite materials.  

This thesis is divided into eight chapters. The first chapter discusses the chemistry 

and behavior of polyaniline, the speciation and reduction of palladium (II) 

chlorocomplexes, and polyaniline as a support matrix for Pd metal. The second chapter 

outlines the experimental methods used and describes the palladium insertion cycle. This 

cycle takes advantage of the affinity of chloropalladate anion for the nitrogen-containing 

groups of the polyaniline and the control over the oxidation state of the polymer. The 

optimization of the palladium insertion process is discussed in chapter three. Various 

parameters such as pH, holding potentials, reduction sweep, and conditioning are explored 

with characterization through Raman spectroscopy and X-ray photoelectron spectroscopy 

(XPS).  



 xix 

Chapters four and five outline the characterization of the carbon electrode support 

material. In chapter 4, two carbon substrates are compared and characterized through XPS, 

Raman spectroscopy, and cyclic voltammetry (CV) in RuHex. The correlation of sp2/sp3 

content and surface oxygen groups to electrochemical behavior informs which carbon is 

the best choice for electrode material, which was synthetic graphite fabricated from 

petroleum coke. Chapter five takes the choice carbon substrate and explores the deposition 

of Pt and PANI on the surface. The catalytic activity of both C/Pt and C/Pt-PANI are also 

evaluated in Chapter five through recorded CVs of the oxidation of n-propanol in KOH. It 

was found that the Pt and PANI deposition on the carbon were suitable as support for 

possible metal clusters inserted into PANI. 

Chapters six and seven outline the interaction of palladium and polyaniline. In 

chapter six, the speciation of the chloropalladate ion is explained and each dominant 

species PdCl2(H2O)2, PdCl3(H2O)-, and PdCl4
-, is evaluated for the strongest interaction 

with PANI using Raman spectroscopy, XPS, and CV in HClO4. Results show that of the 

three species, the PdCl3(H2O)- complex interacts most fully with PANI. Chapter seven 

delves into the nature of the interaction of the PANI and Pd in the composite electrodes. 

XPS provides detailed information about the atomic percentages of each element, the 

oxidation state of the Pd, and the ratios of imines to amines. Correlating information from 

XPS, Raman spectra and CVs show that there is a possible irreducible complex between 

the PANI nitrogen-containing groups and the palladium (II) chlorocomplex.  

Chapter eight, the final chapter, outlines the possible future work for this project. 

Understanding the nature of interactions between PANI and noble metals, such as Pd, is 

key to creating composite materials with atomic metal clusters supported in the PANI. 



 xx 

These composite materials using carbon and electrodeposited PANI as the support matrix 

for the insertion of metals serve as versatile catalytic materials for use in sensors, batteries, 

and fuel cells.  
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CHAPTER 1. INTRODUCTION 

1.1 Objective 

The main objective of this thesis is to understand the interactions between palladium, 

a noble metal, and polyaniline, a conducting polymer. With a better understanding of these 

interactions, they can be controlled and tuned to create sub-nanometer sized metal clusters 

supported by the polymer matrix. The aim of this work is to optimize, characterize, and 

understand the nature of polyaniline matrix as well as the palladium (II) chlorocomplexes 

used, and to tune the interactions between them. A precisely controlled electrochemical 

method for the insertion of palladium metal into the polyaniline is presented, as well as the 

process optimization, and the follow-up characterizations using cyclic voltammetry (CV), 

X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, and secondary electron 

microscopy (SEM). 

1.2 Polyaniline 

Polyaniline (PANI) is of interest for this study due to is stability, ease of 

electropolymerization and redox properties.1,2 This conducting polymer was chosen 

because it provides the ability to control the state through adjusting potentials. Polyaniline 

is made up of repeating quinoid and benzenoid units, as seen in the emeraldine base form 

of Figure 1.1.  

 

 

Figure 1.1: Emeraldine base form of polyaniline 
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1.2.1 Aniline polymerization 

Radical polymerization of aniline leads to the formation of polyaniline. Extensive 

studies have been done regarding the mechanism for aniline polymerization.3–6 These 

studies suggest that polymerization occurs through radical-cation – radical-cation 

pathways involving possible intermediates of p-aminodiphenylamine in a “head-to-tail” 

polymerization, or benzidine in a “tail-to-tail” mechanism. In basic media, even “head-to-

head” mechanisms have been reported through the anilino radical.7 These are summarized 

in Figure 1.2. 

 

 
Figure 1.2: Possible polymerization pathways of polyaniline 

 

1.2.2 States of PANI 

In acidic solution, the nitrogen-containing groups undergo protonation, with the 

imines protonating first. The reported pKa values for imine is 5.5 and amine is 2.58 and the 

various redox states of PANI can be seen in Figure 1.3. This figure shows three main 

oxidation states: pernigraniline (fully oxidized), emeraldine (partially oxidized), and 

leucoemeraldine (fully reduced). Also, with each of these oxidation states, there is a 

protonated salt and a base form.  
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Figure 1.3: Oxidation states of polyaniline. Adapted from Harbottle.9 

 

 

The electropolymerization of aniline from an acidic solution is used in this thesis 

to give the conducting emeraldine salt form. This form of PANI is crucial for the insertion 

of metal due to the need for precise control of the polymer state via potential changes. In 

the emeraldine salt form, the protonated imine bipolaron delocalizes into a polaron lattice 

(Figure 1.4), spreading the charge through the conjugated chains, resulting in the 

conducting polymer.10,11 
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Figure 1.4: Polyaniline before protonation and after protonation resulting in the formation 

of the bipolaron and polaron lattice forms. Adapted from Stafstrom.11 

 

1.3 Palladium (II) chlorocomplexes 

For this study, the palladium was introduced into the PANI matrix through 

chloropalladate anions. The uptake of anions into polyaniline is necessary to maintain 

charge balance and the methods presented here take advantage of this thermodynamically 

favored process. Many other studies considering PANI-Pd complexes have used PdCl2 

with addition of HCl to control species in solution; this change in pH will affect the 

protonation level of the polymer.12–15   

Palladium salts such as K2PdCl4, are known to form multiple complexes in aqueous 

solution.16 The chloride ligands are labile and can be exchanged with water, thus changing 
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the charge of the resulting aquo complex.17,18 The PdCl4
2- square planar complex can 

hydrolyze to form complexes of PdCln(H2O)4−n
2−n where n = 0-4.16,19,20 These species can 

also be monitored by UV-Visible spectroscopy to determine the dominant species in 

solution. The ligand-to-metal charge transfer (LMCT) can be seen by absorbance in the 

200 nm – 700 nm range, as well as d-d ligand absorption bands and will be outlined in 

more detail in Chapter 6.19  

 The reduction of these chlorocomplexes can be experimentally determined on both 

a carbon electrode and a C/PANI electrode, as seen in Figure 1.5. With each -Cl ligand 

exchange with H2O, the reduction potential shifts more negative, as seen in literature.21 

The equations for the reduction with the experimentally determined potentials are listed as 

Equations 1.1, 1.2, and 1.3. 

 

[PdCl4]
2- +2e- → Pd0 +4Cl−  E = 0.46V (1.1) 

[PdCl3(H2O)]− +2e- → Pd0 +3Cl− +H2O E = 0.44V (1.2) 

[PdCl2(H2O)2] +2e-→Pd0 +2Cl− +2H2O E = 0.42V (1.3) 

 

Palladium reduction on C/PANI can also be determined through linear sweep 

voltammetry. Using the PdCl3(H2O)- complex in perchloric acid solution, and scanning at 

50 mV/s, the reduction occurs at E = 0.47V (Figure 1.6). Understanding where the 

reduction potentials occur for each of the palladium (II) chlorocomplexes is an important 
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parameter for the process of metal insertion into PANI in order to avoid spontaneous 

reduction as outlined in Chapter 2. 

 

 

 
Figure 1.5: Palladium (II) chlorocomplex reduction on a carbon electrode by linear sweep 

voltammetry at 50mV/s. (A)  PdCl2(H2O)- reduces at E = 0.44V, (B) PdCl2(H2O)2 at E = 

0.42V, and (C) PdCl4
- at E = 0.46V. 
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Figure 1.6: Linear sweep voltammogram of Pd reduction on C/PANI at 50mV/s using the 

PdCl3(H2O)- complex. 

 

1.4 Characterization 

Three main characterization techniques were used for this study: X-ray photoelectron 

spectroscopy (XPS), Raman spectroscopy, and cyclic voltammetry (CV). XPS provides 

surface information without any added sample preparation. The information most useful to 

this study that XPS provides is the composition of the samples, chemical analysis, and the 

oxidation state of metals such as Pd. The deconvolution of core-level scans can provide 

information about the environment of the Pd inserted into the PANI. Analysis reveals the 

oxidation state of the polymer in the ratio of amines to imines, and protonation of those 

nitrogen-containing groups using the N1s scans. The C1s scans provide information about 

the polaron and biopolaron states and the Pd3d scans give the oxidation state of the Pd as 

well as the association to either Cl or N atoms.  
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 Resonance Raman spectroscopy will provide information regarding the structure of 

the polymer and how the addition of the metal will change the vibrations of bonds and 

character of the polymer. This study used the 785 nm laser which enhances the semi-

quinone radical structures due to the laser line and vibrational modes coinciding with 

permitted electron transitions.22 Through this technique, monitoring the changes in the 

polaronic structure, as well as vibrations associated with benzenoid and quinoid structures, 

gives information about the polymer before and after the insertion of Pd metal. The changes 

in the vibrations of the polyaniline structure seen through Raman can also be correlated to 

the changes seen in XPS. 

Cyclic voltammetry aids in characterizing the PANI film after the electrodeposition 

on carbon, after conditioning and again after the insertion of Pd metal. Figure 2.4 shows a 

typical CV for deposited PANI. By monitoring the change in peak potentials and currents, 

a change in conformation and the oxidation state of the PANI can be detected. Other 

electrochemical characteristics of the PANI film, such as resistance and exchange of ions 

can also be studied. 

1.5 PANI as a support matrix 

Polyaniline is an electronically conducting polymer whose redox state can be 

precisely controlled. The nitrogen groups in the polymer are weak bases, which can be 

protonated and because of the redox and acid –base properties, it can be used as a matrix 

for insertion of various metal complexes. In previous work it was shown that insertion of 

haloaurate and halopalladate complexes under precise pH and potential control leads to 

formation of metal clusters, which have low total number of metal atoms.23  Such metal 

clusters exhibit quantized behavior, which was predicted theoretically24–26 and observed 
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experimentally by mass isolation spectroscopy.27–29  This approach to formation of 

conducting polymer/metal composites differs fundamentally from the common approach 

in which the metal clusters are considered purely from the viewpoint of their size.24–26  The 

aim of that approach is to differentiate between “surface” and “bulk” metal atoms. It may, 

and indeed does, lead to a considerable saving of the mass of precious metals. Moreover, 

nanometer sized metal clusters may exhibit plasmonic behavior, which may lead to 

additional interesting catalytic behavior.13,30–32 However, the quantized behavior of these 

inserted metal atoms belongs only to PANI-metal composites with low number of metal 

atoms. In order to differentiate our atom-by-atom deposition from conventional 

metal/polymer composites we call the final materials “atomic metals”.  An excellent 

agreement between theory and experiment has been confirmed for Au1-7
25, Pd2-7

33 and for 

Pd, Au “atomic alloys” containing a total of seven atoms.34–36 In continuation of this work, 

the conditions for insertion of palladium complexes have been examined in detail. 

The anion insertion used in our approach relies on the uptake of anions into a PANI 

film and the subsequent interaction of the palladium species with the protonated nitrogen-

containing groups on the polymer. The dominating requirement is the condition of charge 

neutrality of the final composite. Previous studies by Drelinkiewicz et. al.15 used as starting 

materials deprotonated PANI and Pd chlorocomplex solutions with added HCl in order to 

achieve the desired speciation. Using that method leads to an undefined degree of 

protonation of the matrix. In this study, PANI in the protonated, emeraldine salt form is 

used in 0.1M strong acid in order to take advantage of the conducting form of the polymer. 

The desired Pd speciation is achieved by addition of NaCl in order to avoid changing the 

pH. 
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The preparation in this thesis uses the conducting form of PANI with precisely 

controlled potentials and solution conditions in order to insert Pd into the polymer matrix. 

The composition of the solution is controlled through the use of a flow-injection system 

and potentiostat connected to a three-electrode flow cell using a previously published 

method.23 In order to further minimize the use of precious metals, carbon was used as the 

electrode material for the electropolymerization of PANI. Carbon has additional 

advantages in its light weight, good conductivity, and low cost.  

The goals of this study were to choose and characterize an appropriate carbon 

substrate (Chapters 4 and 5) and identify which Pd species in aqueous acidic solution 

results in the most favorable interactions with the polymer (Chapter 6), and to elucidate the 

nature of these interactions for the controlled and systematic way (Chapter 7). The level of 

interaction can be discerned with the use of cyclic voltammograms (CVs), Raman 

spectroscopy and X-ray photoelectron spectroscopy (XPS), as will be explained in the 

chapters of this work. 
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CHAPTER 2. PALLADIUM INSERTION INTO A POLYANILINE 

MATRIX 

 

2.1 Polyaniline Deposition and Conditioning 

 All PANI electrodepositions were done in a standard three-electrode configuration. 

The working electrode consisted of a graphite rod (Graphtek, Buffalo Grove, IL) with a 

synthetic graphite plate made from petroleum coke (Advanced Carbon Engineered 

Solutions, North Bay, ON Canada) glued to the surface using carbon epoxy (Atom 

Adhesives, AA-CARB-61, Ft. Lauderdale, FL). The working electrode can be seen in 

Figure 2.1. The other two electrodes in the system are a platinum counter electrode and a 

Ag/AgCl in 1M KCl//1M NaNO3 reference.  

 

 

 
Figure 2.1: Carbon working electrode. Synthetic graphite plate (from petroleum coke) 

carbon epoxied to the surface of a graphite rod. Screw hole machined into the back. 
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2.1.1  PANI Electrodeposition 

Electrodepositions were done at constant potential using a 0.1M solution of aniline 

in 2M HBF4. They were completed on a CH Instruments 660 workstation (Austin, TX). 

After holding the working electrode at the open cell potential (OCP) for 200s, a linear 

sweep voltammogram (LSV) was completed from OCP to +1.0V to find the optimal 

potential for the deposition, Figure 2.2. 

. 

 

 
Figure 2.2: Linear sweep voltammogram in 0.1M aniline/2M HBF4.  

 

The optimal potential was found to be E = 0.85V. After completion of the LSV, 

deposition was carried out holding the potential until a charge of 500 mC was achieved 

(Figure 2.3A). Following the deposition, one cycle in the aniline solution was run between 

-0.25V and +0.95V in order to “set” the PANI layer (Figure 2.3B).  
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Figure 2.3: Deposition of PANI using 0.1M aniline in 2M HBF4 (A) and one cycle in the 

aniline solution to “set” the PANI film (B). 

 

Lastly, the PANI was characterized by running a cyclic voltammogram (CV) from 

-0.35V to +0.95V in 0.1M HClO4 until the film was stable (Figure 2.4). This final step of 

cycling in 0.1M HClO4 also served to exchange the anion from BF4
- to ClO4

- since all 

subsequent work was done in 0.1M HClO4 solutions. 

 

 
Figure 2.4: CV of PANI in 1M HClO4 at 50mV/s.  
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2.1.2 PANI Conditioning 

PANI electrodes that were used for palladium insertion were all run through a 

‘conditioning’ process. The ‘conditioning’ made minor changes to the structure of the 

PANI matrix and ensured a consistent point with which to start the palladium insertion 

process. Figure 2.5 shows a CV of the conditioned PANI in 1M HClO4. During the 

conditioning process, the H+ exchange peaks and the anion exchange peaks decrease in 

current and shift closer together. This indicates a change in conformation of the polymer 

during the conditioning process that leads to these processes becoming more simultaneous.  

 

 
Figure 2.5: CV of conditioned PANI in 1M HClO4 at 50 mV/s 
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2.2 Palladium Insertion Scheme 

A controlled method of palladium insertion has been modified from previous 

studies using gold.1 In this method, a specially machined flow cell is connected to a FIALab 

flow- injection analysis (Alitea Instruments, Medina, WA) system (Figure 2.6) and an 

OMNI 90 potentiostat (Cypress Systems, Lawrence KS) for precise control of the solutions 

and potential during the insertion process. Master control of the entire system is through 

LabView by National Instruments (Austin, TX).  

 

 
Figure 2.6: Flow cell machined from acrylic and connected to FIA System and 

potentiostat.  

 

The controlled insertion of one palladium complex per nitrogen-containing site of 

PANI requires that there is no interruption of the electrochemical contact to the PANI film, 

scheme shown in Figure 2.7. The process begins with the flow cell containing 0.1M HClO4 

at open cell potential of +0.4 followed by a sweep up to the holding potential of +0.7V (A). 

The PANI film starts in the emeraldine salt form, PANI(ES), and is oxidized to the 



 19 

pernigraniline form, PANI(PN) during this step. As the PANI is being held in the oxidized 

state at +0.7V in 0.1M HClO4, a solution of K2PdCl4 is injected into the cell and the PANI 

exposure to the PdCl4
2- anion continues for 2 minutes (B). During this time, a 

stoichiometric PANI(PN)*PdCl4
2- complex is formed. However, due to the PANI being 

held in the oxidized state, the PdCl4
2- is not spontaneously reduced to Pd(0) metal. The 

excess PdCl4
2- anions that have not complexed with the PANI(PN) are rinsed with excess 

volume of 0.1M HClO4 (C).  

 

 
Figure 2.7: Scheme for palladium (II) chlorocomplex insertion into PANI. 

 

Following the rinse, a negative sweep of the potential to +0.2V reduces the 

PANI(PN)*PdCl4
2- to Pd(0) and a reduced form of PANI (D). After the palladium is 

reduced, it frees up the nitrogen-containing groups to accept another PdCl4
2- anion in the 
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subsequent cycle. With each cycle described, another Pd atom should add to the previous 

Pd atoms and build clusters within the PANI matrix.  

 The steps shown in Figure 2.7 are also shown as part of the timing diagram for the 

insertion of palladium (Figure 2.8).  

 

 
Figure 2.8: Timing diagram for the insertion cycles of palladium into PANI.  

 

The process begins with the flow cell being filled with 0.1M HClO4 and held with 

no flow. PANI starts at +0.4V and is scanned up to +0.7V, followed by three CVs in order 

to initially characterize the PANI film prior to palladium insertion. After cycling, the 

potential is held at +0.7V for another 100s with no flow. While the potential is held at 

+0.7V, a solution of 2.0mM PdCl4
2-/100mM Cl- in 0.1M HClO4 is injected into the flow 

cell with the contact time between PANI and the palladate solution reaching two minutes. 

Following contact with palladate solution, the flow cell is sufficiently rinsed with 0.1M 

HClO4 while the potential is still held at +0.7V. For the last step, flow of 0.1M HClO4 is 

stopped and the potential is swept from +0.7V down to +0.25V and then brought back to 

+0.7V. After this reduction step, the process is then repeated with the injection of more 

PdCl4
2-. 
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2.3 Electrode Characterization 

All of the electrodes were characterized using any combination of Raman 

spectroscopy, X-ray photoelectron spectroscopy (XPS), and scanning electron microscopy 

(SEM). The electrodes were characterized at each stage of preparation: the bare carbon 

support, carbon-PANI, carbon-conditioned PANI, and carbon-PANI with inserted 

palladium. The PdCl4
2- solution and speciation for use in the insertion cycles was found 

using UV-Vis spectroscopy. 

2.3.1 UV-Vis 

Ultraviolet-visible spectroscopy (UV-Vis) measurements were performed using a 

Shimadzu UV-3101PC double beam instrument (Kytoto, Japan) with a quartz cuvette of a 

1 cm path length, in the range of 190-800 nm.  

 
Figure 2.9: UV-Vis spectra of PdCl4

2- in 0.1M HClO4 recorded with each 20μL addition 

5M NaCl in 0.1M HClO4. 

 



 22 

UV-Vis spectroscopy was used in order to monitor the speciation of the PdCl4
2- in 

0.1M HClO4 as 20μL aliquots of 5M NaCl in 0.1M HClO4 were added (Figure 2.9). The 

speciation of the palladium (II) chlorocomplex plays an important role in the interaction 

with PANI which will be outlined in detail in Chapter 7. 

2.3.2 Raman spectroscopy 

Resonance Raman spectra were collected using a Renishaw inVia Raman 

spectrometer (Wotton-under-Edge, UK) coupled onto a Leica DM 2500M microscope 

containing a 20X/0.4 N.A. objective and a 1200 lines/nm grating. The measurements were 

completed using a 785 nm diode laser with an integration time of 25 s. Signals were 

collected on a CCD detector in the range of 100-1800 cm-1. Spectra were collected over 

five locations on each sample to evaluate overall consistency. The spectra were normalized, 

averaged, and smoothed using OriginPro 9.0 (Northampton, MA).  

 

 
Figure 2.10: Raman spectra of PANI, conditioned PANI, and PANI after Pd insertion. 
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Raman spectra were recorded after each stage in the development of the composite 

electrode (Figure 2.10). The black spectrum shows the PANI after it was deposited on the 

carbon substrate, and the red spectra shows the PANI after the conditioning process. The 

spectra before and after conditioning are relatively similar with some slight changes in the 

intensity of the polaron peak at 1375 cm-1. However, after Pd is inserted into the PANI 

matrix, several changes in the spectra can be seen. Two peaks appear at 1408 cm-1 and 

1450 cm-1 that are not present without Pd, and can be tentatively assigned to C=N 

vibrations.2 Raman spectroscopy studies will be explained in more detail in Chapters 6 and 

7.  

2.3.3 XPS 

X-ray photoelectron spectroscopy (XPS) measurements were made using a 

ThermoFisher Scientific spectrometer (Waltham, MA) with an Al Kα X-ray photon source. 

The instrument was calibrated using a gold (Au) standard giving a binding energy (BE) of 

83.96 eV for the Au 4f7/2. The vacuum in the analysis chamber was maintained at 3 x 10-7 

mbar or lower. A flood gun consisting on low energy ionized Ar gas was used to neutralize 

any surface charges. Data were collected from the samples using a 400 m X-ray spot size, 

pass energies of 200 eV for the survey scan, and 50 eV for the elemental scans. Spectra 

were deconvoluted and analysed using ThermoScientific Avantage Software. 
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Figure 2.11: XPS Pd3d core-level scan of PANI after Pd insertion. 

 

The Pd3d scans can be deconvoluted into three peaks (Figure 2.11). The peak 

centered around binding energy (BE) 335 eV corresponds to the Pd(0) reduced metal. The 

peak around BE=337 eV corresponds to the Pd(II) ion bound to Cl, and the peak at BE= 

339 eV is also identified at Pd(II) but bound to a N or O.3 More details of the XPS 

interpretation are outlined in Chapter 6.  

2.3.4 SEM 

Micrographs were acquired on a Hitachi SU8230 FE-SEM (Tokyo, Japan) using 

incident beam energies between 1.0 and 3.0 kV. The SEM images are evaluated using 

ImageJ software from NIH. The thickness of PANI fibers, the size of other PANI features, 

and the features of electrodeposited metal can be measured and compared (Figure 2.12). 
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Figure 2.12: SEM images of PANI after Pd insertion at 20.0x magnification (left) and 

2.00x magnification (right). 

 

2.4 References 

(1)  Jonke, A. P.; Josowicz, M.; Janata, J.; Engelhard, M. H. Electrochemically 

Controlled Atom by Atom Deposition of Gold to Polyaniline. J. Electrochem. Soc. 

2010, 157 (10), P83–P87. 

(2)  Drelinkiewicz, A.; Hasik, M.; Quillard, S.; Paluszkiewicz, C. Infrared and Raman 

Studies of Palladium—nitrogen-Containing Polymers Interactions. J. Mol. Struct. 

1999, 511–512, 205–215. 

(3)  Hasik, M.; Bernasik, A.; Drelinkiewicz, A.; Kowalski, K.; Wenda, E.; Camra, J. 

XPS Studies of Nitrogen-Containing Conjugated Polymers–palladium Systems. 

Surf. Sci. 2002, 507, 916–921. 

 

 

 

 

 

 

  



 26 

CHAPTER 3. OPTIMIZATION OF THE PALLADIUM 

INSERTION PROCESS 

3.1  Introduction 

 Chapter 2 outlines the experimental procedures used. However, during each step of 

the outlined insertion process, there is need for optimization of the parameters with the 

intention of fine-tuning the interaction between palladium and polyaniline. Also through 

changing various parameters in the insertion process, a better understanding of the nature 

of the palladium-PANI interaction can be gained. Many comparisons were made using 

Raman spectroscopy and X-ray photoelectron spectroscopy (XPS) while considering the 

state of the polymer, the effect of Pd presence on the bond vibrations, and the extent of Pd 

reduction within the polymer matrix. In particular, Figure 2.7 and Figure 2.8 should be 

referred to for each change in parameter. 

3.2 Evaluation of parameters through Raman Spectra 

3.2.1 Effect of multiple conditioning cycles 

The original intent for conditioning of the polyaniline in previous work was to 

oxidize the film to shed oligomers and obtain a stable starting film for the insertion of 

palladium.1 It was also necessary to run “blank” insertion cycles (without the presence of 

Pd) to find out if there were changes to the polymer that resulted from the insertion process 

itself. A series of one through four “blank” conditioning cycles were run to see if the 

number of cycles had an effect on the polymer matrix, Figure 3.1. The number of 

conditioning cycles does have a slight effect on the polymer Overall, the oxidation state of 

the polymer does not drastically change due to all of the runs using +0.7V as the holding 
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potential. This is also seen in the unchanging ratio of the intensity of the peaks at 1230 cm-

1 and 1265 cm-1 tentatively assigned to the quinoid and benzenoid C-N stretches.2,3  

 

 
Figure 3.1: Raman spectra of multiple conditioning cycles of PANI. The effects of one 

through four cycles are shown. 

 

However, the polaron C-N˙+ stretch at 1375 cm-1
   shows a difference in intensity, 

indicating a difference in the protonation level of the PANI.  

 The effects of the number of conditioning cycles was also checked by inserting Pd 

into the matrix after each set of conditioning cycles and is shown in Figure 3.2. After Pd 

insertion, the clearest indicator that Pd is interacting with the PANI is in the region of 1400 

cm-1 to 1500 cm-1. Namely, 1410 cm-1 and 1450 cm-1 tentatively attributed to the change 

in conjugation length of the C=N stretch when Pd is present. 2,4 In Figure 3.2, it can also 

be seen that the intensity of the polaron stretch at 1375 cm-1 is also changing with each 
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cycle as when Pd was absent in Figure 3.1. This makes it difficult to see if the changes in 

PANI causing differences in the Raman spectra are due to the effects of the number of 

cycles or due to the presence of Pd. Therefore, two conditioning cycles was chosen as the 

standard starting point for all further studies. 

 

 
Figure 3.2: Insertion of Pd after each set of conditioning cycles. 1-4 Pd insertion cycles 

were run after 1-4 corresponding conditioning cycles 

 

3.2.2 Effect of holding potential 

The next parameter to be optimized was the potential to which the PANI was held 

in the oxidized state during the Pd insertion cycles. As seen in Figure 3.3 (right), the CV 

of PANI in 0.1M HClO4 was recorded right before the start of the insertion cycles. At 0.6V, 

the PANI is in the emeraldine salt form, while at the 0.7V and 0.8V marks, the PANI is in 

the pernigraniline form. The state of PANI at these potentials will have an effect on the 
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insertion of the PdCl4
2- anion due to the level of protonation of the polymer. The anions 

are inserted into the film as a balance of charge to the protonation of imines and amines in 

the PANI. If the polymer is less protonated, less palladium (II) anion will be drawn into 

the film. It has also been reported that imine groups are protonated first due to the pKa 

value of 2.3 as opposed to 5.1 for amines5 and that noble metals preferentially associate 

with imines.6,7 Since 0.6V is in the emeraldine state form with less imine units, and 0.8V 

leaves PANI in an over-oxidized and degradative state,1 0.7V was chosen as the optimal 

holding potential.   

 

 
Figure 3.3: Raman spectra (left) of PANI after 2 conditioning cycles at holding potentials 

of 0.6V, 0.7V, and 0.8V and the CV (right) in 0.1M HClO4 with the corresponding 

potentials marked. 

 

3.2.3 Effect of acid concentration 

The pH level of the perchloric acid solution was varied for both the conditioning 

step and the palladium insertion cycles. The results of the insertion are seen in the Raman 

spectra of the PANI-Pd shown in Figure 3.4. It is clear that the Pd is interacting more with 
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the polymer when 0.1M HClO4 is used. As previously stated in section 1.2.1, the Raman 

bands at 1410 cm-1 and 1450 cm-1 are visible, indicating the modification of the C=N 

vibration by the presence of Pd. Those bands are absent in the spectra of the PANI-Pd 

prepared with 0.01M HClO4. This is most likely due to the lack of protonation of the PANI 

at the higher pH. With less protonation, less Pd(II) anions will enter into the film to balance 

the charge, and the lack of Pd(II) means less effect on the C=N bond vibration. 

 

 
Figure 3.4: Effect of pH on the insertion of Pd. Raman spectra shown of PANI-Pd that 

were prepared using 0.1M HClO4 and 0.01M HClO4. 

 

 

3.2.4 Effect of Emin for reduction of Pd 

Initially, the reduction sweep started at +0.7V down to +0.25V. It was initially 

assumed that all of the Pd(II) chlorocomplex that was associated with the nitrogen-
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containing groups in the PANI would reduce. Further studies with XPS revealed that a 

majority of the palladium in the PANI matrix remained Pd(II) and there was very little 

Pd(0) present. In an attempt to reduce a greater percentage of Pd(II) to Pd(0), the minimum 

potential that reduction sweep reaches was changed to more negative potentials of -0.25V 

and -1.3V, and a run with no reduction sweep was recorded as a control. In the Raman 

spectra of Figure 3.5, the intensity of the 1410 cm-1 and 1450 cm-1 peaks were monitored 

as an indicator of the extent of Pd(II) interaction in the PANI matrix. The most intense 

peaks are for the control, indicating that no Pd(0) was formed and that there is a great 

amount of C=N vibration disruption based on Pd(II) still interacting with the nitrogen-

containing groups. The +0.25V and -0.25V reductions are very similar in intensity but are 

lower than the control. This indicates there is still a majority of Pd(II) in the matrix 

interacting with the nitrogen-containing groups, but the decrease in intensity indicates that 

some Pd(0) did form. In Table 3.1, XPS Pd3d core-level scan results confirm that only 

about 15% of the total palladium content in these samples was Pd(0). The most interesting 

finding was after the reduction was swept to -1.3V. The Raman spectrum would indicate 

that perhaps a large percentage of the Pd(II) did reduce as indicated by disappearance of 

the peaks at 1410 cm-1 and 1450 cm-1
. In order to confirm that the Pd was reduced, the XPS 

Pd3d core-level spectrum was taken. The results, shown in Table 3.1 indicate that even less 

Pd(0), 11%, is present as compared to the +0.25V and -0.25V samples. This suggests a 

major conformational change in the PANI matrix at such negative potentials that may 

prevent the reduction of Pd. Based on these results, the potential for the reduction sweep 

was kept at +0.25V. 
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Figure 3.5: Raman spectra of PANI-Pd after each change in final potential of the reduction 

sweep, Emin. 

 

 

3.2.5 Effect of Pd(II) chlorocomplex solution 

Given the final parameter to be changed was the concentration of the palladium (II) 

chlorocomplex solution. The Raman spectra of the PANI-Pd prepared with 0.2 mM, 2.0 

mM, and 20 mM solution is seen in Figure 3.6. Again, considering the bands at 1410 cm-1 

and 1450 cm-1
, the PANI-Pd prepared with 2.0mM Pd(II) solution shows the greatest 

interaction with the nitrogen-containing groups in the PANI. It was found through XPS 

and SEM measurements that the 0.2mM solution was not concentrated enough for Pd(II) 

to interact with enough nitrogen-containing groups that would have an effect on the C=N 

conjugation seen in Raman spectra. From Table 3.1, the N/Pd ratio is reported as 1 Pd atom 

for every 61 N atoms. This confirms very little interaction between Pd and the nitrogen-

containing groups of PANI.  Also, with the low concentration of Pd(II) in the PANI matrix, 

only 5.6% of the total Pd is being reduced to Pd(0), also seen in Table 3.1. For the PANI-
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Pd prepared with 2.0mM and 20mM solutions, more detail regarding the difference in 

Raman spectra will be explained in Chapters 6 and 7. For the PANI-Pd prepared with 20 

mM solution, 21% of the total Pd content was reduced to Pd(0), and when using 2.0 mM 

solution, the reduction to Pd(0) was 41.5%. It is also seen in the N/Pd ratio that for every 

5 or 6 N atoms, there is a Pd, confirming greater interaction. However, as discussed in later 

chapters, there is more involved in the interaction of Pd to nitrogen-containing groups in 

PANI that may account for the lack of full reduction to Pd(0). 

 

 
Figure 3.6: Raman spectra of PANI-Pd that was prepared with varying concentrations of 

Pd(II) chlorocomplex solution. 
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3.3 Correlation of Raman and XPS results 

Table 3.1: Change of parameters, Pd ratios and Raman peak ratios 

 

Table 3.1 summarizes all of the studies involving parameter changes in the Pd 

insertion process. For the Raman columns, the intensities of the two main peaks, 1410 cm-
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1 and 1450 cm-1, are reported in a ratio with the normalized peak at 1175 cm-1 which 

corresponds to the C-H stretch in quinoid units.2,4 The XPS data for the N/Pd ratio is 

reported from the survey scans of each sample and the calculated atomic % of each element. 

The total % of Pd(0) and the Pd2+/Pd0 ratio are calculated from atomic % data from 

deconvoluted Pd3d core-level scans.8  

The greatest interaction be between the PANI and the palladium can be marked by 

the N/Pd ratio and the ratio of the Raman peaks. The lower the N/Pd ratio indicates more 

Pd per nitrogen-containing group and also correlates to higher intensities in the Raman 

peak ratios. The conditions with the highest conversion of Pd(II) to Pd(0) are highlighted 

in yellow. 

3.4 Conclusions 

Various parameters were studied, such as the number of conditioning cycles, the 

pH of the acidic solutions, holding potential, the ending potential of the reduction sweep, 

and the concentration of the Pd(II) chlorocomplex solution. The PANI and PANI-Pd 

samples prepared with the varying parameters were evaluated using Raman spectroscopy 

and XPS. It was found that using 0.1M HClO4 with 2.0 mM PdCl4
2-, two conditioning 

cycles, a holding potential of 0.7V, and a reduction sweep to +0.25V was favorable for 

further studies.  
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CHAPTER 4. EFFECT OF CARBON SUPPORT ON THE 

PROPERTIES OF ELECTROCHEMICALLY DEPOSITED 

PLATINUM AND POLYANILINE 

 

In order create the optimal conditions for the insertion of atomic metal clusters into 

PANI, it is necessary for the PANI matrix to have the most ideal electrochemical 

properties. The quality and nature of the carbon support plays a role in the properties of the 

electrodeposited PANI. This chapter outlines the characterization of the carbon support and 

the correlation to the electrochemical properties of the PANI. 

4.1 Introduction 

Carbon used as a support material in fuel cells and batteries can vary in properties 

depending on the structure and impurities present. Reviews on carbon supports have 

indicated that graphite is commonly chosen to support catalytic metals due to its inert 

character and conductivity, and the support itself can affect performance of the fuel cell. 1–

4 Composite electrodes can be produced from potentiostatic depositions of platinum and/or 

polyaniline (PANI) directly onto the carbon surface. Carbon supported platinum (C/Pt) is 

widely used for its known activity toward alcohol oxidation,5–7  and carbon supported 

PANI (C/PANI), or even carbon-platinum supported PANI (C/Pt-PANI) electrodes are 

also attractive for the fabrication of composite catalyst materials.8,9 Previous studies have 

shown that PANI can be used as a viable matrix for the insertion of catalytically active 

atomic-sized metal clusters, using platinum as support.10–12 We have focused our recent 

studies on using carbon as a support due to its benefits of being conductive, lightweight 

and inexpensive.13 However, in order to choose the appropriate carbon for a support 
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electrode, understanding the effects that the substrate has on the PANI film is necessary. 

Dinh and Birss have compared the effects of differing types of support materials, such as 

noble metals and glassy carbon, on PANI properties. Impedance and CV studies on PANI 

grown by cycling revealed that the growth rate of the films and redox kinetics are affected 

by the differing supports. 14 The present study focuses on carbon substrates and the 

deposition of platinum on the surface as well as the growth of PANI film at constant 

potential on both the carbon and platinum-on-carbon surfaces.  

For this study, we are using a novel synthetic graphite produced from petroleum 

coke in a process that results in an intended crystalline structure. As a comparison, a widely 

available extruded graphite rod was also included. From here on, the substrates will be 

referred to as ‘coke’ and ‘graphite’ respectively. Initial characterization of both substrates 

was completed using X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy. 

Characterization of the two carbon samples reveal differences in the surfaces as well as in 

the overall crystalline structure that could account for differences in electrochemical 

behaviors of the samples.  

4.2 Preparation of Electrodes 

The petroleum coke was purchased from Advanced Carbon Engineered Solutions 

(North Bay, Ontario) with dimensions of 13 mm OD and 1 mm thick, with a resistivity of 

5.5 μΩ*m, and bulk density of 1.88 g/cm3. The extruded rod was purchased from Graphtek, 

L.L.C. (Buffalo Grove, IL) with dimensions of 12.7mm OD and 5 mm thick with a 

resistivity of of 7.6 μΩ*m and a bulk density of 1.70 g/cm3. Each was mechanically 

polished with 30 m paper (Aluminum Oxide, Allied), rinsed with iso-propanol (70%, 
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EMD), and dried in oven at 65C before use. Electrodepositions of platinum and 

polyaniline (PANI), and electrochemical characterizations were done with an 

electrochemical workstation (660, CH Instruments) in a three-electrode cell, using a 

platinum wire mesh counter electrode, and Ag/AgCl in 1M KCl/1M NaNO3 as a reference.  

Platinum depositions were carried out at Econst = 0.02V using a solution of 1 x 10-2M 

H2PtCl6·6H2O (99.9%, Strem) in 0.1M HClO4 (70%, Macron). PANI depositions were 

done at Econst = 0.85V from 0.1M aniline (99+%, Alfa Aesar) in 2M HBF4 (48%, Strem) 

and subsequently cycled in 0.1M HClO4. RuHex solution used for carbon characterization 

was made with equal molar hexaamineruthenium (III) chloride (Aldrich, 98%) and 

hexamineruthenium (II) chloride (Aldrich, 99.9+%) in 1M KNO3. Characterization of the 

carbon was carried out using X-ray photoelectron spectroscopy (XPS, Kratos), Raman 

spectroscopy (confocal, WITec GmbH), and scanning electron microscopy (SU-8230, 

Hitachi). The thickness of the PANI fibers and Pt features were estimated using ImageJ 

software from NIH. 

4.3 Carbon Characterization 

The XPS survey scans of both substrates reveal that the only significant bands 

present were from carbon and oxygen with possible trace metals present in the graphite 

substrate.  The core-level C1s spectrum (Figure 4.1A) shows a narrower and more intense 

peak for coke at binding energy (BE) of 283.8 eV; this indicates a majority of sp2 carbon 

in the sample. 
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Figure 4.1: XPS spectra for coke (1) and graphite (2) substrates showing the core-level 

C1s (A) and O1s (B) scans. 

 

 

 The graphite surface has a broader, less intense peak at BE of 284.7 eV, which 

indicates both sp2 and sp3 carbons are present, with the majority being sp3.15–17 For the 

core-level O1s spectrum the broader peak of graphite indicates more surface oxygen groups 

(Figure 4.1B). For the coke samples, the broad O1s peak centered at a BE of 532 eV 

indicates both C-O and C=O groups are present on the surface. For graphite, C-O is seen 

from the peak at BE of 531.3 eV, however, the peak at BE of 529.8 eV may indicate the 

presences of trace metal oxides that are also on the surface.17,18 The atomic % ratios of O:C 

differ greatly between the two samples. For the graphite sample, the O:C ratio is 0.56 and 

for the coke sample it is 0.05, confirming that the oxygen content of the graphite sample is 

11 times greater. With the increase in intensity of the O1s scan for graphite, the greater 

oxides on the surface as well as the presence of possible metal oxides shows a less pure 

starting surface for the deposition of PANI. This could inhibit the PANI ever reaching a 

state of continued growth through uneven adsorption of the monomers on the graphite 

surface. 

The atoms in graphitic carbon are arranged in sheets as a system of bonded 

hexagons ideally with sp2 hybridization. With three valence electrons used in the sp2 
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hybridization, the fourth forms a π bond, giving the carbon its conductivity.1 Disruptions 

and disorder in the hexagonal structure can change the hybridization and the overall 

properties of the substrate. These differences in the structure of carbon samples can be seen 

in the Raman spectra (Figure 4.2). The D band near 1350 cm-1 is attributed to the breathing 

mode of rings, while the G band near 1575 cm-1 is attributed to bond stretching of the sp2 

of both rings and chains.19 The D band can be considered a measure of the disorder in a 

system, therefore the greater the number of defects of the sp2 structure in the carbon, the 

more intense the D band.16,19 

 

 
Figure 4.2: Raman spectra of G band for coke (A) and graphite (B). Four different 

positions were sampled on the carbon surface in (A), while two were sampled on the 

surface in (B). Spectra were collected using Nd:YAG laser at 532 nm and a 600 g/mm 

diffraction grating with an acquisition time of 0.01s. 

 

 

  Also, the D’ band around 1620 cm-1 is seen for graphite in Figure 4.2B but is not 

seen for coke in Figure 4.2A. This D’ band is caused by sufficient defects in the carbon 

causing a phonon confinement where normally the phonons would be Raman inactive.20 

The D/G intensity ratio can give an indication of the sp2 or sp3 character as referenced to 

pure graphene, though the D band can be due to other defects in the sample.15 The coke 
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sample (Figure 4.2A) shows a less intense D band compared to G but the graphite (Figure 

4.2B) has a smaller D/G intensity ratio, this suggests a possible higher sp3 content in the 

graphite sample. This is consistent with the XPS results in Figure 4.1, which also suggest 

a higher sp3 character for graphite. 

Since the XPS studies reveal more oxygen groups on the surface, and the Raman 

spectra show an increase in structural defects in the sp2 character for the graphite sample, 

there is a correlation to a small increase in resistance.21  This resistance will affect Pt 

deposition efficiency and could inhibit PANI polymerization by keeping the film from 

reaching a state of continued growth. The greater surface oxygen groups can also affect Pt 

deposition by causing the nucleation seeds from the H2PtCl6 precursor to be unevenly 

dispersed on the surface. These surface groups can also increase hydrophilicity of the 

carbon and therefore keep aniline monomers from adsorbing on the surface, resulting in a 

thinner polymerized PANI film.21,22 

Each carbon sample was also characterized by CV in 2.5 mM RuHex in 1MKNO3. 

The redox peak potentials appear at -0.19V and -0.27V respectively, Figure 4.3. The 80mV 

peak separation for both substrates confirms that the rate of electron transfer is not affected 

by the difference in structure or molecular differences of the electrode surfaces. 
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Figure 4.3: Cyclic voltammogram of coke (1) and graphite (2) substrates in 2.5mM RuHex 

in 1MKNO3 at 50mV/s. Shown is last scan after reaching steady state. 

 

4.4 Platinum deposition on carbon 

In order to compare the electrochemically active surface, a platinum layer was 

deposited on each of the carbon surfaces using a constant potential (E = 0.02V), Figure 

4.4A.  

 
Figure 4.4: Deposition of platinum on graphite (A) and coke (D) at Econst = 0.02V until 5 

C/cm2 is achieved. Top row: graphite, bottom row: coke. The corresponding SEM images 

of the platinum are also shown for graphite support (B) and coke support (E). CVs in 1M 

H2SO4 were recorded at 100mV/s for graphite (C) and coke (F).  
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The choronoamperogram for graphite shows evidence of hydrogen evolution and a 

slight decrease in current over time.23 This hydrogen evolution leads to faster nucleation, 

and uneven growth of the Pt layer, seen in the SEM image (Figure 4.4B). The platinum 

deposition on the coke sample results in the opposite. The chronoamperogram in Figure 

4.4D has an exponential increase of current over time, signaling a 2D or 3D growth process. 

The SEM of deposited platinum has a more bulbous structure indicating greater surface 

area coming from slower growth and larger nucleation sites (Figure 4.4E). The CV of each 

C/Pt, shown in Figure 4.4C and Figure 4.4F, is similar in the anodic region, showing the 

hydroxide adsorption, and the cathodic region showing the reduction potential of the oxide 

formed during the anodic sweep to +0.75V. In the cathodic region, the coke sample shows 

slightly greater resolution in the hydrogen adsorption and desorption peaks between -0.4V 

to 0.0V, most likely due to the more structured facets seen in the SEM image after 

conditioning in 1M H2SO4 by fast cycling at 1V/s, in Figure 4.5B and Figure 4.5D. 

 
Figure 4.5: SEM and electrochemistry of Pd depositions on graphite (A,B) and coke (C,D). 

The CVs were recorded in 1M H2SO4 at 100 mV/s. 
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 For the coke sample, the structure of the Pt surface did not undergo large physical 

changes but the bulbous areas reduced in size from approximately 850 nm to 700 nm 

(Figure 4.5C). However, the Pt on the graphite showed greater rearrangement to a more 

flat and continuous sheet (Figure 4.5A). Furthermore, the conditioning process rearranged 

the structure of both samples to allow better hydrogen adsorption on the surface as seen by 

the peaks at E= -0.5V, Pt(100) facet, and E = -0.25V, Pt(110) facet, Figure 4.5B. For 

graphite, there is greater hydrogen adsorption on the Pt(100) facet than for coke sample 

with values of 2.41 mC/cm2 and 2.15 mC/cm2 respectively. Conversely, there is greater 

adsorption on the Pt(110) facet for coke at 2.0 mC/cm2, over graphite, 1.66 mC/cm2.24,25 

The coke sample shows approximately the same adsorption for both facets after 

conditioning.  

4.5 Electropolymerization of aniline on carbon and C/Pt 

Figure 4.6 shows the polymerization of aniline from 2M HBF4 at Econst = +0.85V 

onto the surface of each carbon. The PANI films were cycled in 0.1M HClO4 to exchange 

the BF4
- anion inserted during polymerization, and as characterization of the film. 
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Figure 4.6: Comparison of PANI deposited directly onto graphite (top) and coke 

(bottom) surfaces. The i-t curves shown are for constant potential deposition (E = 0.85V, 

Q = 0.42 C/cm2) from aniline solution described in Experimental. Characterization of the 

films was done by CVs in 0.1M HClO4 at 50 mV/s for graphite support (C) and coke 

support (F). 

 

  The downward slope of the PANI on the graphite sample (Figure 4.6A) indicates 

that the polymerization never reaches a state with continued growth and branching26. In 

contrast, the upward slope of the deposition on the coke sample (Figure 4.6D) indicates 

steady growth of the polymer film. In this sense, polymerization on the graphite surface 

may take longer to reach the state of continued growth.22 The SEM images of the PANI 

film on each carbon sample show differences in the openness of the structure between the 

graphite support (Figure 4.6B) and the coke support (Figure 4.6E), with Figure 4.6B even 

showing the carbon support through the matrix. The PANI structure is also slightly more 

two-dimensional in the coke sample (Figure 4.6E) as compared to graphite (Figure 4.6B). 

The PANI fiber thickness on the coke electrode is also slightly smaller at approximately 

150 nm compared to the graphite electrode at 200nm. In the CVs for the PANI on carbon 

surfaces (Figure 4.6C and Figure 4.6F), the characteristic peaks corresponding to the 

insertion and expulsion of protons (E ≈ 0.25V and -0.2V) and the insertion and expulsion 

of anions (E ≈ 0.8V and 0.4V) are different. The PANI-on-graphite sample shows smaller 
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peak areas, which indicates a thinner film and less protonation of the polymer. The upward 

slope of the PANI-on-graphite CV indicates a larger resistance, which is estimated from 

the CV to be twice that of the PANI-on-coke sample. The separation in the peak potentials 

of the PANI-on-graphite electrode are also 100mV greater than in the PANI-on-coke 

electrode showing a different conformation of the polymer. 

Similar results are seen with PANI deposition on the C/Pt surfaces (Figure 4.7). For 

the polymerization curves, the graphite/Pt electrode shows only a slight increase in slope, 

while the coke/Pt electrode has a greater increase in slope, again indicating the lack of 

continued growth of PANI on the graphite sample. Similar results are seen in the CVs of 

PANI on the C/Pt surfaces regarding decreased peak areas, larger separation of peak 

potentials, and larger resistance of the graphite/Pt support (Figure 4.7C and Figure 4.7F). 

The SEM images reveal that the PANI film on graphite/Pt support is very thin with much 

of the underlying platinum layer showing through (Figure 4.7B). 

 

 
Figure 4.7: Comparison of PANI deposition on to carbon surfaces (A) and onto C/Pt 

surfaces (C). The curves shown are for constant potential deposition (E = 0.85V, Q = 0.42 

C/cm2) from aniline solution described in Experimental. Characterization is done by CVs 

in 0.1M HClO4 at 50 mV/s. 
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The PANI on the coke/Pt support shows a much thicker and more compact layer 

that is almost twice as thick (Figure 4.7E). Calculation of the PANI layer using method 

described in Genies and Tsintavis27 show that the PANI on graphite-platinum support is 

3.2 μm thick while the PANI on coke-platinum is 7.5 μm.  

4.6 Conclusion 

This study shows differences on two carbon samples: a synthetic graphite plate 

from a novel petroleum coke process, and an extruded graphite rod. These show differences 

in graphitic structure and surface characteristics which contribute to differences in the 

electrodeposition of Pt and PANI on the surfaces. The surface oxygen content and the 

defects in the sp2 character were key in determining which carbon sample is sufficient for 

use in further studies using PANI as a support matrix for atomic metal clusters. The effects 

in the Pt and PANI depositions can be clearly seen in the CVs of the deposited PANI films 

in 0.1MHClO4. The PANI deposited on the coke substrate gives resolved characteristic 

peaks of the H+ and anion exchanges, showing that the sp2 structure is more ideal for PANI 

film growth. The graphite substrate is less desirable, most likely due to the increase in sp3 

content and the concomitant loss of π bonding which results in a less conducting material. 

Of the two carbon substrates used in these experiments, the synthetic graphite from the 

novel petroleum coke process proved to be optimal because of its higher sp2 carbon content 

and less surface oxygen content.  

Thanks to Ángela López Lorente of Ulm University, Germany for collecting the Raman 

data. 
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CHAPTER 5. PREPARATION OF A CARBON-PLATINUM-

POLYANILINE SUPPORT 

 

Similarly to Chapter 4, the carbon support plays a crucial role in the quality of the 

PANI matrix used for the insertion of metal. The subject of this chapter characterizes 

electrodeposited platinum on the carbon support, as well as the PANI film electrodeposited 

on the platinum. The catalytic activity of the C/Pt-PANI was evaluated for appropriateness 

as a composite support for atomic metal clusters. 

5.1 Introduction 

Our previous experience with preparation of PANI-Pd composites on Pt1–3 has 

shown that the order of deposition determines the location of the metal inside the 

composite.4 Therefore, starting with the synthetic graphite as the support, the sequence of 

platinum and PANI depositions was investigated. The result is shown in Figure 5.1. The 

depositions were carried out at constant potential and controlled by applied charge. 

Platinum was deposited from 0.001M K2PtBr4 in 1M HClO4 at potential E=-0.1 V and 

PANI was deposited from 0.2M aniline in 1M HClO4 at potential E = 0.8V. The charge 

used for the deposition of polyaniline was 1.43 C/cm2, and the charge for Pt was 5.38 x 10-

2 C/cm2
. 
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Figure 5.1: Effect of the deposition sequence of Pt and PANI on the voltammetry of the 

carbon electrodes: (A) PANI followed by Pt deposition on carbon support, C/PANI-Pt (B) 

Platinum deposition followed by aniline polymerization on carbon support, C/Pt-PANI. 

Cyclic voltammograms were recorded in 0.1M HClO4 with 20 mV/s. 

 

The cyclic voltammetry of C/Pt-PANI electrode resembles that of PANI film 

deposited directly onto a polycrystalline platinum electrode.5  Distinct oxidation/reduction 

peaks around 0.15 V/0.05 V can be seen for the expulsion/insertion of H+ ion attributed to 

the transition between leucoemeraldine and emeraldine form of polyaniline, and around 

0.75 V/ 0.70 V for the ClO4
- anion insertion/expulsion attributed to the redox transition 

between emeraldine and pernigraline forms. The middle redox peaks arise from 

crosslinking of low molecular intermediates. In contrast, the PANI redox transitions in the 

C/PANI-Pt are suppressed by the presence of the Pt particles. Furthermore, peaks in the 

potential range of hydrogen adsorption/desorption, are broad but symmetrical, indicating 

https://gtvault-my.sharepoint.com/personal/egawron6_gatech_edu/Documents/Chapter 3.docx
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polycrystalline structure of the deposited Pt. The overlap of hydrogen sorption-desorption 

processes with the redox transition of PANI results in a pseudocapacitive behavior of the 

electrode; this observation agrees with that already reported.6 Based on this distinguished 

difference in behavior, all further studies were completed solely with the C/Pt-PANI 

composite electrode on which the behavior is dominated by PANI electrochemistry in an 

acidic medium.  

5.2 Preparation of the C/Pt and C/Pt-PANI electrodes 

5.2.1 Electrodeposition 

Electrochemical experiments were done with an electrochemical workstation (CH 

Instruments 406, Austin, TX) in a three-electrode cell. The double-junction reference 

electrode was Ag/AgCl in 1M KCl//1M KNO3. All potentials mentioned in this work are 

referred to this electrode (E= 0.235 V vs. SHE).  Thin synthetic graphite plates from 

Advanced Carbon Engineered Solutions (North Bay, Ontario) with bulk density of 1.88 

g/cm3 and specific resistivity of 10 μΩm were used as counter and working electrodes. 

Before use, each 3.5 cm x 1.0 cm x 0.05 cm electrode was polished with alumina lapping 

pads (30, 12 and 0.05 μm), obtained from Allied High Tech Products Inc. and was 

thoroughly rinsed with 2-propanol. The working electrode was then encased in Coleflex 

heat shrinkable tubing, and a geometric area of 0.5 cm x 0.7 cm was cut out. In order to 

ensure proper wetting of the exposed porous carbon material, each working electrode was 

evacuated in plating solutions for approximately 20 minutes, or until air bubbles were no 

longer seen forming on the surface of the electrode. Immediately after this step, either 

platinum was deposited from 0.001M or 0.0085M K2PtBr4 in 1M HClO4 or polyaniline 

was deposited from solutions of either 0.25 M aniline/1 M HClO4 or 0.4 M aniline/2 M 
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HBF4. Unlike the chloroplatinate salts, potassium tetrabromoplatinate solutions are more 

stable in acid and do not hydrolyze.7 The K2PtBr4 stability in 1M HClO4 was confirmed by 

UV absorbance measurements before use. Platinum was deposited on carbon, C/Pt, or on 

PANI, C/PANI-Pt, at a constant potential of -0.1 V, as specified in the Results. The 

polyaniline was either deposited directly on carbon, C/PANI, or on platinum, C/Pt-PANI, 

at constant potential of 0.8 V until a charge of 1.43 C/cm2 was reached and was kept 

constant throughout this work.  After each deposition, the electrode was rinsed with 

deionized water and cyclic voltammograms (CVs) were recorded in 1M HClO4 at 20 mV/s 

between +0.9 V and -0.2 V. 

5.2.2 CV and SEM analysis 

Cyclic voltammograms were recorded in solutions of 0.5M 1-propanol in 1M KOH 

at 50 mV/s using Pt foil as counter electrode. CVs were recorded between +0.4 V and -0.7 

V until a stable voltammogram was obtained. Further characterization of the electrodes 

was carried out with scanning electronic microscope (SEM) Hitachi SU8230 cold field-

emission SEM (Tokyo, Japan). 

5.2.3 HPLC analysis 

HPLC measurements were performed on Agilent 1100 Series HPLC system 

(Agilent Technologies, USA) with HC-75 (H+) column, 7.8 × 305 mm, particle size 9 µm 

(Hamilton, USA). The mobile phase for isocratic elution was 5mM H2SO4 in water at a 

flow rate of 0.7 mL/min. The separation column was thermostated to 80 °C and a variable 

wavelength detector was used to measure the absorbance at 190 nm. For system control 

and data evaluation, Agilent ChemStation software, rev. B.04.02 SP1, (Agilent 
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Technologies, USA) was employed. Volume of sample injected on the column was 100 µl. 

Peaks were identified using standard addition method. Sensitivity of the method to 1-

propanol (0.27 AU·L/mol) was significantly lower than sensitivity to propionic acid (7.97 

AU·L/mol). Sensitivity to unknown product of aldol condensation as a marker of 

propionaldehyde was approximately 85 AU·L/mol, i.e. ten times higher than sensitivity to 

propionic acid.  

Electrooxidation of 1M 1-propanol in 1M KOH was performed in a U-type glass 

cell with a frit separating the working and auxiliary electrode compartments of 3 and 15 

mL, respectively. Platinum mesh (6.25 cm2) was used as auxiliary electrode in the larger 

compartment. Both compartments were filled with the same solution. Oxidation of 1-

propanol for HPLC analysis was conducted by applying potential step sequence described 

in the Results. This sequence of pulses was repeated 360 times making the cumulative time 

at the oxidation potential, -0.26 V, a total of one hour. Samples were analyzed after 12 

hours of storage at room temperature.  

5.3 Characterization of C/Pt and C/Pt-PANI  

It has been generally accepted that the physico-chemical properties of the 

supporting carbon material and size and distribution of metal particles are important 

characteristics. Prior to the Pt-deposition the carbon electrodes were characterized by SEM 

and cyclic voltammetry. Figure 5.2A shows the SEM image of the polished synthetic 

graphite plate (see experimental section). It shows open surface structure that governs the 

low resistance and low double layer capacity observed in the CV in Figure 5.2C curve 1. 

The SEM image obtained after Pt deposition demonstrates that the growth of platinum 
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agglomerates is uneven with asymmetric, sharp edges (Figure 5.2B).  In agreement with 

the accepted nucleation and growth theory, the irreversible growth of the nanocrystals is 

achieved through atomic addition until the reaction is terminated.8 Figure 5.2C curve 2, 

shows a sharp peak corresponding to the underpotential deposition of protons on the Pt 

surface at potentials ranging from -0.25 to 0 V. Before the hydrogen evolution, on the 

reverse scan of the same potential range, the oxidative desorption of protons from the Pt 

surface generates a broad peak. The two peaks ~ 0.8 and ~ 0.5 V correspond to oxidation 

and reduction of Pt respectively. The CV shown as curve 3 changed profoundly after an 

electrochemical annealing treatment was applied in steps (of 10 cycles) between -1.0 and 

+1.0 V with a scan rate of 1 V/s. From the SEM micrograph shown in Figure 5.2D, it 

appears that during this treatment the nanoclusters coalesce, resulting in larger 

hemispherical (1.0 μm) platinum agglomerates. The corresponding CV is shown in Figure 

5.2C, curve 3. It agrees with a voltammogram of the polycrystalline platinum electrode.5 

The distinct peaks due to strong hydrogen adsorption at 0.1 V and weaker hydrogen 

adsorption at -0.1 V indicate a high surface quality of deposited Pt.  
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Figure 5.2: Platinum electrodeposited on carbon support: SEM images of polished carbon 

substrate (A), of C-support after Pt deposition from 0.0085M K2PtBr4 in 1M HClO4 at 

constant potential of E=-0.1 V using 1.71 C/cm2 (B), and after applied electrochemical 

annealing treatment in 1 M H2SO4 (D). CVs of electrodes shown as SEM images in (A), 

(B) and (D) were recorded sequentially as curve (1), (2) and (3), in 1M H2SO4 with 20 

mV/s, shown in (C). 

 

 In order to examine the effect of the deposited platinum on the electrochemical 

surface area (ESA), voltammograms were recorded after the electrochemical annealing 

step, Figure 5.3. The inset in this figure shows a CV recorded after annealing, with the 

shaded region indicating the area of H-atom adsorption peaks. The integration of the charge 

within this region followed the method applied by Stevens and Dahn.9 Figure 5.3 shows 

the dependency of the ESA upon the applied deposition charges, QPt, from 0.07 to 7.14 

C/cm2. 
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With the increased Pt loading, the ESA begins slowly to level off. The diminishing 

increase of the ESA may result from an interplay between primary and the secondary 

nucleation centers (on the surface of the electrodeposited Pt nanoparticles) leading to 

complex nanograined deposits. The latter limits the number of specific crystal faces that 

can be formed on the platinum during sulfate ion adsorption.10 

In order to examine the effect of Pt-loading on PANI activity, the polymerization 

of aniline was always carried out from the same electrolyte at constant potential E = 0.8 V 

and controlling the thickness of the deposition using charge of 1.42 C/cm2.  It was observed 

that the shape of the CV shown in Figure 5.1 as curve B does not undergo fundamental 

changes by varying the Pt-loading. The average charge under the oxidation peak at 0.15 V 

for all the different Pt-loadings was determined to be 90.0 ± 1 mC/cm2. That reveals the 

expected consistency for PANI deposition, with no effect from varying the Pt deposition 

charge. 
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Figure 5.3: Dependence of ESA on the charge used for Pt deposition. Inset: Stable CV 

obtained for Pt-loading with QPt = 2.30 C/cm2. All platinum depositions were carried out 

at 60°C and followed the plating conditions given in Figure 5.2. 

 

5.4 Behavior of the electrodes in 1-propanol 

The platinum loaded carbon support in the absence and presence of PANI in 1M 

KOH was compared in Figure 5.4A and Figure 5.4C. The hydrogen adsorption/ desorption 

peak potentials were shifted in the alkaline medium towards the more negative potentials 

as compared to Figure 5.1. The pH change provides more insights into the Pt-loading effect 

on the carbon support; at the higher Pt-content the shape of the CV curves is better resolved. 

The electrode surface becomes more sensitive to other electrochemical reactions such as 

the oxygen reduction around -0.3 V that may coincide with the hydrogen peroxide 
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oxidation/reduction. The C/Pt-PANI electrode also mirrors that behavior.  A peak at the 

same potential is also seen on the reverse scan, suggesting that it is a reversible process.  

However, when the potential is scanned in a more positive direction, new oxidation peaks 

are observed. They all are irreversible and can likely be assigned to the formation of 

Pt(OH)x and PtOx.
11  

Oxidation of 0.5M n-propanol in 1M KOH on C/Pt and C/Pt-PANI electrodes is 

compared in Figure 5.4B and Figure 5.4D. It is observed that with increased platinum 

loading, there is an increase in activity toward 1-propanol oxidation with the potential 

remaining around -0.2V. Furthermore, at large Pt loadings of 4.5 C/cm2, the peaks 

corresponding to hydrogen adsorption on platinum can also be seen between -0.4 and -0.7 

V (curve 4 of Figure 5.4B and Figure 5.4D). Comparing the absence and presence of PANI 

(Figure 5.4B and Figure 5.4D), having a PANI film present tends to slightly suppress the 

peak currents, but does not disturb the general trend due to platinum loadings. 
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Figure 5.4: Voltammograms of C/Pt and C/Pt-PANI in 1M KOH are shown in (A) and 

(C). The response of the same electrodes to 0.5M 1-propanol/1M KOH are shown in (B) 

and (D).  Platinum deposition charges were: (1) 0.29 C/cm2, (2) 1.14 C/cm2, (3) 2.29 C/cm2, 

(4) 4.57 C/cm2. All CVs were recorded at 50 mV/s. 

 

In order to examine the effect of the deposited platinum on the electrochemical 

surface area (ESA), voltammograms were recorded after the electrochemical annealing 

step, Figure 5.3. The inset in this figure shows a CV recorded after annealing, with the 

shaded region indicating the area of H-atom adsorption peaks. The integration of the charge 

within this region followed the method applied by Stevens and Dahn.9 Figure 5.3 shows 

the dependency of the ESA upon the applied deposition charges, QPt, from 0.07 to 7.14 

C/cm2. 
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With the increased Pt loading, the ESA begins slowly to level off. The diminishing 

increase of the ESA may result from an interplay between primary and the secondary 

nucleation centers (on the surface of the electrodeposited Pt nanoparticles) leading to 

complex nanograined deposits. The latter limits the number of specific crystal faces that 

can be formed on the platinum during sulfate ion adsorption.10  

In order to examine the effect of Pt-loading on PANI activity, the polymerization 

of aniline was always carried out from the same electrolyte at constant potential E= 0.8 V 

and controlling the thickness of the deposition using charge of 1.42 C/cm2.  It was observed 

that the shape of the CV shown in Figure 5.1 as curve B does not undergo fundamental 

changes by varying the Pt-loading. The average charge under the oxidation peak at 0.15 V 

for all the different Pt-loadings was determined to be 90.0 ± 1 mC/cm2. That reveals the 

expected consistency for PANI deposition, with no effect from varying the Pt deposition 

charge.  

5.5 Product Analysis 

A most direct test of the electrocatalytic efficiency is the electrolysis and analysis 

of the products of 1-propanol oxidation on C/Pt and C/Pt-PANI electrodes. For that purpose 

an HPLC analysis of the electrolyte containing oxidation products from 1M 1-propanol in 

1M KOH was developed. The characteristic feature of oxidation of propanol in strongly 

alkaline medium is the blockage of the working electrode with oxidation product resulting 

in greatly reduced current efficiency and characteristic cyclic voltammograms (insets of 

Figure 5.5A and Figure 5.5B). The peak around -0.2 V observed during the forward scan 

indicates the catalytic oxidation of 1-propanol. The products of the oxidation are adsorbed 
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on the electrode surface in the region of 0.0 to 0.4 V and block further oxidation. A periodic 

application of “cleaning” pulse removes the blocking products and restores the electrolysis. 

Thus, electrolysis was carried out using pulsing regime shown in Figure 5.5C. The 

repetitive pulses were initiated at -0.26 V (for 10 s) then stepped to 0.4 V (for 0.1 s) and 

terminated at -0.6 V (for 0.2 s). The resulting chronoamperometric response for the last 

applied oxidation pulse at -0.26 V in the series is shown in Figure 5.5A and Figure 5.5B. 

Electrocatalytic activity for C/Pt-PANI electrodes is generally somewhat lower than that 

for the bare C/Pt. That can be explained by the limited mass transport of propanol due to 

the layer of PANI. At the same time, electrodes with higher Pt loading tend to show higher 

catalytic activity as can be seen in Figure 5.5, curves 1-4.   
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Figure 5.5: Pulse oxidation of 1M 1-propanol on (A) C/Pt and (B) C/Pt-PANI in 1M 

KOH. Charge used for the deposition of Pt was Q = (1) 0.29, (2) 1.14, (3) 2.29 and (4) 

4.57 C/cm2. Insets show corresponding CVs recorded for Q = 4.57 C/cm2 with scan rate 

50 mV/s. (C) Diagram of applied potential pulses. 
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Figure 5.6 shows HPLC chromatograms of samples taken after one hour of pulsed 

electrooxidation using C/Pt and C/Pt-PANI electrodes. As a result of 1-propanol (peak 2) 

oxidation, propionic acid (peak 1) was detected. Another expected product, 

propionaldehyde, could not be solely identified due to the competing aldol condensation 

reaction.12 However, the presence of peak 3 and several minor peaks prove 

propionaldehyde being one of the products. These peaks were also found in chromatograms 

of samples prepared by adding propionaldehyde to 1M KOH and 1M 1-propanol (data not 

shown). The peak 1 (propionic acid) is approximately two times higher for C/Pt than for 

C/Pt-PANI electrode. That indicates that PANI layer on the Pt electrode does not contribute 

to catalytic activity of the oxidation. The ratio of peak 1 to peak 3 is roughly the same for 

both electrodes indicating that oxidation on either electrode is governed by the same 

mechanism.  

 

 
Figure 5.6: HPLC chromatograms of sample collected after pulse electrolysis discussed 

above (Figure 5.5). (A) C/Pt, (B) C/Pt-PANI. On both electrodes, Pt was deposited using 

4.57 C/cm2. Peak identification: (1) propionic acid, (2) 1-propanol, (3) unknown product 

of aldol condensation of propionaldehyde.12  
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CHAPTER 6. EFFECTS OF PALLADIUM (II) 

CHLOROCOMPLEX SPECIATION ON THE CONTROLLED 

INTERACTION WITH POLYANIINE FILM IN ACID  

 

To optimize the fabrication of the C/PANI-Pd electrode, the carbon was characterized 

(Chapter 4) and the catalytic activity of the carbon and PANI was evaluated (Chapter 5). 

This chapter focuses on the palladium (II) chlorocomplexes used and which species in 

acidic solution shows the strongest interaction with PANI.  

The information in this chapter is reprinted with permission from Gawron, E. L.; Hira, S. 

M.; Josowicz, M.; Janata, J. Effects of Palladium (II) Chlorocomplex Speciation on the 

Controlled Interaction with Polyaniline Film in Acid. Langmuir 2017. Copyright 2017 

American Chemical Society. 

6.1 Introduction 

 It is known that the tetrachloropalladate anion generated from the PdCl4
2- will 

hydrolyze to form multiple species in acidic aqueous solution.1 The goal of determining 

the species of chloropalladate that has maximum interaction with PANI therefore requires 

adjustment of the equilibrium with an addition of free Cl- to generate predominant species 

in solution.  

6.2 Electrode preparation and palladium chlorocomplex insertion into polyaniline 

The working electrode in the three electrode cell was a thin (1.0mm) synthetic 

graphite plate from Advanced Carbon Engineered Solutions (North Bay, Ontario). This 

carbon has a bulk density of 1.88 g/cm3 and specific resistivity of 10 µΩm. The plates were 

polished with 30µm grit paper, rinsed with isopropyl alcohol, and dried in an oven at 65° 



 69 

C. A platinum mesh cage served as a counter electrode. The double-junction reference 

electrode was Ag/AgCl in 1M KCl//1M NaNO3 and all potentials mentioned in this work 

are referred to this electrode (E = 0.235 V vs. SHE). The PANI was deposited onto carbon 

using a solution of 0.1M aniline in 2M HBF4 at a constant potential of 0.85 V until a charge 

of 0.4 C/cm2 was reached. The polymerization from HBF4 provides a more stable film with 

less degradation, but due to further experimentation in perchloric acid, the BF4
- anion was 

exchanged for ClO4
- by cyclic voltammetry (CV) in 0.1M HClO4.

2–5 Ten CVs were 

recorded at a scan rate of 50 mV/s, but only the last steady-state cycle is shown here. All 

data were collected with a CH Instruments 660 electrochemical workstation (Austin, TX). 

 This procedure required the potential of PANI and the contact time of the Pd species 

in acidic K2PdCl4 solutions to be precisely controlled, and that the electrical contact to the 

PANI film was never interrupted while the Pd species was present in solution. This 

procedure follows what is described in Jonke, et. al.6 with minor modifications for this 

study. To follow these requirements, a special flow cell was manufactured from acrylic 

with a volume of 1.27 mL. The PANI-coated carbon served as the working electrode and 

was placed on one side of the flow cell. Contact to the electrode was made through the 

back of the carbon. Platinum foil served as the counter electrode and was placed on the 

other side of the flow cell. The potential was controlled by an OMNI 90 potentiostat 

(Cypress Systems, Lawrence, KS) and the solution delivery was controlled with a FIAlab 

flow-injection system (Alitea Instruments, Medina, WA). The operations of both the 

potentiostat and flow-injection system were controlled through use of LabView (National 

Instruments, Austin, TX).  
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Each insertion cycle consists of holding the potential at 0.7 V in 0.1M HClO4 while 

a palladium(II) chlorocomplex solution is introduced to the flow cell for a two-minute 

contact time, followed by rinsing with 110 mL 0.1M HClO4, and a sweep to 0.25 V for the 

reduction of Pd(II) to Pd(0). The potential in the cell is then swept back to 0.7 V to repeat 

these previously defined steps. All composite electrodes made for this study used two of 

these cycles for the Pd complex insertion. The PANI was ‘conditioned’ before Pd complex 

insertion by using two “blank” cycles run without the presence of a Pd(II) chlorocomplex 

solution. 

Ultraviolet-visible spectroscopy (UV-Vis) measurements were performed using a 

Shimadzu  UV-3101PC double beam instrument (Kytoto, Japan) with a quartz cuvette of 

a 1 cm path length,  in the range of 190-800 nm.  

Resonance Raman spectra were collected using a Renishaw inVia Raman 

spectrometer (Wotton-under-Edge, UK) coupled onto a Leica DM 2500M microscope 

containing a 20X/0.4 N.A. objective and a 1200 lines/nm grating. The measurements were 

completed using a 785 nm diode laser with an integration time of 25 s. Signals were 

collected on a CCD detector in the range of 100-1800 cm-1. Spectra were collected over 

five locations on each sample to evaluate overall consistency. The spectra were normalized, 

averaged, and smoothed using OriginPro 9.0 (Northampton, MA). The mean and 

uncertainty in the Raman measurements are shown in Figure 6.1.  
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Figure 6.1: Averaged and normalized Raman spectra. Raman spectra taken at 5 individual 

spots on each electrode. Each spectrum was normalized, averaged, and then smoothed. 

Mean spectrum (black) with standard deviation (orange) shows consistency across the 

surface of the composite electrode. Reprinted with permission from American Chemical 

Society.7 

    

X-ray photoelectron spectroscopy (XPS) measurements were made using a 

ThermoFisher Scientific spectrometer (Waltham, MA) with an Al Kα X-ray photon source. 

The instrument was calibrated using a gold (Au) standard giving a binding energy (BE) of 

83.96 eV for the Au 4f7/2. The vacuum in the analysis chamber was maintained at 3 x 10-7 

mbar or lower. A flood gun consisting of low energy ionized Ar gas was used to neutralize 

any surface charges. Data were collected from the samples using a 400 µm X-ray spot size, 

pass energies of 200 eV for the survey scan, and 50 eV for the elemental scans. Spectra 
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were deconvoluted and analyzed using ThermoScientific Avantage Software. An example 

of a survey scan can be seen in Figure 6.2. 

 

Figure 6.2: The XPS survey scan of the C/PANI-Pd composite electrode. Three scans with 

a dwell time of 50ms were averaged. All elements are present and shown in the table as 

relative atom % values. The N/Pd ratio is 6.4 atom %. Reprinted with permission from 

American Chemical Society.7 

 

 

6.3 Palladium (II) chlorocomplex speciation in perchloric acid 

The previous reports have made the adjustments with the use of HCl, without 

considering the change in pH caused from the additions of a strong acid.8,9 For this work, 

chloride was added in the form of NaCl to eliminate any significant changes in pH and 
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therefore prevent changes in the degree of protonation of polyaniline. We conducted our 

experiments by adding 20 µL increments of 5M NaCl in 0.1M HClO4 to 2.0mM K2PdCl4 

dissolved in 0.1M HClO4. The absorbance spectra were recorded with each addition of the 

NaCl solution. From these spectra, free Cl- concentrations were chosen that defined three 

solutions, each of a differing dominating palladium chlorocomplex. These three solutions, 

as shown in Figure 6.3, were prepared as follows: (A) 2.0mM K2PdCl4 dissolved in 0.1M 

HClO4 for PdCl2(H2O)2, (B) 2.0mM K2PdCl4 and 0.100M NaCl dissolved in 0.1M HClO4 

for PdCl3(H2O)-, and (C) 2.0mM K2PdCl4 and 1.0M NaCl dissolved in 0.1M HClO4 for 

PdCl4
2-. It should be noted that for solution A, the K2PdCl4 was used as received with no 

added Cl-, therefore the initial distribution of species in solution is unknown. Studies by 

Elding1 and Cruywagen10 calculated stability constants and distributions for the chloro- 

species respectively.  

Figure 6.3 shows the spectra acquired for each solution; for solution A at the given 

pH, and no added Cl-, the distribution of species is likely to include both PdCl2(H2O)2 and 

PdCl3(H2O)-. Solutions A and B have overlapping peaks with differing intensity at 208 nm 

and 236 nm due to the differing distributions of both PdCl3(H2O)- and PdCl2(H2O)2 species, 

with PdCl2(H2O)2 being the most prevalent species in solution A. These peaks correspond 

to the ligand-metal charge transfer.11 Upon closer inspection of the peaks near 208nm, 

solution A has a slight shift (<1 nm) to a shorter wavelength compared to B, which confirms 

the exchange of Cl ligands to water.10  Solution C shows absorbance at 280 nm and 222 

nm also due to the ligand-metal charge transfer. The peaks at higher wavelengths are 

caused by (d,d) ligand field absorption and occur at 465 nm for solution C, 427 nm for 

solution B, and 305 nm and 420 nm for solution A,1,12,11 and are shown in the inset of 
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Figure 6.3. After this verification of the speciation, each solution was used for Pd(II) 

chlorocomplex insertion into the PANI film using the flow cell as described in the 

experimental section. 

 

 

Figure 6.3: UV-Vis spectra of the PdCl4
2-

 , PdCl3(H2O)-, and PdCl2(H2O)2 species. The 

inlay is an enlarged region between 300-500 nm for clarity of spectroscopic features. These 

solutions were used within 30 minutes of their preparation. Reprinted with permission from 

American Chemical Society.7 

 

6.4 Stabilization of PANI matrix 

In order to compare the PANI interaction with palladium (II) chlorocomplex 

species, it was necessary to examine the electrochemical stability of the PANI matrix. CVs 
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were recorded in 0.1M HClO4 after PANI deposition, as shown in Figure 6.4A. PANI has 

four characteristic peaks for the exchange of protons (0.2 V, peak 1) and charge-

compensating anions (0.75 V, peak 2), and the expulsion of anions (0.4 V, peak 3) and 

protons (-0.15 V, peak 4). The PANI was then subjected to a conditioning process in the 

flow cell which we defined as two “blank” Pd-insertion cycles without the presence of 

Pd(II) chlorocomplex. This conditioning process allows for a more consistent starting 

matrix for the insertion of Pd(II) chlorocomplex. After this step, peaks 1 and 2, as well as 

peaks 3 and 4 shift slightly closer together and decrease in current when compared with 

the previously recorded CV likely due to PANI becoming less protonated. For comparison, 

a CV of PANI film after interaction with PdCl
3
(H

2
O)- species is also shown in Figure 6.2A.   

In addition to electrochemical characterization of the PANI matrix, Raman spectra 

were recorded on the samples using a wavelength of 785 nm, as shown in Figure 6.4B. 

Resonance Raman is known to occur at this wavelength, enhancing the semi-quinoid 

structures of PANI.13 Spectra were recorded after PANI deposition, conditioning of the 

PANI matrix, and after Pd(II) chlorocomplex insertion. The differences observed in the 

Raman spectra of PANI and PANI after conditioning imply that the quinoid character of 

the PANI has increased.13,14 
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Figure 6.4: Characterization of PANI with (A) CV and (B) Resonance Raman 

spectroscopy. Both show PANI, PANI after conditioning treatment, and PANI after Pd 

insertion using PdCl3(H2O)- species. For the Raman spectra, tentative peak assignments are 

shown and PANI benzenoid (B) and quinoid (Q) character is also shown. Reprinted with 

permission from American Chemical Society.7 

 

Most notably, there are increases in intensity at 1230 cm-1 and 745 cm-1, tentatively 

assigned to C-N stretch (quinoid) and imine deformation respectively. Further evidence of 



 77 

this enhanced quinoid character is seen in the disappearance of the peak at 1617 cm-1 which 

is due to C-C stretch in the benzenoid units.15
 This quinoid predominance is likely due to 

the polymer being held at a potential of 0.70 V where it is in an oxidized state. When 

PdCl
3
(H

2
O)

-
 is present in PANI, significant changes occur in the 1400-1500 cm-1 range 

and other changes signify increased quinoid character. The imine deformation peak is even 

more pronounced, and shifted slightly to lower energy. There is also a shift to lower energy 

of the peak at 1175 cm-1, attributed to C-H stretch in the quinoidal form, as well as a 

decrease in the delocalized polaron present at 1332  cm-1.15,16 The two peaks that appear at 

1408 cm-1 and 1450 cm-1 are tentatively assigned to C=N bond vibrations and are due to 

changes in the conjugation length as a result of the Pd interacting with the nitrogen atoms.16   

6.5 Effects of Pd species insertion into PANI matrix 

To examine whether all Pd species, as defined in Figure 6.3, interact with the PANI 

in a similar manner, CVs and Raman spectra were compared in Figure 6.5. In Figure 6.5A, 

CVs of PANI in 0.1M HClO4 were recorded after interactions with each of the Pd(II) 

chlorocomplexes. These CVs show that potential for H+ and anion insertion (marked as 1 

and 2) have shifted closer to each other for each of the cases. However, when Pd was 

inserted using PdCl4
2-, there is still slight separation of broad peaks 1 and 2, as well as 

separation of broad peaks 3 and 4. This suggests that the species present in this solution 

did not interact as completely with the polymer; the PANI maintains some of its initial 

character in allowing protons and anions to enter and exit the film. For PdCl2(H2O)2, there 

is also slight separation in peaks, especially 3 and 4, the expulsion of anions and protons 

respectively. For PdCl3(H2O)-, there is no observed separation between them.  
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Although only slight differences are evident in the CVs between these samples, 

Raman spectra shown in Figure 6.5B highlights that the PANI-Pd composites prepared 

from solutions A and C have similar spectra, where the composite from solution B shows 

clear differences. The most notable differences in the spectra occur at 1408 cm-1, 1450 cm-

1, and 745 cm-1. Other studies report that these peaks are due to phenazine-like structures, 

however these peaks are not present in the spectra of PANI when Pd is absent.13  

Furthermore, the presence of a peak at 745 cm-1, attributed to imine deformation, is 

seen only when PANI interacts with solution B, but not with solutions A or C. This 

evidence suggests that Pd metal is present in the PANI and is locking the imine structure 

in place.16 Further evidence of this imine structure is in the increased intensity of the 1230 

cm-1 peak relative to the intensity of the 1265 cm-1 peak. These peaks are attributed to the 

quinoid and benzenoid moieties in PANI, respectively.15,17 Similar spectra at different 

excitation wavelengths can be seen in Hien et. al. 18 The presence of Pd in the polymer can 

be indicated by peaks at 1408 cm-1 and 1450 cm-1 and  can be tentatively attributed to 

changes in the polyaniline structure, specifically the C=N stretch, most likely due to 

interactions of Pd with the PANI. 16,19 
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Figure 6.5: (A) CVs after the Pd(II) complex insertion into PANI, prepared with 

PdCl2(H2O)2, PdCl3(H2O)-
, PdCl4

2-as in Figure 6.1. Experimental conditions are the same 

as Figure 2A. (B) Resonance Raman spectra of PANI-Pd composites tentative peak 

assignments with and PANI benzenoid (B) and quinoid (Q) character are labeled. Reprinted 

with permission from American Chemical Society.7 
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6.6 XPS analysis of PANI after interaction with Pd(II) species 

The evidence for the interaction of PANI with the Pd(II) species in our 

electrochemically controlled experiment is evaluated through deconvolution of the Pd3d 

core level spectrum (Figure 6.6), and summarized in Table 6.1. After deconvolution of the 

Pd3d doublet, the spectrum shows three doublets that provide analysis of the present 

oxidation states of Pd. The doublet at 336.4 eV corresponds to reduced Pd(0) metal, the 

doublet at 337.6 eV, labeled (1), corresponds to Pd-Cl interaction and the doublet at 338.8 

eV, labeled (2), is due to Pd coordinated to nitrogen.20  

  Using data from the survey spectrum (Figure 6.2), the atomic % ratios of total 

palladium and nitrogen are compared for each of solutions A, B, and C. Sputtering 

technique was also used to determine distribution of Pd within the bulk PANI, and no 

change in the profile was observed.This comparison reveals that the interaction of PANI 

with solution B is favored as compared to solutions A and C. For the composite electrodes 

prepared with solutions A and B, close to 10 atom % of the total Pd at the surface is reduced 

to Pd(0), as seen in Table 6.1. For solution C, less than 2 atom % of the surface Pd is 

reduced to metal. 

 

Table 6.1: Overview of the XPS data analysis from Pd3d and survey (Figure 6.2) scans. 

Reprinted with permission from American Chemical Society.7 

Solution  Species 

BE 

Pd3d 

(eV) 

Pd 

(at. %) 
N:Pd 

Pd2+ Pd0 

BE(eV) atom% BE(eV) atom% 

(A) PdCl2(H2O)2 337.6 0.8 11.8:1 (1) 337.6 74.2 336.5 9.7 

 (2) 338.8 16.1   
 

(B)  PdCl3(H2O)- 337.8 1.6 6.4:1 (1) 337.7 70.9 336.3 9.84 

 (2) 338.9 12.7   
 

(C) PdCl4
2- 337.4 1.0 10.2:1 (1) 337.5 74.3 336.2 1.98 

 (2) 338.4 23.8   
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Considering the Pd-N doublet (2), the composite electrode prepared with Solution 

B, has 12.7 atom %, while the one prepared with solution A has 16.1 atom %, and with 

solution C has 23.7 atom % in that form (Table 6.1).  It can also be seen that the Pd species 

with the lowest N/Pd atomic ratio is found for solution B. There are nearly twice as many 

Pd atoms interacting with N than in the other two Pd species. An XPS example for N1s is 

shown in Figure 6.7. This shows that the PdCl3(H2O)- species (solution B) gives the best 

result for interaction with PANI that leads to reduction of Pd(0) metal, as seen in Table 6.1. 

The incomplete conversion to Pd(0) may be due to the inserted Pd(II) forming a strong 

complex in the matrix, effectively “crosslinking” the N groups of two neighboring PANI 

chains. Such a complex is irreducible, similar to reported Ni and PANI complex21. 
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Figure 6.6: Palladium 3d XPS spectra of PANI-Pd composite prepared with PdCl3(H2O)- 

speciation. The observed doublets are fit and reveal Pd2+ and Pd0 species present. For the 

two Pd2+ identified features, the peak at 337.7 eV is tentatively assigned to Pd-Cl (A) and 

the peak at 338.9 eV is tentatively assigned to Pd-N (B). Pd
0
 has a single peak at 336.3 eV. 

Reprinted with permission from American Chemical Society.7 
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Figure 6.7: N1s scan of conditioned PANI. Deconvolution using Lorentzian/Gaussian mix 

of 30% shows protonated and non-protonated nitrogen-containing groups. Observation has 

shown that less protonated imine, correlates with a lessened interaction of the Pd species 

with the polyaniline. Reprinted with permission from American Chemical Society.7 

 

 

 

6.7 Conclusions 

We have confirmed through UV-Vis spectroscopy that PdCl4
2- will hydrolyze in 

aqueous acidic solution to form several Pd species: PdCl2(H2O)2, PdCl3(H2O)-, and PdCl4
2- 

and the equilibrium can be adjusted by adding free Cl-. We have determined that the 

species, PdCl3(H2O)- interacts most effectively with polyaniline at low pH. This is most 

likely due to the required charge balance of the anion with the protonated polymer. 

Therefore, PdCl3(H2O)- is the best Pd species for the controlled and systematic formation 

of Pd clusters in a PANI matrix. The XPS results also show a smaller N:Pd ratio at 6.4 
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atoms of N per one atom of Pd for PdCl3(H2O)- while the other two species, PdCl2(H2O)2 

and PdCl4
- show N:Pd ratios of 11.8:1 and 10.2:1 respectively. The greater interaction of 

PdCl3(H2O)-  with nitrogen is also seen in the Raman spectra with the appearance of C=N 

stretch at 1408 cm-1 and 1450 cm-1 resulting in increased quinoid character. The 

conformational changes in the PANI matrix are seen in the CV data, which show merging 

of the separate proton and anion peaks into a pair of broad peaks at 0.0V and +0.4V 

respectively, corresponding to the mixed ion exchange. 

Considering data from cyclic voltammetry, Raman and XPS spectroscopies, the 

speciation of PdCl4
2- resulting in PdCl3(H2O)- is the most efficient for insertion of Pd(II) 

into the PANI matrix. We assume that this is due to this species, bearing the most favorable 

single negative charge, needed for the charge compensation of the H+ in the doped polymer. 

However, given the high concentration of the ClO4
- anion the charge compensation cannot 

be the only explanation for this result. The fact that a high fraction of Pd(II) cannot be 

reduced electrochemically or chemically suggests formation of a Pd complex which 

crosslinks suitably oriented PANI chains is the most likely explanation. We plan on more 

studies to probe this interaction further. 
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CHAPTER 7. POLYANILINE AND PALLADIUM 

INTERACTIONS IN ACIDIC CONDITIONS 

 

 

For this final chapter, understanding the nuances of the interaction between PANI 

and palladium will aid in tuning the interaction, allowing the process of atomic metal 

insertion to be applied to a broader list of metals and polymers.  

7.1 Introduction 

The interaction with various transition metal species such as Au, Ni and Fe has been 

studied previously. It is known that transition metal salts will dope protonated nitrogen 

groups of the PANI structure.1–6 These previous studies, however, do not take into account 

the precise and controlled insertion process outlined in this study. With such a controlled 

insertion process, understanding the interaction between metal and PANI fully allows for 

tuning the interaction to the metal used and the application needed. Not only does the metal 

anion speciation matter, as outlined in Chapter 6, the morphology of the PANI does also 

play a role. 7,8 In this chapter, the effects of PANI conditioning, change to PANI with the 

insertion of Pd, and the role of the perchlorate anion are presented. 

7.2 Electrode Preparation and Characterization 

The electrode preparation is the same as described in Chapter 6, however, all 

palladium insertion into PANI was completed with the PdCl3(H2O)- species. 

Characterization was also done using Resonance Raman spectroscopy, XPS, and CV, 

similarly to Chapter 6. 
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7.3 PANI conditioning effects 

“Conditioning” the polymer, as explained in the experimental, is done by running 

“blank” insertion cycles. Running a blank cycle initially served as a control in order to see 

the changes in the PANI matrix that were caused by cycling potentials and flowing 

solutions. Knowing the effects of the process itself on the matrix allowed us to isolate any 

changes that were caused by the Pd complex insertion. A series of electrodes were tested 

using from one to four “blank” cycles. Raman spectra were recorded before and after each 

set of cycles. It was determined that these “blank” or “conditioning” cycles did change the 

oxidation state of the PANI as compared to the initial film as shown in our previous work.9 

It was also determined that slight changes in the intensities of Raman bands occurred with 

each additional conditioning cycle. In particular, the intensity of the C~N˙+ vibration of the 

bipolaron increased with every cycle, and a decrease in intensity of the C-C benzenoid 

stretch occurs. Remaining studies were done using two conditioning cycles in order to have 

a consistent starting matrix. 

The effects of conditioning the PANI matrix can be seen more closely in Figure 

7.1. The non-conditioned PANI sample shows differences in the imine/amine ratio as well 

as the protonation of the nitrogen-containing groups as compared to the conditioned PANI 

sample.  
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Figure 7.1: XPS core scans of non-conditioned and conditioned PANI. (A) and (C) show 

deconvoluted C1s and N1s spectra for non-conditioned polyaniline respectively. (B) and 

(D) show C1s and N1s for conditioned PANI respectively. 

 

The deconvoluted carbon scan for the non-conditioned PANI, Figure 7.1A, shows 

that the majority of the carbon in the sample comes from the PANI backbone or C-C/C-H 

bonds with a binding energy of 284.4 eV. The C-N of the delocalized polaron makes up 

30.4 atomic %, which the C-N of the bipolaron is 8.5 atomic %. For the C1s scan of the 

conditioned PANI, Figure 7.1B, the C-N delocalized polaron is 24.2 atomic %, while the 

C-N biplaron is 11.7 atomic %. This indicates that the conditioned PANI is less protonated 

overall. The data from the deconvoluted N1s scans of each PANI is contained in Table 7.1 

and shows a similar trend.  The deconvolution of the non-conditioned N1s scan (Figure 
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7.1C) reveals that a greater percentage of imine is present with an amine/imine ratio of 14.9 

as compared to the 38.6 of the conditioned sample (Figure 7.1D). Also, the ratio of non-

protonated to protonated nitrogen groups (N/N+) shows that the conditioned sample is less 

protonated.  However, in the conditioned PANI, a greater percentage of the total protonated 

nitrogen-containing groups is imine groups. The data from the survey scans of each PANI 

sample is also contained in Table 7.1.  

 

Table 7.1: Atomic % ratios of elements and nitrogen-containing groups in non-conditioned 

and conditioned PANI 

Sample 

Ratio of Atomic % from N1s Scans Atomic % from Survey Scan 

−𝑁𝐻 −

−𝑁 =
 
−𝑁𝐻+ −

−𝑁+ =
 

𝑁

𝑁+
 

(Protonation 

level) 

𝐶

𝑁
 

𝐶𝑙

𝑁
 

𝑂

𝐶𝑙
 

PANI 

Non-

conditioned 

14.9 3.7 1.7 8.5 0.4 7.8 

PANI 

Conditioned 
38.6 2.7 2.5 6.4 0.3 6.2 

 

The expected ratio of carbon/nitrogen is 6/1 and the expected ratio of 

oxygen/chlorine in a perchlorate doped sample is 4/1. This increase in carbon of the non-

conditioned sample, and the increase of oxygen on both samples could be attributed to 

surface contamination. A higher than expected ratio of C/N and O/Cl could also indicate 

degradation of the polymer into benzoquinone units.10  The level of protonation can also 

be evaluated through the Cl/N ratio. Perchlorate anions enter the PANI film in order to 

balance the charge of the protonated nitrogen-containing groups. Ideally, there would be 
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one perchlorate anion per protonated group, which indicates that there is a slightly higher 

level of protonation in the non-conditioned sample. 

7.4 Palladium (II) Complex Insertion into PANI 

7.4.1 Effect of PANI conditioning on Pd insertion and reduction 

Figure 7.2 shows the effects of conditioning on the reduction of the palladium 

complex inserted into the PANI (PANI-Pd). After the palladium complex is inserted, the 

N1s scans reveal that there is minimal difference in the protonated nitrogen-containing 

groups between the non-conditioned (Figure 7.2A) and the conditioned (Figure 7.2B). This 

should be expected given that the palladium metal locks the polymer into more reduced 

state, and with the metal taking the nitrogen-containing sites, there is no longer an available 

site for protonation to take place. 
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Figure 7.2: XPS scans of conditioned and non-conditioned PANI after palladium (II) 

complex insertion. (A) and (C) show the deconvoluted spectra for N1s and Pd3d of the 

non-conditioned PANI-Pd sample, respectively and the N1s (B) and Pd3d (D) of the 

conditioned PANI-Pd are also shown. 

 

Both show approximately the same atomic % of protonated amine and protonated 

imine. The non-conditioned PANI-Pd has slightly less protonation than the conditioned 

PANI-Pd, as seen in Table 7.2, which is consistent with the N1s scan of non-conditioned 

PANI before palladium insertion (Figure 7.1).  

It can be seen in the deconvoluted Pd3d scans of each of the PANI-Pd samples that 

the non-conditioned samples show greater reduction of the Pd(II) complex to Pd(0) metal, 

Figure 7.2C. This reduction could be explained by the greater level of protonation. The 

insertion of the palladium complex into the PANI film relies on the uptake of these 

PdCl3(H2O)- anions as a balance to the charge of the protonated nitrogen-containing groups 
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and then a subsequent interaction between the complex and nitrogen-containing groups. 

Having greater protonation means greater drive for charge balance resulting in an increase 

of palladium complex in the matrix. However, from Table 7.2, there is only approximately 

21.5% reduction of the Pd(II) to Pd(0). This indicates there are other factors preventing the 

full reduction to metal. From the survey scans of each sample, the total atomic % of Pd in 

the conditioned sample is actually higher, at 21.38% versus the 11.07% in the non-

conditioned sample. The deconvolution of the Pd3d scans reveal that even though there is 

less total Pd in the non-conditioned sample, there is more Pd(0). It is also seen that there is 

an inverse relationship between the percentage of reduced Pd(0) and the percentage of 

unreduced Pd2+ associated with nitrogen. In the conditioned sample there is a greater 

percentage of Pd2+-- N and less Pd(0) as seen in Table 7.2. Also, of the total protonated 

nitrogen-containing groups in the conditioned sample, more are imine groups. This result 

is indicative of a strong interaction between the Pd(II) complex and the nitrogen-containing 

groups that leads to a lack of reduction to the Pd(0) metal.  

 

Table 7.2: Atomic % values from N1s and Pd3d core scans for PANI-Pd samples 

Sample 
Energy  

−𝑁𝐻 − −𝑁𝐻+ − −𝑁+ = 
𝑁

𝑁+ 𝑃𝑑0 𝑃𝑑2+ − 𝐶𝑙 𝑃𝑑2+ − 𝑁 
%  

PANI-Pd 
Non-conditioned 

BE 

(eV) 
399.5 400.7 402.5 

2.7 

335.8 337.5 338.8 

atomic 

% 
72.6 18.8 8.5 21.5 67.5 11.0 

PANI-Pd 

conditioned 

BE 

(eV) 
399.5 401.1 403.0 

4.4 

335.6 337.5 338.7 

atomic 

% 
81.5 14.1 4.4 8.4 70.2 21.4 
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7.4.2 Effects of the number of Pd insertion cycles 

7.4.2.1 Resonance Raman analysis of Pd1-5 

The lack of fully reduced Pd(0) can also be seen in the Resonance Raman spectra 

using an incident source at 785 nm, Figure 7.3. Samples were created by inserting PdCl-

3(H2O)- into the PANI matrix using the described cycles, with each being run for a different 

number of cycles. The notation, Pdn, denotes each PANI-Pd created with n number of 

insertion cycles. The common features among the spectra of all the samples point to the Pd 

locking the quinoid structures of the PANI in place, even after the sample is 

electrochemically reduced.11 In particular, the C~N˙+ vibrations show a greater intensity at 

1375 cm-1- corresponding to the localized polaron (bipolaron) than the 1332 cm-1 assigned 

to the delocalized polaron. This is consistent with a more conjugated PANI. Also, the C-N 

stretches at 1225 cm-1 for the quinoid units show greater intensity than the 1265cm -1 for 

the benzenoid units.  
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Figure 7.3: Resonance Raman spectra of conditioned PANI-Pd samples. The number of 

palladium(II) complex insertion cycles was increased with each sample and the spectra 

taken following each. The greatest change in intensity is seen with bands at 1410 cm-1 and 

1450 cm-1. Inset is an enlarged section of the spectra between 300 cm-1 and 600 cm-1 for 

clarity of the weak band at 476 cm-1. 

 

Some key bands in the spectra change as the number of insertion cycles changes. 

At 720 cm-1 the amine deformation is decreases in intensity and the imine deformation at 

745 cm-1 increases as the number of insertion cycles increases.10 The bipolaron C~N˙+ 

vibration intensity remains relatively equal as the number of insertion cycles increases, 

however, the band shifts to higher wavenumbers as more Pd is introduced. As seen in 

Figure 7.4, the N-H deformation vibration near 1506 cm-1 follows a pattern similar to the 

percentage of Pd-N calculated from the deconvolution of the XPS Pd3d core scan. This 

confirms that the Pd is interacting with the N atoms in the PANI and causing a change in 

the N-H length due to partial charges formed.  
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Figure 7.4: Correlation between the Raman shift of the N-H deformation vibration and the 

atomic % of the Pd-N peak in the XPS Pd3d scan. As the percentage of the Pd-N interaction 

decreases, the Raman shift also decreases to lower wavenumbers. 

 

As seen previously, peaks present in the 1400 cm-1 to 1500 cm-1 region are 

tentatively attributed to the C=N stretch and are present only when palladium is present in 

the sample. 9,12,13 In particular, the presence of Pd is thought to change the conjugation 

length of the C=N and therefore changes the vibration, shifting the Raman bands. The 

peaks at 1410 cm-1 and 1450 cm-1 are thought to be indicative of this and the intensity of 

these peaks increases with each palladium insertion cycle. This continual increase provides 

evidence of greater amounts of Pd entering into the matrix with every cycle, but not 

necessarily being electrochemically reduced. Reduction of the Pd(II) to Pd(0) would 

ideally result in little change to the C=N length as the charge-induced interaction between 
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palladium and nitrogen would change to a weaker induced-dipole, and therefore the Raman 

bands would not shift and be visible at 1410 cm-1 and 1450 cm-1.  

7.4.2.2 XPS analysis of Pd1-5 

 Attempts were made to understand the lack of reduction in palladium (II) 

chlorocomplex that was inserted into the PANI matrix. In a previous study by Li, Josowicz, 

and Janata, it was found that poly(phenylenesulfide phenyleneamine) (PPSA) polymer 

chain underwent a conformational change due to the formation of a ClO4
- 

hydrogen/columbic bonded complex. This led to a “bridge” formed by ClO4
- ions and 

resulted in the perchlorate ions not being able to be expelled from the polymer matrix.14 

Since PPSA has a similar structure to PANI, it is possible that this could also be true here. 

It is hypothesized that the perchlorate ions could be causing the conformational change in 

the polymer that also creates an environment where it is more favored for the palladium 

(II) chlorocomplex to also form a “bridge” between two nitrogen-containing groups on 

neighboring polyaniline fibrils.  

The XPS data of the palladium samples, Pd1-5 was analyzed for the ClO4
- content 

and is correlated to the % Pd(II) ion interacting with nitrogen. The results are presented in 

. This shows that with the exception of Pd3, the relationship of increased ClO4
- present in 

the doped PANI is inversely related to the Pd(II) and N interaction. This relationship shows 

that the anionic Pd complex is displacing the perchlorate during the insertion process. The 

XPS data between Figure 7.1 and Figure 7.2 also indicate that after Pd insertion, the PANI 

is less protonated, this could also account for less ClO4
- counter ions in the matrix. It 

remains a possibility that the perchlorate plays a role in bridging the polyaniline fibrils, 
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possibly allowing the Pd(II) chlorocomplex to bridge or “cross-link” the fibrils as well, but 

further studies are needed to confirm this relationship. 

 

 
Figure 7.5: Perchlorate doping of PANI correlated to the Pd2+—N interaction from XPS 

Cl2p and Pd3d core-level scans. Perchlorate doping expressed as ratio of N/ClO4
- and 

Pd2+-N interaction expressed as atomic % from Pd3d deconvolution. 

 

7.4.3 Correlation of XPS and Raman bands 

Evidence for these strong Pd-N interactions is seen in the Raman band shifts of the 

C=N vibration, as previously stated, again in the atomic percentage of Pd(II) for the 

deconvoluted Pd3d XPS scans, and finally in the lack of reduction of Pd(II) to Pd(0) shown 

in the XPS scans. In the Raman spectra, a unique weak band is seen at 476 cm-1 that can 

has been linked to the asymmetric stretch of the complex, cis-[Pd(NH3)2Cl2].
15 This band 

is only present after Pd insertion into the PANI and could be indicative of possible cross-
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linking of PANI fibers by the Pd(II) complex. The XPS scans of Pd3d also show a strong 

Pd+2 — Cl component which falls in a binding energy range consistent with PdCl2.
16,17 

PANI has been known to form cross-linked structures with nickel and tin complexes1,18 

and the hypothesis is made that this is the case with this particular Pd(II) chlorocomplex. 

This formation of the cross-linked structure could explain why it is difficult to reduce the 

palladium ion to metal. Attempts have been made to disrupt this strong Pd-N interaction 

through the changing of various experimental parameters with the idea that the Pd(II) 

complex would reduce. Sweeping to more negative potentials during the reduction segment 

of the insertion cycles and the use of chemical reducing agents, such as NaBH4, have also 

shown to be ineffective at complete reduction of Pd(II).  

 

7.4.4 Correlation between CV, XPS, and Raman with respect to redox state of PANI 

The ability to correlate characterization techniques can provide a useful tool when 

trying to understand the redox state of PANI. The deconvoluted XPS N1s core-level spectra 

provides information regarding the relative quantification of imine, amine, protonated 

imine and protonated amine groups. Raman spectra can also provide similar information 

regarding the quinoid and benzenoid character of the PANI films as well as the polaron 

forms present. The separation of redox potentials found in the CV can also provide 

information about the proton and anion exchange in the PANI film as well as the 

conformation of the polymer. Table 7.3 correlates the data of CV to XPS and the data of 

XPS to Raman. 
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Table 7.3: Correlation of CV, XPS and Raman data for redox state of PANI 

 CV 

(V) 

XPS 

(Atomic %) 

XPS 

(Atomic %) 

Raman 

(Norm. Intensity) 

 Separation of 

hydrogen and 

anion peaks 

-N=/-NH- ratio N/N+ ratio N/N+ ratio 

PANI 0.42 0.32 1.83 0.97 

PANI-

conditioned 
0.30 0.21 3.07 1.09 

PANI-Pd 0.17 0.11 6.45 1.16 

  

For the nitrogen-to-protonated nitrogen ratio, both XPS and Raman spectra data 

show that the PANI is the most protonated, followed by the conditioned PANI and the 

PANI-Pd. Also, the XPS imine/amine ratio decrease follows the decrease in separation of 

the hydrogen and anion redox peaks in the CV, showing a direct relationship. If the pKa 

values of the imines and amines are considered, the imines should protonate first with a 

value of 2.5, and the amines second, with a value of 5.5.19 As the amine character increases, 

the protonation level may drop due to the higher pKa value. Likewise, as the protonation 

decreases, the hydrogen insertion peak in the CV will become less prominent and the 

potential will shift to reflect conformational changes in the PANI. 

7.5 Conclusion 

Palladium has been successfully inserted into a polyaniline matrix using the 

PdCl3(H2O)- complex through controlled insertion cycles and confirmed through XPS. The 

XPS Pd3d core scans indicate through deconvolution that only a small percentage of the 

Pd(II) is reduced to Pd(0). The deconvolution of these scans also reveal that there two 

components to the Pd(II), one for Pd2+—Cl and one for Pd2+ — N and the higher the Pd2+—
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N percentage, the less Pd(0) is present. These XPS results, along with Resonance Raman 

spectra show that with successive insertion cycles, there is an increase of Pd entering into 

the matrix, but little increase in the percentage of Pd(II) being reduced. These results lead 

us to believe that a strong complex is being formed between the Pd (II) chlorocomplex and 

the nitrogen-containing groups of the PANI, with possible cross-linking of the polymer 

fibers.  
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CHAPTER 8. FUTURE WORK 

  

 The work presented in this thesis outlines the need for understanding how each 

component in a composite electrode behaves and contributes to the overall composition. 

Chapters 2 and 3 outline the experimental procedures and optimization for the insertion 

process of a metal into a polyaniline matrix. Chapters 4 and 5 focus on the carbon electrode 

material and the effects that the substrate has on the electrochemical properties of the 

deposited PANI. Chapter 6 and 7 highlight the interaction between the Pd and PANI and 

the importance of speciation in that interaction. Since there are still aspects of this 

interaction that need to be elucidated, it follows that there are several studies needed in the 

future.  

8.1   Reduction of Palladium 

 In the conclusion of Chapter 7, the study was left with the hypothesis that the lack 

of reduction of Pd(II) was due to possible “bridging” or “cross-linking” of the PANI fibers 

by the Pd(II) chlorocomplex. More studies are needed to investigate why these complexes 

are not reducible. Two late investigations set up a future study into increasing the 

conversion of Pd(II) to Pd(0).  

 First, the PANI-Pd electrode was introduced to a chemical reducing agent, NaBH4 

in KOH solution. The electrode, with a known Pd(0) content of roughly 20% from previous 

XPS measurements, was dipped in the solution for 30 minutes. XPS measurements were 

done post NaBH4 exposure and found to have an increase of Pd(0) at just over 60%. This 

illustrates that there are possibilities to increase reduction. 

Secondly, an interesting phenomenon was encountered when the PANI-Pd 

electrode was cycled in 0.1M HClO4 at a larger window. On the first scan only, an 
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oxidation peak at E = 1.1V appears, Figure 8.1. This peak is only seen when Pd is present 

in the PANI and is only seen on the first scan. If the electrode is taken out of solution, dried, 

and then re-cycled, this peak no longer appears. This indicates an irreversible change to the 

composite. After investigation at XPS, it shows that 37% conversion to Pd(0), where prior, 

the conversion was 1.5%. 

 

 
Figure 8.1: PANI-Pd electrode cycled in 0.1M HClO4 at 50 mV/s. The window scanned 

is -0.3V to 1.8V, as opposed to previous characterizations that scan from -0.3V to 0.95V. 

 

Initially it is thought that the oxidation of the PANI causes a change in 

conformation that may “unlock” the palladium (II) chlorocomplex, allowing it to reduce 

on the cathodic scan. More investigation into this is needed to explore how the PANI 

morphology is changing during the oxidation process here. 
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8.2   Alloys 

From previous work, Jonke et al. were able to create “atomic alloys” of Pd and Au 

using a similar process on a Pt electrode.1,2 This previous work also suggested that the 

catalytic activity was affected by the order of deposition of each metal. This could play an 

even more important role with this work on the carbon electrode. Due to the difficulty in 

reducing the Pd, “seeding” the atomic clusters with a different metal, such as Au or Ni, 

could aid in the reduction of Pd. Combining these metals with Pd to make atomic alloys 

also aid in increasing the catalytic activity over just Pd.3 

8.3   Catalytic Activity 

Throughout this work, the focus has not been on evaluating the catalytic activity of 

these C/PANI-Pd composites. Pd inserted into PANI has been shown to be a catalyst for 

the oxidation of alcohol or glycerol, hydrogenation reactions and Suzuki coupling. 4–7 Once 

the Pd has significant conversion to Pd(0), the catalytic activity can be investigated. There 

is much to be explored in this area, from the activity of PANI-Pd only, to using alloys of 

different metals tuned to catalyze specific reactions. The use of Pd/Ru or Au/Pd would 

have specific applications in alcohol oxidation.1,3 

8.4   Different metals or polymers 

Another aspect of this work that can be expanded on, is using different metals in the 

insertion process. After understanding more about the process and the interaction of the 

metals with the polyaniline allows for the tuning of the process for other metals or 

applications. Other precious metals that exist in the anionic halide form are platinum, 
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iridium, or ruthenium. Current research trends in catalysis are moving away from using 

precious metals. This process could also be adapted for use with nickel, iron, titanium, or 

other metals. Using different metals can also allow for catalysis in biological processes. 

Not only can metals be changed, but other conducting polymers could possibly be used, 

such as polypyrrole. Palladium on polypyrrole has been previously investigated for alcohol 

oxidation.8–10 

8.5   Different insertion conditions 

Preliminary studies were done using a pH=7 phosphate buffer for insertion 

conditions instead of pH=1 perchloric acid conditions. The complexation of the PdCl4
- 

species with the nitrogen-containing groups of the PANI is a Lewis acid-base interaction. 

However, the protonation and uptake of anions as charge-balance are Brønsted interactions. 

By removing the Brønsted interaction in a buffer solution, this reduces the competition for 

the metal anion to be able to interact with the nitrogen-containing groups. A preliminary 

Pd insertion into PANI was completed in the phosphate buffer and the resulting composite 

was analyzed with XPS. It was found that nearly 40% of Pd was converted to Pd(0), 

compared to the average conversion to Pd(0) of about 10% in our current insertion process. 

Further studies here could also find a solution to the issue of lack of Pd reduction. 

8.6   References 

(1)  Schwartz, I. T.; Jonke, A. P.; Josowicz, M.; Janata, J. Polyaniline Electrodes with 

Atomic Au (N) Pd-1 Alloys: Oxidation of Methanol and Ethanol. Catal. Letters 

2013, 143 (7), 636–641. 

(2)  Jonke, A. P.; Steeb, J. L.; Josowicz, M.; Janata, J. Atomic Clusters of Pd and 

AuNPdM in Polyaniline. Catal. Letters 2013, 143 (6), 531–538. 

 



 107 

(3)  Lima,  A; Hahn, F.; Léger, J. Oxidation of Methanol on Pt , Pt – Ru , and Pt – Ru – 

Mo Electrocatalysts Dispersed in Polyaniline : An in Situ Infrared Reflectance 

Spectroscopy Study *. 2004, 40 (3), 369–379. 

(4)  Dimitriev, O. P. Doping of Polyaniline by Transition-Metal Salts. Macromolecules 

2004, 37 (9), 3388–3395. 

(5)  Drelinkiewicza, A.; Waksmundzka, A.; Makowski, W.; Sobczak, J. W.; Król, A.; 

Ziȩba, A. Acetophenone Hydrogenation on Polymer-Palladium Catalysts. The 

Effect of Polymer Matrix. Catal. Letters 2004, 94 (3–4), 143–156. 

(6)  Simões, M.; Baranton, S.; Coutanceau, C. Electro-Oxidation of Glycerol at Pd 

Based Nano-Catalysts for an Application in Alkaline Fuel Cells for Chemicals and 

Energy Cogeneration. Appl. Catal. B Environ. 2010, 93 (3), 354–362. 

(7)  Chen, A.; Ostrom, C. Palladium-Based Nanomaterials : Synthesis and 

Electrochemical Applications. 2015. 

(8)  Hasik, M.; Bernasik, A.; Drelinkiewicz, A.; Kowalski, K.; Wenda, E.; Camra, J. 

XPS Studies of Nitrogen-Containing Conjugated Polymers–palladium Systems. 

Surf. Sci. 2002, 507, 916–921. 

(9)  Drelinkiewicz, A.; Hasik, M.; Quillard, S.; Paluszkiewicz, C. Infrared and Raman 

Studies of Palladium—nitrogen-Containing Polymers Interactions. J. Mol. Struct. 

1999, 511–512, 205–215. 

(10)  Kang, E. T.; Neoh, K. G.; Tan, K. L. The Intrinsic Redox States in Polypyrrole and 

Polyaniline: A Comparative Study by XPS. Surf. Interface Anal. 1992, 19 (1–12), 

33–37. 

 

  



 108 

VITA 

Ms. Gawron is originally from Holland, Michigan and has lived in the Chattanooga, TN 

area, Indianapolis, IN area and the Atlanta, GA area. She obtained her B.S. degree from 

Rose-Hulman Institute of Technology in Terre Haute, IN in Chemistry and Mathematics 

in 1999. She was also one of the first women to attend Rose-Hulman. She received her 

M.S. in science education from Purdue University in West Lafayette, IN in 2002. Erin 

taught A.P. and gifted chemistry and environmental science at Heritage High School in 

Conyers, GA from 2002-2012 before choosing to pursue her Ph.D. at Georgia Tech. 

Publications 

Gawron, E.L.; Krizek, T.; Kowalik, M.A.; Josowicz, M,; Janata, J., Preparation of a 

Carbon-Platinum-Polyaniline Support for Atomic Metal Deposition. J. Electrochem Soc. 

2015, 162(7), H423-H427 

Gawron, E.L.; Hira, S.M.; Josowicz, M.; Janata, J., Effects of palladium (II) 

chlorocomplex speciation on the controlled interaction with polyaniline film in acid. 

Langmuir 2017 (Accepted). 

Gawron, E.L.; Josowicz, M.; Janata, J., Effect of carbon structures and surfaces on the 

electrochemical properties of supported polyaniline in composite materials. Manuscript 

submitted. Journal of the Electrochemical Society. 

Gawron, E.L.; Hira, S.M.; Josowicz, M.; Janata, J., Probing palladium – polyaniline 

interactions in electrochemically prepared palladium clusters. Manuscript in preparation. 

 


