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Electrosíntesis de Películas de Polipirrol (PPy) en Sustratos 
Conductores 

 
Dr. Ulises Páramo García1   

 
Resumen—Las condiciones de electrosíntesis de polímeros conductores en diferentes sustratos son clave para controlar diversas 
propiedades (espesor, conductividad, morfología, estabilidad, entre otros). Parámetros que son deseables controlar con la 
finalidad de ser aplicadas de forma selectiva. En este parte del estudio, se presentan resultados de le electropolimerización de 
películas de polipirrol (PPy), en presencia de diversos aniones dopantes y el material del sustrato juegan un papel importante. 
Entre los electrodos utilizados se encuentra para esta etapa carbón vítreo y como dopantes utilizados se encuentra el I-, NO3-, Br-, 
Cl-, ClO4-, SO42- y F-. Entre los resultados más relevantes se observa que el espesor de las películas aumenta con el tamaño del 
anión; así como, las características morfológicas de las películas electrodepositadas. Los aniones más grandes tienda a 
proporcionar estructuras uniformes y más conductoras. Y aniones más pequeños tienden a proporcionar películas delgadas y 
menos conductoras y más estables. 
 
Palabras clave—Polímeros conductores, Polipirrol, Electropolimerización, Voltamperometría Cíclica, Potencial Constante.  

 
Introducción 

  Los polímeros naturales que existen son utilizados en una gran cantidad de productos, pero no se tiene la 
suficiente abundancia para cumplir con las necesidades, por lo cual se tiene una gran cantidad de polímeros que son 
de origen sintético. Entre estos polímeros se encuentran los conocidos como polímeros conductores. El interés sobre 
los polímeros conductores, ha ido en aumento en los últimos años debido a sus múltiples aplicaciones como son en: 
dispositivos microelectrónicos análogos a diodos y transistores (Sadasivuni y col., 2020; Wu y col., 2022), 
dispositivos electrocrómicos (Nguyen y col., 2023; Brooke y col., 2022) y biomédicos (Mariano y col., 2021), pilas 
recargables (Jia y col, 2023; Reddy y col., 2023), recubrimientos anticorrosivos (Lei y col., 2023) sensores químicos 
y bioquímicos (Verma y col., 2023; Terán-Alcocer y col., 2021), baterías primarias (Sumdami y col., 2022), 
electrodos modificados (Tajik y col., 2020; Radzuan y col., 2017), protectores contra fluctuaciones y contra 
radiaciones electromagnéticas (Lan y col., 2021; Håkansson y col., 2007; Yan y col., 2021), empaques antiestáticos 
(Pradhan y col., 2022; Yudaev y col., 2022), entre otras (Yan y col., 2024; Remya y col., 2023). Algunas de estas 
aplicaciones están actualmente en comercialización (Thejas y col., 2023; Jing y col., 2023; Chang y col., 2023).  

 
Las características que presentan estos polímeros conductores se deben principalmente a su estructura 

molecular, ya que poseen una conjugación de dobles ligaduras en la estructura del monómero, es decir, interactúan a 
través del sistema pi (estructura electrónica deslocalizada), lo que les confiere altos valores de conductividad. Estos 
polímeros se forman a partir de monómeros adecuados, y se pueden obtener por síntesis química o por métodos 
electroquímicos. La ventaja de los métodos electroquímicos es que se obtiene un producto más puro y se pueden 
controlar mejor las variables que afectan el crecimiento. Aunado a que es relativamente fácil de sintetizar, se pueden 
obtener películas homogéneas, reproducibles y con un espesor determinado. 

 
El porqué de las aplicaciones de estos polímeros conductores, en un gran porcentaje se debe a las 

propiedades electroquímicas presentadas por estos materiales, entre las que podemos mencionar: capacidad de 
almacenamiento de carga, electrocromismo, permeabilidad y transporte de iones y moléculas; así como, su 
capacidad para llevar a cabo reacciones de oxidación o de reducción (Otero y col., 1999). Las propiedades 
presentadas por este tipo de polímeros conductores están centradas en su capacidad redox ver reacción 1), con 
cambios reversibles entre un estado no conductor (polímero neutro, PPy0) y un estado metálico (polímero oxidado, 
PPy+). 

 
(Polímero)s + [nA-] → [(Polímero)n+ (A-)n]s + (ne-)metal              (1) 

 
 Los métodos de electropolimerización consisten en polimerizar partiendo de un monómero adecuado, 

 
1 El Dr. Ulises Páramo-García es Profesora Investigador del Tecnológico Nacional de México Campus Cd. Madero, Tamps. 

ulises.pg@cdmadero.tecnm.mx 
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aplicando corriente o potencial lo que provoca el depósito del polímero sobre la superficie del electrodo de trabajo. 
La electropolimerización puede ser fácilmente controlada ya que la cantidad de polímero depositado es directamente 
proporcional a la cantidad de electricidad aplicada (Haque, 2022). La unidad monomérica utilizada puede ser un 
grupo aromático heterocíclico (tiofeno o pirrol), un grupo aromático enlazado a un átomo polarizable (anilina) o 
simplemente grupos orgánicos en donde la cadena principal contenga enlaces pi conjugados (acetileno). Para 
mejorar las propiedades eléctricas de ciertos polímeros algunas veces se introduce algún heteroátomo o sal metálica, 
quedando su estructura intercalada con un elemento iónico. A estos compuestos se les denomina polímeros 
electrolitos o polímeros iónicos. La selección del potencial y de la técnica de electropolimerización son muy 
importantes ya que, por ejemplo, el potencial anódico debe ser suficientemente elevado para oxidar el polímero sin 
que destruya la película formada (sobreoxidación) y no debe ser muy bajo ya que no formaría un polímero de 
condiciones deseadas o aceptables para su aplicación (Kaneko y col., 2005; Pal y col., 2020). Entre los métodos se 
presentan los conocidos como: 

 
 a)  Método de corriente o potencial constante. En el método de corriente o potencial constante, la oxidación 

del monómero y la migración del ion compensador de la carga son realizadas simultáneamente. Las respuestas son 
registradas como curvas de corriente o voltaje contra tiempo. El dispositivo fundamental para obtener 
experimentalmente la relación entre el potencial y la corriente de un sistema electródico es sencillo. Consiste 
esencialmente en una fuente de alimentación eléctrica regulable, que permite aplicar al electrodo el valor deseado de 
la variable controlada (corriente o potencial), y un instrumento de medida, para determinar el valor resultante de la 
otra variable eléctrica. Estos dispositivos se denominan potenciostatos y consisten en un circuito electrónico con un 
amplificador operacional. A veces interesa imponer al sistema en estudio una corriente de intensidad determinada, es 
decir, trabajar en condiciones galvanostáticas. En estos casos, el potenciostato puede actuar como galvanostato, 
mediante la sencilla modificación del circuito. Cuando se impone al electrodo un potencial o una corriente constante 
se observa, respectivamente, una variación con el tiempo de la corriente o del potencial resultante (Costa, 1980). 

 
b) Método de voltamperometría cíclica.  La técnica de voltamperometría cíclica consiste en la 

aplicación de un potencial en forma cíclica de modo que el potencial vuelve a su valor de inicio. Este método tiene 
gran interés por sus numerosas aplicaciones y por su utilidad para estudiar los productos de una reacción; es posible 
hacer simultáneamente la activación de moléculas mediante la transferencia de electrones y probar subsecuentes 
reacciones químicas. Las curvas de respuesta (llamados voltamogramas o voltamperogramas) arrojan información 
acerca de la cinética y la transferencia electrónica. Esta técnica permite, además de la síntesis del polímero, un re-
arreglo de las cadenas poliméricas que facilitan el movimiento de iones en el interior de la película y mejoran su 
adherencia al electrodo (Singh y col., 2024). La voltamperometría abarca un grupo de métodos electroanalíticos en 
los cuales la información sobre el analito se obtiene a partir de curvas de corriente en función del voltaje, es decir, de 
gráficas de corriente en función del potencial aplicado. Durante el ciclo directo la forma oxidada es reducida, 
mientras que en el inverso la forma reducida cercana al electrodo es reoxidada. Las reacciones químicas acopladas 
pueden afectar grandemente la forma del voltamperograma (Gosser, 1993). 

 
Para esta etapa del estudio se utilizaron algunas variables de interés a controlar y utilizando sustratos 

conductores de carbón vítreo,  para lo cual se consideraron los métodos electroquímicos previamente descritos y 
variando principalmente el anión dopante, el tiempo y el potencial de oxidación aplicado. 

 
Metodología 

Las películas de polipirrol se formaron utilizando la técnica de voltamperometría cíclica y la técnica de a 
potencial constante; usando una celda convencional con tres electrodos, como electrodo de referencia se utilizó 
Ag/AgCl (Bioanalytical System, modelo MF-2056); como electrodo auxiliar alambre de platino (0.75 mm, 99.99%, 
Aldrich) y como electrodo de trabajo sustratos de carbón vítreo con un área geométrica de 0.07 cm2 (Bioanalytical 
System, modelo MF-2052). Se utilizaron varios electrolitos a concentración 0.1 M y una concentración de 
monómero de pirrol de 0.1 M (Py, Aldrich, 98%). 

 
 Se utilizó un potenciostato modelo BAS Epsilon (Bioanalytical System) conectado a una interfase para 
monitorear las respuestas asociadas el proceso de electrosíntesis de las diversas películas de polipirrol (PPy). Los 
reactivos utilizados fueron: Pirrol (Aldrich), agua desmineralizada, KF, KCl, KBr, KI, H2SO4, HCl, K2SO4, KClO4, 
KNO3 (todos los reactivos grados analíticos). 
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Resultados 

  Debido a las diversas variables que pueden estar involucradas en la electropolimerización, se tiene un 
proceso complejo; por lo cual, lo que queda por hacer es comprender de forma sistematizada y lo mejor posible 
cómo afectan dichas variables en las propiedades fisicoquímicas de los materiales sintetizados. En esta etapa del 
estudio se analiza el efecto de la técnica de electropolimerización y el tipo de anión dopante utilizado en el proceso 
de formación del polipirrol (PPy) 
 
 En la Figura 1, se muestran los voltamperogramas cíclicos obtenidos durante del proceso de 
electropolimerización de películas de polipirrol utilizando diferentes aniones dopantes. Para dicha síntesis se 
utilizaron condiciones de velocidad de barrido de potencial de 100 mV/s, 40 ciclos de polimerización y una ventana 
de potencial de 0.3 a 0.9 V vs. Ag/AgCl. En caso particular se muestra los ciclos de electropolimerización para los 
halógenos utilizados. La figura 1a, en solución de KF, revelan que la incorporación del anión en la matriz PPy es 
prácticamente nula, ya que el valor de corriente de pico obtenido está por debajo de 0.02 mA/cm2.  Además las 
corrientes anódicas disminuyen al incrementar el número de ciclos, lo que ser atribuido a una pasivación del 
sustrato.  

 
Las figuras 1b y 1c, muestran los ciclos de polimerización en KCl y KBr respectivamente, el crecimiento 

del PPy implica señales características de carga/descarga entre +0.15 y +0.45 V y se observa un aumento constante 
de la señal anódica conforme se incrementa el número de ciclo para cada sistema. La Figura 1-d muestra que la 
polimerización en KI da picos catódicos y anódicos entre -0.10 V y +0.25 V correspondientes a la carga y descarga 
de la película PPy, junto con el proceso del par redox I2/2I-. La respuesta catódica indica que una gran cantidad de 
especies de yodo están atrapadas dentro de la matriz polimérica, pareciendo además que la reacción de 
polimerización electroquímica en solución de KI fue catalizada por el par I2/2I- [32], una vez que el potencial 
alcanza los 0.6 V, comienza la oxidación electroquímica del Py y por ende se obtienen grandes corrientes (aprox. 50 
mA/cm2) obtenidas con este sistema en comparación con los otros dopantes utilizados. Así mismo se observa para la 
mayoría de los sistema que las corrientes no cambian a partir del ciclo 30 (Páramo y Col., 2012). 
 
 

    
 
Figura 1. Electropolimerización de PPy por el método de Voltamperometría Cíclica, utilizando diferentes aniones 

dopantes a pH neutro: a) KF, b) KCl, c) KBr y d) KI. 
 
 

En la figura 2, se muestra la curva de corriente contra tiempo (potencial constante) obtenidos para los 
diferentes halógenos estudiados (diferentes aniones dopantes). Para este caso se incluye un estudio de la variación 
del potencial aplicado durante un tiempo de 300 s. Con el fin de evidenciar lo que sucede con las películas después 
de que se alcanza el espesor máximo cuando se continúa el ciclo, se utiliza el régimen potenciostático para la 
síntesis del PPy, utilizando un rango de potencial de +0.55 a +0.95 V. Estas curvas son características de los 
procesos de formación de fases en las superficies de los electrodos. Si el crecimiento de la película estuviera 
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controlado por la difusión de pirrol a través del electrolito, entonces se esperaría que a los grandes sobrepotenciales 
necesarios para observar el crecimiento de PPy en los electrodos, las corrientes se fusionaran en una línea común en 
tiempos suficientemente largos (Li y col., 1997). Posteriormente hay una porción ascendente relacionada con los 
procesos de nucleación asociados con la formación incipiente de los núcleos del polímero (Scharifker y col., 1991; 
Wang y col., 1997). La corriente vuelve a decaer, lo que indica un proceso que limita la tasa de crecimiento de PPy. 
Este crecimiento implica la formación de cationes radicales a través de la oxidación y la reacción con el monómero 
Py, seguida de una oxidación rápida y la pérdida de dos protones para continuar con el proceso de crecimiento de la 
cadena polimérica. La mayor parte de la síntesis se realizó entre 0,75 y 0,95 V vs. Ag/AgCl (excepto la de KI, 
realizada a 0.55 a 0.95 V), en donde no se observa un decaimiento de corriente en función del tiempo atribuido 
posiblemente al anión dopante involucrado y al estar involucrado el par redox I2/2I-. 
 

    
Figura 2. Electropolimerización de PPy por el método de Potencial Constante, utilizando diferentes aniones 

dopantes a pH neutro: a) KF, b) KCl, c) KBr y d) KI. 
 

Aunque se han indicado algunos factores que afectan la característica final de la película de polipirrol, las 
diversas respuestas obtenidas durante las diversas síntesis de películas en electrodos de carbón vítreo, muestran que 
el potencial estándar del anión involucrado participa de forma importante. Para las diversas curvas obtenidas durante 
la preparación del polipirrol, el área bajo la curva representa la carga requerida por cada película sintetizada; 
estimaciones previas han mostrado que una carga de 410.0 mC/cm2 equivalen a  1.0 m de espesor de película de 
PPy (Bull y col., 1982), lo cual puede dar una idea del espesor de las diferentes películas formadas.  

 
En la tabla 1 se muestran la carga y el espesor de películas de polipirrol sintetizadas mediante las técnicas 

de voltamperometría cíclica (40 ciclos, 100 mV/s, intervalo de potencial de - 0.30 V a 0.90 V vs Ag/AgCl) y 
potencial constante (0.90 V vs. Ag/AgCl, 300 s), sobre un electrodo de carbón vítreo. 

 
Tabla 1. Espesores de películas de PPy sintetizadas en diferentes electrolitos mediante las técnicas de: 

voltamperometría cíclica (40 ciclos, 100 mV/s, -0.30 V a +0.90 V vs. Ag/AgCl), y potencial constante (0.90 V vs. 
Ag/AgCl, 300 s). 

 
ELECTROLITO VOLTAMPEROMETRÍA CÍCLICA POTENCIAL CONSTANTE 

Carga (mC/cm2) Espesor (m) Carga (mC/cm2) Espesor (m) 

KI 236.57 0.591 10142.86 25.357 

KNO3 16.68 0.041 2228.57 5.571 

K2SO4 3.77 0.009 2171.43 5.428 

KClO4 9.54 0.024 3278.57 8.196 

KBr 14.51 0.036 3171.43 7.928 

KCl 11.20 0.028 2557.14 6.392 

KF 0.03 0.00007 8.35 0.020 
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Como podemos observar (hasta ahora), el espesor de película y seguramente diversas propiedades 
fisicoquímicas dependerán y podrán ser controladas por el anión dopante utilizado en la electropolimerización. Lo 
que finalmente permitirá identificar posibles aplicaciones con base a las características presentadas por cada material 
electrosíntetizado. 

 
Conclusiones 

  En este estudio bastante simple pero muy sistemático demostramos cómo se podrían lograr películas de 
PPy con propiedades controlables y deseadas cambiando algunos de los parámetros durante la electrosíntesis del 
polímero.  Nuestros resultados muestran claramente que la mayoría de las propiedades están relacionadas con la 
naturaleza del anión (dopante) utilizado en la preparación de la película polimérica.  En todos los casos, el espesor 
de la película PPy depende del anión utilizado y disminuye en el siguiente orden (I->Br->Cl->SO4-2>F-). Se 
produjeron películas más gruesas cuando la electrosíntesis se realizó en condiciones de potencial constante. A 
potenciales más altos, la película polimérica tendía a sobreoxidarse y perder conductividad. El rango de potencial de 
sobreoxidación, así como el tiempo en que comienza la sobreoxidación, también está estrictamente relacionado con 
el anión utilizado. Teniendo en cuenta nuestros hallazgos, se podría preparar fácilmente una película PPy de las 
propiedades deseadas para diferentes propósitos. 

 
Limitaciones  
 El número de variables involucradas ofertaran un cambio en las características del material a utilizar. Así 
mismo es necesario realizar otro tipo de caracterizaciones morfológicas, mediciones eléctricas, entre otros. Con la 
finalidad de obtener una conclusión más robusto y confiable. 
 
Recomendaciones 

 Estudiar otras variables interesantes tal como el efecto del pH, el potencial de inversión, temperatura, entre 
otros factores que puedan enriquecer el estudio. Y definir aplicaciones de interés. 
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Abstract : 

Currently, even with the efforts made over the years, there is a serious pollution problem. Hexavalent 
chromium (Cr6+) is a toxic agent to the environment, although there are various ways for its 
treatment such as adsorption, electrochemical treatments, physical-chemical processes, biological 
elimination (phytoremediation), membrane filtration and chelation. Some of these processes can 
produce, to a greater or lesser extent, undesirable secondary reactions or sludge that is even more 
difficult to eliminate; therefore, it is necessary to continue the search for alternatives to minimize 
this effect. In this sense, the use of reducing membranes based on conductive polymers, especially 
polypyrrole (PPy), can be an alternative. On the other hand, aluminum (Al) has also been used for 
the reduction of Cr+6. Therefore, this study aims to investigate the qualities of these materials used 
and study the synergy in the process of reducing Cr6+ to Cr3+. For this study, the electrochemical 
modification of the Al substrates was carried out through the electrochemical formation of PPy, 
where it was identified that the greatest challenge to be solved is related to the oxide layer that 
forms on the surface of the Al, which affects the electrodeposition process of the PPy and in turn 
impacts the reduction efficiency of Cr6+. 

 

Keywords: chromium; electrodeposition; polypyrrole ; reduction, corrosion 

 

1. Introduction 

The industrialization of the country is of great importance for economic development, but this 
results in an increase in the production of waste that, when not treated properly and thrown into 
effluents and/or stored unsafely, results in many of these effluents containing various contaminating 
species, among which are organic and inorganic compounds, where in the latter, heavy metals can 
cause serious damage to the environment and health. Water pollution is a problem for which 
efficient techniques are still being sought that are capable of reducing or completely reversing it 
because the demand for this vital liquid is increasing, this attributed to population growth and the 
constant search to satisfy their needs. The availability of water not only depends on the quantity, 
but also on the quality. Therefore, if the water is contaminated, its use is limited. (Jiménez, 2001) 

Cr6+ is among the species that cause the most serious problems, which is produced by many sources, 
such as: the chrome plating industry, mining, tanneries, among others. Because chromium in its 
trivalent form (Cr3+) is less toxic and easier to remove than its hexavalent form, the search for more 
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effective alternatives to allow this reduction is ongoing. Although there are various forms of 
treatment, (Islam, 2023) these processes can produce undesirable secondary reactions or sludge 
that is even more difficult to remove. One alternative that has proven to be competent for treatment 
is the use of reducing membranes based on conductive polymers, especially PPy. Polypyrrole (PPy) 
is an attractive material due to its high conductivity, its environmental stability, its wide range of 
applications (such as membranes, batteries, anti-corrosion films, etc.) and its easy preparation from 
aqueous or organic media by chemical and electrochemical methods. Electrochemical 
polymerization of pyrrole is an advantageous process for the formation of PPy films. The polymer is 
formed and deposited on the electrode surface in a single process, and the chemical and physical 
properties of the film can be controlled by adjusting synthesis parameters such as current density, 
monomer concentration, electrolyte type, electrolyte concentration, and pH. (Liu, 2009; Nambiar, 
2011; Liu, 2007) 

It is important to find the right conditions to achieve efficient electrodeposition of PPy on Al so that 
they can work together for the desired application and at the same time the deposited layer is 
resistant enough to carry out the process with minimal effects on the substrate. It is important to 
study the effect that the initial condition of the substrate has when performing the 
electrodeposition, since it is considered that this directly affects the formation of the PPy layer. The 
above is applied to find more efficient ways for the reduction and/or removal of Cr6+. The working 
electrode plays an important role in the electropolymerization of pyrrole. Since an oxidative process 
produces PPY films, it is important that the metallic substrate does not oxidize at the same time as 
the monomer, therefore, the electropolymerization of pyrrole is generally carried out on noble 
metals such as platinum and gold, however, electropolymerization on oxidizable metals such as iron, 
zinc and copper has been reported. (Nambiar, 2011; Xiao, 2007; Pringle, 2004) 

Several authors have studied the electrodeposition of PPy on Al electrodes using different 
electrolytes (oxalic acid, sulfonates, nitric acid, among others). They have shown that the type of 
pretreatment (polishing or galvanostatic activation), the type of electrolyte, and the solvent 
(aqueous or organic) affect the electropolymerization process on Al substrates. When PPy is 
electrodeposited on Al surfaces from aqueous solutions containing acids with a low acid dissociation 
constant (pKa), the anion of the acid used is incorporated into the PPy polymer chains as a dopant 
to compensate for the charge when PPy is in its oxidized state (PPy+). (Xiao, 2007, Pringle, 2004; 
Shayeh, 2015; Wang, 2021) This study describes the synthesis of PPy films on Al substrates (PPy/Al) 
in an acidic medium, using the cyclic voltammetry technique varying the scan rate, and its chemical 
and morphological characterization, in addition to the analysis of corrosion resistance by linear 
polarization (PL). As well as its evaluation in the reduction process of Cr6+ to Cr3+. 

 

2. Experimental 

2.1. Materials and reagents 

For the synthesis of the material: Polypyrrole (PPy), analytical grade reagents were used. Pyrrole 
(Aldrich, purity 98%) was used as the monomer. Different types of acids were used separately as 
supporting electrolytes, such as: H2SO4, HCl, HNO3, also by means of a salt in this case: Na2SO4 and 
deionized water. The synthesis was carried out in a simple electrochemical system, a three-electrode 



electrochemical cell connected to an Autolab model 302N potentiostat/galvanostat. Different types 
of aluminum were used as working electrodes, including: Al from recycled soda cans, Al bars (6061 
alloy, 1/2 inch), and Al sheets (1100-H14 alloy, 2 mm thick); Ag/AgCl as the reference electrode (3 
mol/L KCl, MF-2052, BASi), and perforated stainless steel cut in a wraparound shape with a diameter 
of 3 cm and a height of 7 cm as the counter electrode. (Inzelt, 2008; Díaz, 1998) 

 

2.2 Electrosynthesis and characterization of PPy material. 

The synthesis of PPy was carried out in a conventional three-electrode cell, using Aluminum (Al) as 
the working electrode, Ag/AgCl as the reference electrode, and platinum wire or a 304 stainless steel 
perforated plate as the auxiliary or counter electrode using the cyclic voltammetry technique. Three 
different potential sweep rates of 0.02, 0.05, and 0.1 V/s were applied, applying 1, 4, 8, 10, and 30 
polymerization cycles, in a defined potential window, using 0.1 M H2SO4 (Aldrich) as the supporting 
electrolyte. The monomer used was pyrrole (Py) at a concentration of 0.1 M (Aldrich). Prior to 
electrodeposition, mechanical polishing was performed using fine sandpaper of different grain sizes 
(200, 600, 1200, 1500) until a smooth and homogeneous finish was achieved. After this, the 
electrode was degreased and pickled. The electrodeposition on the Al was carried out using an 
Autolab 302n potentiostat/galvanostat, controlled by the Nova 2.0 software. (Shayeh, 2015; Wang, 
2021; Pringle, 2004; Akundy, 2001; Kim, 2006) 

In order to determine the optimal conditions under which electrodeposition is carried out without 
the substrate suffering significant damage caused by corrosion, preliminary impedance, linear 
polarization and cyclic voltammetry tests were performed on the substrate in different support 
electrolytes, in sulfuric acid (H2SO4), hydrochloric acid (HCl), nitric acid (HNO3) and in neutral 
medium, sodium sulfate (Na2SO4), in both cases the concentration is 0.1 M, with and without added 
Py monomer, varying the operating conditions (pH, potential, scan rate, open circuit potential (OCP) 
between each experiment. 

Optical microscopy images were conducted utilizing a Maxlapter optical microscope (Shenzhen, 
China) to provide detailed imaging of the samples. The functional groups of the material were 
determined by Fourier transform infrared spectroscopy (FTIR) with attenuated total reflectance 
(ATR) attachment, using a Perkin Elmer spectrophotometer model Spectrum 100, in the range 500–
4000 cm-1. UV-Vis spectroscopy was performed using a Cintra 303 spectrometer from GBC Scientific 
Equipment. 

 

3. Results and discussion 

3.1 Electrochemical study of the Aluminum (Al) substrate 

The selection of the applied potential range during the electropolymerization process is a very 
relevant variable, since it is necessary to identify a potential value where the substrate corrosion is 
not so rapid and inhibits the electrodeposition process; and on the other hand, care must be taken 
with the overoxidation of PPy, since an overoxidation of said polymer impacts its physicochemical 



properties, such as the charge/discharge capacity, conductivity, adhesion, among others, which are 
of interest for the application as a Cr6+ reducing membrane. (Marulanda, 2006; Machado, 2017) 

The corrosion tests performed on the substrate were carried out using linear polarization and 
electrochemical impedance, a technique that allows the evaluation of the corrosion rate and some 
phenomena involved in the metal surface. (Krische, 1989; Sayah, 2018; Marulanda, 2006; Stern, 
1957) 

In Table 1, the OCP value obtained by the linear polarization study of Al in different media is shown. 
This study was carried out to find the most suitable support electrolyte that causes less corrosion 
damage to the substrate of interest. Where the corrosion rate can be determined by means of the 
Tafel extrapolation using the free corrosion potential. (Krische, 1989) A second polarization study 
was carried out on Al 6061, this time using a Na2SO4 solution, discarding HNO3, this because it is 
inclined to use H2SO4 in the electrodeposition process since according to the bibliography it is the 
most used medium for the synthesis of PPy, and its salt (Na2SO4) is also used to study the effects of 
pH and find out if it is possible to carry out an electrodeposition with this medium. (Aperador, 2012) 

Table 1. OCP (Open Current Potential) / V vs. Ag/AgCl 

Medium (0.1 M ) Al cans Al-6061 bar Al-1100-H14 sheets 
Na 2 SO 4 -0.392 -0.572 ------- 
H 2 SO 4 -0.520 -0.462 -0.169 
HNO 3 -0.412 -------- ------ 

 

For Al-1100-H14, a shift in the corrosion potential toward anodic potentials is observed. An 
electrochemical impedance study was performed for this electrode material, yielding the results 
presented in Figures 1 and 2. 

 

Figure 1. Impedance result applied to the Al 1100-H14 substrate in 0.1 M H2SO4 solution. 

0 5000 10000 15000

0

5000

10000

-Z
” 

(Ω
) 

Z´ (Ω) 



 

Figure 2. Bode diagram for the Al 1100-H14 substrate in 0.1 M H2SO4 solution. 

 

3.2 Electrochemical synthesis of polypyrrole (PPy) 

3.2.1 Al substrate from cans 

PPy materials electrodeposited on the substrate by cyclic voltammetry exhibit distinct characteristics 
when varying the potential window and sweep rate used for synthesis. The number of cycles in the 
cyclic voltammetry study alternated, with a maximum of 30 cycles. The selection of the cycles to be 
used and the sweep rate go hand in hand with the subsequent use of the electrodeposition. The 
goal is to find the best conditions for both the polymer and the substrate to work together in the 
reduction of Cr 6+ or, on the other hand, for the polymer to work alone. To select the limiting number 
of cycles, the area under the curve must be taken into account, since the increase in this in a 
voltammogram is related to the electrodeposition on the working electrode. Thus, the area under 
the curve is related to the amount of material deposited on the substrate, according to Faraday's 
law. (Barreras, 2004; Ramarathinam, 2024) 

With the Al substrate from cans, an attempt was made to perform electrodeposition in different 
potential windows that are realized this against Ag/AgCl. The result show of cyclic voltammetry of Al 
immersed in H2SO4 plus pyrrole, with a potential window of -0.7 to 1.8 V with a sweep rate of 0.02 
V/s, 20 cycles were programmed, but only 8 were carried out, since the working electrode was 
consumed due to corrosion and abundant presence of bubbles was observed. This oxidation process 
of the can inhibits the growth of a polymer film. 

 

3.2.2 Aluminum 6061 (Rod) 

By changing the substrate, the aim was to reproduce as many of the experiments performed with 
the first substrate as possible, as it was concluded that the substrate used was preventing 
polymerization. This was possibly due to the alloy or the amount of impurities present in the can 
material, or due to the low thickness, which results in rapid material degradation due to the applied 
overpotential. Corrosion and voltammetry characterization tests were performed to determine the 
appropriate conditions for achieving the desired electrodeposition. Table 6 shows the parameters 
used in the experiments for the synthesis of polypyrrole; electrodeposition was not achieved in any 
case. 
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3.2.3. To 1100-H14 

In Figure 3, the cyclic voltammograms with the pyrrole solution to form PPy are observed. The 
electrodepositions were made applying different potential sweep rates (0.02, 0.05 and 0.1 V/s vs. 
Ag/AgCl). The results show diverse signals in both the anodic and cathodic regions, which appear at 
different potential values. At oxidation potentials higher than 0.6 V for the different syntheses, the 
irreversible oxidation of the pyrrole monomer is observed (Py loses an electron and Py+ is formed), 
which corresponds, according to the proposed polymerization mechanisms, to the initiation step of 
the polymerization process. It is observed that, when increasing the potential sweep rate, a shift to 
more positive values of this monomer oxidation process occurs. This can be associated with an 
increase in the distance of the electrochemical double layer and to diffusion phenomena of the Py 
monomer from the core of the solution to the electrode/electrolyte interface. A quasi-reversible 
process is presented between values of -0.2 and 0.4 V (with a slight displacement depending on the 
applied scan speed) that corresponds to a region of charge and discharge of counterions. Where the 
dopant anion is incorporated into the polymer matrix to compensate the charge when the PPy film 
changes its oxidation state (PPy0/PPy+). (Urte, 2021; Zhang, 2010; Li, 2005; Arrieta, 2009; Pruneanu, 
1999) It is important to avoid overoxidation of the polymer, since overpotentials can cause 
degradation or detachment (loss) of the polymer matrix. 

 

 

Figure 3. Cyclic voltammograms of the electrosynthesis of PPy films applying various potential 
sweep rates: 0.02, 0.05 and 0.10 v/s vs. Ag/AgCl (30 polymerization cycles) 

 



3.3 Characterization of PPy electrodeposited on Al substrates (Optical microscopy) 

As can be seen, it is possible to obtain PPy films with controllable properties by modulating various 
parameters applied during electrosynthesis, as indicated in the literature. (Kissinger, 1983) The 
results of the optical microscopy characterization are shown below, including the potential windows 
at which the deposits were obtained. The micrographs were taken using a 1000x USB digital 
microscope. 

Figure 4 shows the uncoated aluminum substrate, where mechanical polishing marks and the color 
of the substrate can be observed. While in Figures 4b, 4c and 4d, the PPy films deposited on Al 1100 
H-14 are observed. In Figure 4b, the PPy film deposited at a scanning rate of 0.1 V/s with a potential 
window of -0.4 to 0.9 V/s is observed, a grayish layer can be distinguished where the mechanical 
polishing marks are still observed. In Figure 4c, the film deposited at a rate of 0.02 V/s with a 
potential window of -0.4 to 0.9 V/s is observed, here we can observe the coating film with the 
presence of small globular deposits compared to the coatings (Figures 4b and 4d). The presence or 
absence of such deposits that form agglomerations indicates that the films obtained can be 
homogeneous or porous, this also depending on the synthesis conditions and can be used to develop 
sensors or trap particles in their pores. (Compton, 1988; Páramo, 2012) 

 

Figure 4. Optical microscopy at 1000x of the substrate: a) clean Al, b) Al/PPy 0.1 V/s, c) Al/PPy 0.02 
V/s and d) Al/PPy 0.05 V/s (after applying 30 polymerization cycles). 



3.5 FTIR Characterization 

In Figures 5a, 5b and 5c, the FTIR spectra of PPy/Al are shown; a similarity is observed between the 
spectra for each of the scanning speeds, where the characteristic bands of PPy appear between 1560 
and 1590 cm-1 of the C = C stretching associated with the aromatic structure, confirmed by the band 
between 1100 and 1200 cm -1 belonging to the C = N bond characteristic of PPy. In turn, the vibrations 
associated with the NH bond are observed between 1000 and 1100 cm-1 and are confirmed between 
900 and 950 cm-1, at values close to 3000 cm-1 the stretching associated with the NH bond are 
observed. With this, it is verified that the deposit formed on the plate is PPy and it presents a certain 
degree of oxidation of the associated functional groups. (Chougule, 2011; Patois, 2011; Samukaite, 
2021) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. FTIR spectra for deposition performed at a scan rate of: a) 0.05 V/s, b) 0.02 V/s and c) 0.1 
V/s Vs. Ag/AgCl. 

Once the characterization of the PPy films deposited on the substrate has been carried out, said 
films are used in the application of interest, which in this study corresponds to the reduction of Cr6+ 

to Cr3+.   

 

3.6 Calibration Curve for K 2 Cr 2 O 7 

In Figure 6 the UV-Vis spectra for the various concentrations of Cr6+ are presented, the presence of 
noise in the signal obtained in the highest concentration peaks is observed, which decreases as the 
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concentration of Cr6+ decreases. The dichromate ion has two distinctive peaks that it exhibits at 256 
and 350 nm. These peaks decrease in absorbance and change in wavelength after being in contact 
with the PPy films, this is an indication of the decrease in concentration and probably a change in 
the Cr6+ species (dichromate ion to chromate ion), the change in concentration is confirmed in the 
results obtained in the spectrophotometry. (García, 2014) 

The equation obtained from the calibration curve allows for monitoring the concentration during 
the chromium reduction process. For this technique, the 1,5-diphenylcarbazide method and another 
method without the reagent were used. The linear regression coefficient results obtained for each 
method gave R2 values of 0.9977 and 0.9822, respectively. (Baskaran, 2024; Dawra, 2024; Schneider, 
2025) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. UV-Vis spectra of Cr 6+ in acidic medium at different concentrations. 

Taking into account the preconditions of the experimental design for the different films using an 
initial Cr6+ concentration of 10 ppm, an electrode area of 1 cm2 with a variation of ± 0.3, a pH of 1, a 
temperature of 25 ± 3 o C and a reduction time of 2 h. Each experiment is repeated in triplicate and 
according to the absorbance data obtained from the UV visible readings in this case at the 
wavelength 350 nm, the concentration of Cr6+ is obtained at the passage of contact time. (García, 
2014) 

The initial concentration of Cr6+ can vary between 10 ± 1 ppm, due to variations in the preparation 
of the solution. Despite the above, in all cases we can observe the process of disappearance of Cr6+, 
which is determined spectrophotometrically. The concentration and % reduction results are shown 
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in Table 2. Between reduction repetitions, characterization and activation potential were performed 
on the PPy films. (Glorias, 2014; Liao, 2024; Wang, 2025; Liang, 2024; Xiong, 2024) 

 

Table 2. Reduction of Cr6+ obtained by applying electrodeposited PPy films on Al, at different 
potential scanning speeds. 

 0.1 V/s 0.02 V/s 0.05 V/s 

Time (min) [ppm] % Grid [ppm] % Grid [ppm] % Grid 

0 10.994 0 11.024 0 11.011 0 

15 9.399 1,595 10.658 0.366 10.248 0.763 

30 8.976 2.018 10.140 0.884 9.882 1.129 

45 8.558 2.436 10.127 0.897 9.822 1.189 

60 8.279 2.715 9.935 1.089 9.802 1.209 

75 8.184 2.810 9.868 1.156 9.606 1.405 

90 7.958 3.036 ------- ------- 9.686 1.325 

105 7.845 3.149 9.741 1.283 9.381 1,630 

120 7,650 3.344 9.526 1.498 9.415 1,596 

 

4. Conclusions 

According to the tests carried out with different variations of aluminum (Al from soda cans, Al 6061 
and Al 1100-H14), for the realization of the PPy electrodeposition, testing with different variables, 
the substrate on which said electrodeposition was achieved is with the Al 1100-H14 alloy. This is 
because the other substrates did not resist the corrosion process. The study of the deposits at the 
different scanning speeds shows that the morphology of the material depends on the synthesis time; 
it was found that the longer the synthesis time, the greater the deposit of material. When the 
polymerization time is prolonged, the porosity of the deposit decreases, since the intersectional 
spaces are filled with polymer, giving rise to the formation of globular deposits. This is confirmed in 
the microscopies performed on the different materials formed. The FTIR spectra allow us to identify 
that the deposits made on both the aluminum and stainless steel plates correspond to PPy. 

The information obtained from the spectrophotometric study indicates that, among the substrates, 
Al from cans has a greater efficiency in the reduction of Cr6+, its reduction percentage at the end of 
120 min was 10.2%. Meanwhile, Al 1100-H14 presents a lower percentage of reduction compared 
to Al from soda cans. However, the electrodeposition process is not adequate for cans and the 
reduction of Cr6+ occurs by reduction of aluminum oxide. The electrochemical membrane method is 
not available. Therefore, it is necessary to expand the studies to see how PPy protects Al 1100-H14 
from corrosion and its relationship with the decrease in Cr 6+ reduction efficiency. 
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Abstract 

This study presents the successful electrodeposition of polyaniline (PANI) and TiO₂/PANI composites on boron-

doped diamond (BDD) and fluorine-doped tin oxide (FTO) substrates via cyclic voltammetry. Using 20 scan 

cycles in 0.5 M H₂SO₄, we synthesized thin films with tailored electrochemical properties. The formation of PANI 

was confirmed by characteristic redox peaks in the voltammograms, while FTIR spectroscopy identified key 

functional groups and bonding interactions between TiO₂ and PANI. Morphological analysis via optical and 

scanning electron microscopy revealed uniform but cracked surfaces influenced by TiO₂ loading. Composite 

electrodes with molar ratios of 2:1, 4:1, and 6:1 (TiO₂:PANI) were compared, showing increased titanium content 

with higher ratios, as confirmed by EDS. The synergistic effect between TiO₂ and PANI on conductive substrates 

suggests promising potential for electrocatalytic applications. This work offers a reproducible route for designing 

modified electrodes with enhanced interfacial properties. 
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1. Introduction 

Conductive polymers have garnered significant attention in materials science due to their unique electronic 

properties and versatility in applications ranging from sensors to energy conversion devices [1]. Among them, 

polyaniline (PANI) stands out for its excellent environmental stability, straightforward synthesis, tunable 

conductivity, and cost-effectiveness [2]. PANI exists in three distinct oxidation states: leucoemeraldine (fully 

reduced), emeraldine (conducting), and pernigraniline (fully oxidized) [3]. Its conductivity can be further 

enhanced through doping with various organic and inorganic compounds [4,5]. 

Meanwhile, titanium dioxide (TiO₂) has been widely employed as a photocatalyst owing to its chemical stability, 

low toxicity, and favorable bandgap properties [6]. However, its wide bandgap (3.2 eV for anatase) limits its 

activation to ultraviolet light, hindering its efficiency under visible light [7]. To overcome this limitation, 

researchers have coupled TiO₂ with conductive polymers such as PANI, which exhibits π-conjugated electron 

systems that can sensitize TiO₂ and extend its photoresponse into the visible region [8,9]. This synergy enhances 

charge separation and improves photocatalytic performance [10]. 

Recent studies have explored PANI/TiO₂ composites for advanced oxidation processes (AOPs), electrocatalysis, 

and electrochemical sensors [11,12]. The choice of substrate plays a critical role in the performance of these 

composite electrodes. Boron-doped diamond (BDD) electrodes offer exceptional chemical stability, a wide 

potential window, and low background noise, making them ideal for electrochemical applications under extreme 

conditions [13,14]. On the other hand, fluorine-doped tin oxide (FTO) glass provides high transparency, electrical 

conductivity, and a textured surface suitable for homogeneous film deposition [15,16]. 

While previous reports have individually addressed the electrodeposition of PANI or TiO₂ on various substrates, 

the direct electrochemical co-deposition of TiO₂/PANI composites on BDD and FTO remains underexplored. 

Most studies focus on pre-synthesized nanoparticles or sequential deposition methods, which often lead to poor 

interfacial contact and limited control over morphology [17,18]. 

In this work, we report a one-step electrochemical synthesis of TiO₂/PANI composites on both BDD and FTO 

substrates via cyclic voltammetry. We systematically investigated the effect of TiO₂:PANI molar ratio (2:1, 4:1, 



and 6:1) on the electrochemical, morphological, and structural properties of the films. The composites were 

characterized using cyclic voltammetry, FTIR spectroscopy, optical microscopy, and scanning electron 

microscopy with EDS analysis. This approach offers a scalable and efficient route for producing modified 

electrodes with enhanced electrocatalytic interfaces for potential applications in energy and environmental 

remediation. 

2. Materials and methods  

2.1. Reagents  

Aniline [A.C.S., Fermont], titanium dioxide (TiO₂) [Degussa, P-25], sulfuric acid (H₂SO₄) [Sigma Aldrich 

99.9%], deionized water [Quimicrón], fluorine-doped tin oxide [FTO plate, Sigma-Aldrich], and boron-doped 

diamond (BDD) [SynLectro™, Sigma-Aldrich] were used for the preparation of PANI/BDD, PANI/FTO, 

TiO₂/PANI/BDD, and TiO₂/PANI/FTO electrodes. 

2.2. Electrochemical Synthesis 

2.2.1. PANI/FTO and PANI/BDD 

This section describes the synthesis of the polyaniline (PANI) control electrodes, which were used as a baseline 

for comparison with the TiO₂-containing composites. The polymerization of aniline was carried out in two 

electrochemical cells with a conventional three-electrode setup. Each cell contained aniline (0.1 M) in 20 mL of 

H₂SO₄ (0.5 M). A fluorine-doped tin oxide (FTO) plate [Aldrich, 1 x 1 cm geometric area] and a boron-doped 

diamond (BDD) electrode were used as the working electrodes (WE). A silver/silver chloride (Ag/AgCl, 3 M 

KCl) electrode [BASi Part no. MF-2056 Lot: 003052211] was used as the reference electrode (RE), and carbon 

steel served as the counter electrode (CE). The experiments were performed at 27 ± 3°C and 1014 mbar without 

stirring. The polymerization was conducted using a METROHM Autolab 302 N potentiostat/galvanostat 

controlled by Nova 2.0 software, with a working potential range from -0.2 V to 1.3 V and a scan rate of 50 mV/s. 

Finally, the obtained materials were rinsed with deionized water [Quimicrón] and dried at 60°C in a conventional 

electric oven for 24 h. 



2.2.2. TiO₂/PANI/FTO and TiO₂/PANI/BDD 

The composite electrodes were synthesized following a similar procedure to that used for the controls (Section 

2.2.1), but with the key addition of TiO₂ nanoparticles to the polymerization solution. The composites were 

synthesized by adding aniline at a concentration of 0.1 M in a volume of 20 mL, along with the appropriate 

amount of TiO₂ to achieve molar ratios of 2:1, 4:1, and 6:1 relative to aniline. After adding the reagents, the 

mixture was sonicated for 30 min and then placed in an electrochemical cell with a conventional three-electrode 

setup. The same electrodes and equipment were used as described in section 2.2.1. The polymerization and 

electrodeposition were carried out under identical conditions (27 ± 3°C, 1014 mbar, potential range of -0.2 V to 

1.3 V, scan rate of 50 mV/s). The resulting materials were rinsed with deionized water and dried at 60°C for 24 

h. 

2.3. Material Characterization 

The electrochemical reactions in the solutions were analyzed using an Autolab 302 N potentiostat/galvanostat 

controlled by Nova 2.0 software, with a working potential from -0.2 V to 1.3 V and a scan rate of 50 mV/s. The 

functional groups of the materials were determined by Fourier transform infrared spectroscopy (FTIR) with an 

attenuated total reflectance (ATR) attachment, using a Perkin Elmer Spectrum 100 spectrophotometer in the range 

of 450-4000 cm⁻¹. 

Optical microscopy images were captured using a MAXLAPTER WR851 optical microscope with a 4x zoom. 

For the study of morphological structure, scanning electron microscopy (SEM) was performed at 20 keV using a 

JEOL JSM6010PLUS/LA instrument equipped with a tungsten filament and an OXFORD X-MAX EDS detector. 

Results and discussion  

Figure 1 shows the cyclic voltammograms recorded during the electrophysmerization of aniline over 20 cycles 

on BDD and FTO substrates, within a potential window of -0.2 to 1.3 V. The well-defined redox pairs observed 

are unequivocally associated with the growth of the polyaniline (PANI) film on the electrode surface. For both 

PANI/BDD and PANI/FTO, the anodic scan revealed two characteristic oxidation peaks. The first anodic peak, 



located at 0.24 V for BDD and 0.28 V for FTO, is attributed to the transition of leucoemeraldine (the fully reduced 

form of PANI) to emeraldine (the semi-oxidized, conducting state). The second anodic peak, at 0.88 V for BDD 

and 0.9 V for FTO, corresponds to the further oxidation of emeraldine to pernigraniline (the fully oxidized state). 

Conversely, the cathodic scan showed corresponding reduction peaks. The signals at 0.46 V (BDD) and 0.4 V 

(FTO) are assigned to the reduction of pernigraniline back to emeraldine. Subsequently, the peaks at 0.04 V 

(BDD) and 0.015 V (FTO) are consistent with the reduction of emeraldine to leucoemeraldine [19,20]. This 

sequence of redox events is a hallmark of PANI formation and growth on electrode surfaces in acidic media [21]. 

A key observation is the systematic increase in current intensity with successive cycles, indicating the progressive 

deposition of electroactive material and an increase in the thickness of the PANI layer. However, a gradual 

attenuation of the peak sharpness and intensity towards the final cycles suggests a decrease in the polymerization 

rate, likely due to the increased electrical resistance of the growing polymer film, signaling the approach of a 

deposition endpoint. 

The successful incorporation of TiO₂ into the PANI matrix on both BDD and FTO substrates was further 

confirmed by the cyclic voltammetry profiles shown in Figures 2 and 3. The electrochemical behavior of the 

composite materials (TiO₂/PANI/BDD and TiO₂/PANI/FTO) synthesized at different molar ratios (2:1, 4:1, and 

6:1) displayed noticeable shifts in the characteristic redox potentials of pure PANI, indicating a significant 

interaction between the polymer and the semiconductor oxide. 

For the composite with a 2:1 molar ratio, the anodic peaks were observed at +0.44 V and +0.98 V for FTO (Figure 

3a) and at +0.3 V and +1.0 V for BDD (Figure 2a). The corresponding cathodic peaks were registered at +0.34 V 

and -0.02 V for FTO and +0.48 V and +0.06 V for BDD. When the TiO₂ content was increased to a 4:1 molar 

ratio, the anodic peaks shifted to +0.44 V and +0.98 V for FTO (Figure 3b) and +0.34 V and +0.98 V for BDD 

(Figure 2b). The cathodic peaks were located at +0.34 V and -0.12 V for FTO and +0.44 V and +0.04 V for BDD. 

Finally, for the 6:1 molar ratio, the anodic peaks were found at +0.44 V and +0.98 V for FTO (Figure 3c) and 

+0.32 V and +0.89 V for BDD (Figure 2c). The cathodic peaks appeared at +0.355 V and -0.014 V for FTO and 

+0.42 V and +0.04 V for BDD. 



A summary of all anodic and cathodic peak potentials for the synthesized TiO₂/PANI composites is provided in 

Table 1. The consistent shifts in peak potentials across all compositions, compared to the pure PANI 

voltammograms, confirm the effective formation of the TiO₂/PANI composite on both electrode substrates. 

To further elucidate the electrochemical behavior and the effect of TiO₂ loading on the polymerization process, 

the 20th cycle of the voltammograms for all synthesized composites is compared in Figures 4 (BDD) and 5 (FTO). 

A crucial observation is the notable decrease in the current density of the redox peaks as the TiO₂ content increases 

in the composite. The most intense signals, corresponding to the highest electrochemical activity, were 

consistently observed for the 2:1 molar ratio on both substrates. This was followed by the 4:1 and finally the 6:1 

ratios, indicating a clear trend: 2:1 > 4:1 > 6:1. 

This attenuation in current density suggests that while TiO₂ is successfully incorporated, its increasing proportion 

may partially hinder the electron transfer processes inherent to the PANI's redox chemistry. Furthermore, the 

significantly diminished intensity of the peaks by the 20th cycle, compared to the initial cycles, provides strong 

evidence of the polymerization reaction reaching its completion, as the deposited layer becomes less electroactive. 

The consistent behavior observed on both BDD and FTO substrates underscores the robustness of the 

electrosynthesis method and the fundamental interaction between PANI and TiO₂, which is influenced more by 

the composite's composition than by the underlying electrode material. 

FTIR spectroscopy  

The chemical structure and functional groups of the synthesized PANI and TiO₂/PANI composites were 

confirmed by Fourier-transform infrared spectroscopy (FTIR). The spectra for the materials deposited on FTO 

and BDD substrates are shown in Figure 6a and 6b, respectively. A weak but broad signal observed at 776 or 789 

cm⁻¹ is assigned to the antisymmetric Ti-O-Ti stretching mode of TiO₂, confirming the successful incorporation 

of titanium dioxide into the composite [22-26]. 

The characteristic bands of polyaniline are also clearly identified. The signal around 1082-1095 cm⁻¹ is attributed 

to in-plane bending vibrations of C-H bonds. The bands located at 1239 and 1281 cm⁻¹ correspond to stretching 

vibrations of C-N bonds in aromatic secondary amines, associated with benzenoid and quinoid ring structures, 



respectively. Furthermore, the bands around 1457 and 1560 cm⁻¹ are consistent with stretching vibrations of N-

B-N (where B represents the benzenoid ring) and N=Q=N (where Q represents the quinoid ring) groups, 

respectively [22, 27-28]. The presence of all these signals in the composite spectra provides conclusive evidence 

for the coexistence of both polyaniline and titanium dioxide on the BDD and FTO electrodes, confirming the 

successful formation of the TiO₂/PANI composite. 

Optic Microscopy  

The surface morphology and deposition characteristics of the synthesized materials were initially examined using 

optical microscopy. Figure 7 shows the images for the BDD-based series, while Figure 8 corresponds to the FTO-

based series. Figure 7a displays the clean BDD substrate prior to any deposition, revealing a uniformly porous 

and rough surface with a greyish appearance. The initial stages of PANI polymerization on BDD (Figure 7b) 

show isolated, semicircular polymer clusters growing on the surface. This island-like growth pattern suggests that 

the initial deposition preferentially occurs at the porous sites of the BDD surface, leading to an irregular film 

formation. 

Figures 7c-e, correspond to the TiO₂/PANI/BDD composites with molar ratios of 2:1, 4:1, and 6:1, respectively. 

A clear trend is observed: as the TiO₂ content increases, the film grows in a more disordered manner and develops 

significant surface cracking. This cracking is likely a result of the increased film thickness due to TiO₂ 

incorporation, which reduces the adhesive and cohesive forces within the composite layer, ultimately leading to 

mechanical stress and fracture—a common phenomenon in electrodeposited materials [30]. 

In contrast, the clean FTO substrate (Figure 8a) exhibits a slightly less rough, whitish appearance compared to 

BDD. The initial growth of PANI on FTO (Figure 8b) shows a more uniform and homogeneous film coverage 

without the isolated agglomerates seen on BDD. This difference is likely due to the absence of significant porosity 

on the FTO surface, allowing the polymer to grow evenly. 

The TiO₂/PANI/FTO composites (Figures 8c-e) exhibit the same trend observed on BDD. As the TiO₂ ratio 

increases (2:1, 4:1, 6:1), the surface uniformity decreases, and cracking becomes more pronounced. This further 



supports the conclusion that the addition of TiO₂ particles increases the film thickness and introduces mechanical 

instability, leading to cracking, regardless of the substrate used [30]. 

Scanning electron microscopy 

The surface morphology of the electrodes was further analyzed by scanning electron microscopy (SEM) at 3000x 

magnification, as shown in the panel of micrographs (Fig. 9). Figures 9a-b show the clean, unmodified surfaces 

of the FTO and BDD substrates, respectively. The electropolymerized PANI on FTO (Fig. 9c) exhibits a 

characteristic spongy, network-like structure, consistent with previous reports [25]. In contrast, the PANI 

deposited on BDD (Fig. 9d) forms small, randomly distributed agglomerates, confirming the non-uniform growth 

observed by optical microscopy (Fig. 7b). 

The composite materials (Figures 9e-j) show a distinct morphological evolution. A whitish, granular layer is 

evident, which blends with and eventually covers the underlying PANI network. This layer increases in coverage 

with higher TiO₂ ratios in the composite. In some regions, this coating exhibits circular or micro-granulated 

structures, indicative of the random aggregation of TiO₂ particles, as reported in similar works [31-33]. The 

presence of surface cracks in some composites (Figures 9g, h) exposes the underlying substrate, which could 

potentially affect electrode performance by allowing direct contact with the contaminant solution [31]. 

The presence and increasing content of titanium in the composites were quantitatively confirmed by energy-

dispersive X-ray spectroscopy (EDS). The weight percentages of titanium are summarized in Table 2. For the 

FTO-based composites, the Ti content increased from 3.29% (2:1), to 15% (4:1), and finally to 30.98% (6:1). A 

similar trend was observed for the BDD-based composites, where the Ti weight percentage rose from 8.01% (2:1), 

to 13.82% (4:1), and to 33.23% (6:1). This progressive increase confirms the successful and controllable 

incorporation of TiO₂ into the PANI matrix during the electrosynthesis process. 

 

 

 



Conclusions 

This study successfully demonstrates a straightforward and effective cyclic voltammetry route for the 

electrosynthesis of both pristine PANI and TiO₂/PANI composite films on boron-doped diamond (BDD) and 

fluorine-doped tin oxide (FTO) electrodes. The electrochemical formation of polyaniline was unequivocally 

confirmed by the characteristic redox peaks in the cyclic voltammograms, which correspond to the transitions 

between its leucoemeraldine, emeraldine, and pernigraniline states. The successful incorporation of TiO₂ into the 

PANI matrix was evidenced by consistent shifts in these redox potentials across all studied molar ratios (2:1, 4:1, 

6:1). FTIR spectroscopy provided definitive chemical evidence of the composite's formation, revealing the 

characteristic signatures of both materials: the Ti-O-Ti stretching mode of TiO₂ (~789 cm⁻¹) and the functional 

groups of PANI, including C-N stretches, C-H bends, and the distinctive N-B-N and N=Q=N vibrations. 

Morphological analysis revealed that the underlying substrate dictates the initial growth pattern of PANI, with a 

porous BDD surface leading to irregular agglomerates and a smoother FTO surface promoting a more uniform 

film. However, a common phenomenon was observed regardless of the substrate: the increasing TiO₂ content led 

to the formation of a granular layer, increased film thickness, and ultimately, surface cracking due to mechanical 

stress. Finally, EDS analysis quantitatively corroborated the increasing weight percentage of titanium within the 

composites, confirming the tunability of the electrosynthesis process. 

In summary, we have developed a reproducible method for fabricating TiO₂/PANI-modified electrodes with 

controllable composition. The demonstrated synergy between the conductive polymer and the semiconductor 

oxide, along with the detailed electrochemical and morphological characterization provided herein, establishes 

these composites as highly promising materials for advanced applications in electrocatalysis and environmental 

remediation. 
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Figure 1: R. J. Villanueva-Silva et al. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Cyclic voltammograms illustrating the progressive electropolymerization of aniline over 20 cycles on 

(a) BDD and (b) FTO substrates in 0.5 M H₂SO₄. The characteristic redox peaks confirm the growth of polyaniline 

(PANI) and its transition between leucoemeraldine, emeraldine, and pernigraniline states. The increasing current 

with cycles indicates successful film deposition, while peak broadening suggests increased resistance towards the 

end of the process 

 

 

 



 

Figure 2: R. J. Villanueva-Silva et al. 

 

Figure 2. Cyclic voltammograms recorded during the synthesis of TiO₂/PANI composites on a BDD electrode at 

different molar ratios: (a) 2:1, (b) 4:1, and (c) 6:1. The noticeable shifts in the redox potentials, compared to pure 

PANI, provide electrochemical evidence of the effective interaction and incorporation of TiO₂ within the polymer 

matrix. 

 

 

 

 



 

Figure 3: R. J. Villanueva-Silva et al. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Cyclic voltammograms recorded during the synthesis of TiO₂/PANI composites on an FTO electrode 

at different molar ratios: (a) 2:1, (b) 4:1, and (c) 6:1. The systematic shift in peak potentials and the evolution of 

the voltammetric profile confirm the successful formation of the composite on the FTO substrate. 

 

 

 

 

 



 

Figure 4: R. J. Villanueva-Silva et al. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Overlay of the 20th cycle during the electrosynthesis of pristine PANI and TiO₂/PANI composites at 

different molar ratios (2:1, 4:1, 6:1) on a BDD electrode. The attenuation of current density with increasing TiO₂ 

content highlights its moderating effect on the electrochemical activity of the composite. 

 

 

 

 

 



 

Figure 5: R. J. Villanueva-Silva et al. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Overlay of the 20th cycle during the electrosynthesis of pristine PANI and TiO₂/PANI composites at 

different molar ratios (2:1, 4:1, 6:1) on an FTO electrode. The consistent decrease in peak intensity with higher 

TiO₂ loading aligns with the behavior observed on BDD, underscoring the compositional dependence of the 

electrochemical response. 

 

 

 

 



 

Figure 6: R. J. Villanueva-Silva et al. 

 

 

 

 

 

 

 

 

 

 

Figure 6. FTIR spectra of (a) PANI/FTO and TiO₂/PANI/FTO composites, and (b) PANI/BDD and 

TiO₂/PANI/BDD composites at different molar ratios. The spectra confirm the coexistence of both materials, 

showcasing the characteristic Ti-O-Ti stretching mode of TiO₂ (~789 cm⁻¹) and the signature functional groups 

of PANI (C-N, C-H, N-B-N, and N=Q=N). 

 

 

 

 

 



 

Figure 7: R. J. Villanueva-Silva et al. 

 

 

 

 

 

 

 

 

 

 

Figure 7. Optical micrographs (4x zoom) of the BDD series: (a) pristine BDD, (b) PANI/BDD, (c) 

TiO₂/PANI/BDD (2:1), (d) TiO₂/PANI/BDD (4:1), and (e) TiO₂/PANI/BDD (6:1). The sequence reveals the 

transition from isolated polymer agglomerates to a cracked, composite morphology as the TiO₂ content increases, 

highlighting the role of mechanical stress induced by particle incorporation. 

 

 

 

 

 



 

Figure 8: R. J. Villanueva-Silva et al. 

 

 

 

 

 

 

 

 

 

 

Figure 8. Optical micrographs (4x zoom) of the FTO series: (a) pristine FTO, (b) PANI/FTO, (c) TiO₂/PANI/FTO 

(2:1), (d) TiO₂/PANI/FTO (4:1), and (e) TiO₂/PANI/FTO (6:1). The images show a more uniform initial polymer 

growth compared to BDD, followed by the development of surface cracking at higher TiO₂ loadings, a 

phenomenon consistent across both substrates. 

 

 

 

 

 

 

 



Figure 9: R. J. Villanueva-Silva et al. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Scanning electron micrographs (3000x magnification) of: (a) FTO, (b) BDD, (c) PANI/FTO, (d) 

PANI/BDD, (e) TiO₂/PANI/FTO 2:1, (f) TiO₂/PANI/BDD 2:1, (g) TiO₂/PANI/FTO 4:1, (h) TiO₂/PANI/BDD 

4:1, (i) TiO₂/PANI/FTO 6:1, and (j) TiO₂/PANI/BDD 6:1. The micrographs reveal the evolution from the spongy 

PANI network to a granular TiO₂-coated morphology, with cracking evident at higher ratios. 



Table 1: R. J. Villanueva-Silva et al. 

 

Table 1. Anodic and cathodic peak potentials (V vs. Ag/AgCl) for the synthesized TiO₂/PANI composites at 

different molar ratios on FTO and BDD substrates. The systematic shifts in potential, compared to the pure PANI 

voltammograms (Fig. 1), confirm the electrochemical interaction between the polymer and the semiconductor 

oxide. 

 

 

 

 

 

Table 2: R. J. Villanueva-Silva et al. 

Table 2. Weight percentage of Ti and O obtained by EDS analysis for the synthesized TiO₂/PANI composites on 

FTO and BDD substrates. The increasing Ti content with higher TiO₂:PANI ratios provides quantitative evidence 

of the successful and controllable incorporation of titanium dioxide into the composite films. 

 

 

 

 

 

 

Sample 
FTO BDD 

Anodic Cathodic Anodic Cathodic 

2:1 +0.44 / +0.98  +0.34 / -0.2  +0.3 / +1.0  +0.46 / +0.06  

4:1 +0.44 / +0.98  +0.34 / -0.12  +0.34 / +0.98  +0.44 / +0.04  

6:1 +0.44 / +0.98  +0.355 / -0.14  +0.32 / +0.89  +0.42 / +0.04  

Sample 
FTO BDD 

Ti  O  Ti  O  

2:1 3.29 33.4 8.01 27.86 

4:1 15 31.91 13.82 30.78 

6:1 30.98 35.02 33.23 34.34 
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Abstract: Thin films of monomeric species polythiophene (PTh), poly-(3,4-ethylenedioxythi
ophene) (PEDOT), and the copolymer PTh/PEDOT were prepared through electropoly-
merization and deposited above fluorine-doped tin oxide (FTO) substrates. The functional
groups of the monomeric species (PTh, PEDOT) and polymeric species (PTh/PEDOT) were
characterized by Fourier-transform infrared spectroscopy, while morphological proper-
ties were evaluated using scanning electron microscopy, optical microscopy, and atomic
force microscopy. The analysis showed that monomers films exhibited less material de-
position; otherwise, the copolymer PTh/PEDOT showed better deposition on substrate.
In addition, the electrochemical characterization showed that the materials that resulted
from copolymerization presented an improvement in electrochemical properties relating
to monomer properties. The effect of overoxidation of the monomers applied during the
electropolymerization process is also known.

Keywords: conducting polymers; copolymer; PEDOT; PTh; electropolymerization

1. Introduction

New legislation concerning environmental issues aims to reduce the use of fossil fuels
in the upcoming years [1,2]. In addition to the current electronic devices in consumption
(cell phones, laptops, tablets, etc.), more efficient, lightweight, and secure energy storage
systems are required. There is currently a race in the development of materials for energy
storage, including conductive polymers (CPs). These CPs and their counterparts have
been and continue to be extensively studied due to their properties that allow current
conduction, as well as the inherent characteristics of a polymer (flexibility, low weight,
corrosion resistance, etc.) [3,4]. Some of these conductive polymers possess functional
groups, such as nitrogen, sulfur, and oxygen (N, S, and O), that can interact effectively with
lithium polysulfide atoms, enabling their widespread use in the field of lithium–sulfur
(Li-S) and lithium–selenium (Li-Se) batteries [5–7]. CPs are attractive for incorporation
into high-performance energy storage system components (capacitors and rechargeable
batteries). Currently, the most relevant conductive polymers for use in these system com-
ponent due to their ease of synthesis and high electrical conductivity are PPy (polypyrrole),
PTh, PEDOT, PProDOT (poly(3,4-propylenedioxythiophene)), PANI (polyaniline), and
PEDOT:PSS (poly(styrene sulfonate) [8,9]. One of the most important functions of conduc-
tive polymers in Li-S/Se batteries is to act as sulfur carriers, redox mediators, coatings
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(cathode or separator coatings), interlayers, and layers to improve cathode conductivity.
They are also implemented to reduce volume expansion and inhibit the dissolution of
lithium polysulfides [10–13].

Among CPs, materials such as polythiophene (PTh) possess unique qualities, such as
high environmental resistance, good electrical conductivity, and other properties, making
them suitable candidates for use as coatings [14]. Likewise, PANI and PPy have been
studied for various practical applications, such as sensors [15], photocatalytic activity [16],
etc. However, PTh has demonstrated more applications in the degradation of dyes and
electrode coatings [17,18]. In particular, PTh has been employed in sensors and anti-static
coatings due to its adjustable conductivity. This adjustability arises from the presence of an
extended ⇡-bonding system in its macrostructure, and the conductivity can be controlled
through doping with “n-type” or “p-type” impurities [19,20]. The properties exhibited
by PTh that make it suitable for lithium-ion batteries include high energy density, faster
charge–discharge processes, and high energy storage capacity [21].

Different studies have demonstrated that the copolymerization of CPs (conductive
polymers) can enhance their properties, whether by improving their conductivity, redox, or
oxidative capacity. This is essential because PTh, as an anode material for lithium batteries,
exhibits reversibility in its redox behavior. However, due to its low redox activity, its
appropriate structural design can improve the transfer of lithium ions [22,23].

Ustamehmetoğlu et al. [24] carried out the copolymerization of benzothiophene and
thiophene using a potentiodynamic method. They also polymerized individual monomers
along with polypyrrole for comparison. Based on the results obtained from the synthesis
of polymers and copolymers, they concluded that the parameters for copolymerization
were similar to those for individual polymerization. However, each material obtained
exhibited different physicochemical properties. One material with interesting properties
for copolymer development is PEDOT. As a conductive polymer, it has attracted attention
due to its great stability, low oxidation potential, and high stability in its oxidized form [25].

Seung Hwa Lee et al. [26] synthesized a copolymeric nanocomplex of PTh/PEDOT
through a two-step polymerization of 3,4-ethylenedioxythiophene (EDOT) in the presence
of PTh. They demonstrated that this copolymer exhibited good conductivity in relation to
the charge of PEDOT, reaching up to 475 S/cm. Furthermore, it showed an improvement
in the Seebeck effect, a fundamental characteristic for thermoelectric systems.

In this work, synthesis was carried out through electropolymerization of EDOT via
a propagation mechanism involving radical formation (irreversible monomer oxidation).
This polymerization starts in solution and proceeds from the oxidation of a dissolved
tetramer and so on until the deposition of long chains for the formation of the respective
polymer [27–29]. The first potential window of �0.2 V to 1.2 V vs. Ag/AgCl was used
to obtain the copolymer, generating conditions for homopolymers of PTh and PEDOT.
When comparing the electrochemical response of the copolymer with the homopolymer,
appreciable differences were observed in the area under the curve, which is related to the
amount of material deposited onto the working substrate.

2. Results and Discussion

2.1. Electrosynthesis

The PTh/PEDOT synthesized within the potential window of �0.2 V to 1.4 V vs.
Ag/AgCl exhibited a maximum generated current of 5.5 mA. Moreover, an increase in
the capacitive effect and a larger material deposit were observed in line with the greater
area under the curve (Figure 1). The polymerization voltammograms (Figure 1) reveal
that the PTh/PEDOT system generates a maximum current of 6.1 mA when the potential
window is extended to 1.6 V vs. Ag/AgCl, surpassing the individual homopolymers (PTh:
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5.3 mA; PEDOT: 5.4 mA). This enhancement suggests a synergistic interaction between
monomers during electropolymerization, as joint oxidation promotes the formation of
hybrid chains [27]. Additionally, the current integral (area under the curve) is significantly
larger for the copolymer, indicating greater material deposition attributable to the stability
of intermediate radicals in the combined system [28,29].
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Figure 1. Polymerization voltamperograms of PTh/PEDOT copolymers in the potential windows of
1.2 V, 1.4 V, and 1.6 V vs. Ag/AgCl (LiClO4/ACN).

For the last electrosynthesis condition, applying a potential window of �0.2 V to 1.6 V
vs. Ag/AgCl, a more evident overoxidation effect was notable, a response associated with
the behavior of PTh. Upon exceeding the potential of �0.2 V to 1.4 V vs. Ag/AgCl, it
begins to overoxidize under the same conditions. Consequently, it can be concluded that
this response is attributed to PTh, as it overoxidizes upon surpassing the potential where it
begins to do so. As result, PTh interferes with the capacitive effect of the copolymer, as well
as potentially affecting its structure, the amount of material deposited, stability, adhesion,
and composition. The electrical current generated for this system (6.1 mA) is higher than
that obtained under the same conditions for the PTh and PEDOT homopolymers (5.30 mA
and 5.4 mA, respectively).

The area under the curve changes with respect to the preceding material, exerting
little control over the material deposited on the substrate. Capacitive behavior related to
the conductivity of the material and a reconfiguration in the polymer chains are observed,
altering the alternation of double bonds that allow for the passage of electrons and are
related to electrical conductivity.

The cyclic voltammogram of PTh/PEDOT corresponding to the material synthesis
in the potential window of �0.2 V to 1.6 V vs. Ag/AgCl reveals the capacitive effect and
instability of the material occurring through the overoxidation of PTh within this potential
range. However, this particular overoxidation effect depicted in this voltamperogram is
unprecedented and has not been reported in the literature consulted so far in this study for
the PTh-PEDOT system.

Considering that these are two distinct species, the existence of two different monomer
species attributed to the various electrochemical responses obtained in the studies, both
using homopolymers and for the copolymer, raises the challenge of identifying whether a
composite material or a copolymer is being obtained. Although various authors suggest the
presence of a copolymer for this type of system, they do not provide compelling scientific
evidence [28–33].
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2.2. FTIR Characterization

Figure 2a–c show the characteristic FTIR spectra of the different thin films synthesized
on FTO substrates. The high-frequency bands are attributed to the stretching modes of
the thiophene ring [34]. Within these signals, the bands at 1376 cm�1 are attributed to
symmetric C-C stretching, at 1090 cm�1 to in-plane C-H bending, and at 785 cm�1 to out-
of-plane C-H bending features of 2,5-disubstituted thiophene, while the bands at 839 and
693 cm�1 can be attributed to C-S and C-S-C stretching and bending vibrations (in-plane
deformation) in PTh. The signals at 848, 1130, 1216, and 1343 cm�1 are characteristic of
substrates with a homogeneous PTh coating [35].
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Figure 2. FTIR spectra of deposited films of (a) PTh, (b) PEDOT, and (c) PTh/PEDOT at different
potential windows from �0.2V to 1.6 V vs. Ag/AgCl Ag/AgCl (LiClO4/ACN) on FTO.

In the case of the PEDOT system film, the bands at 970, 912, 830, and 680 cm�1 are
characteristic of vibrational stretching of C-S-C bonds. The signals around 1185, 1133, 1080,
and 1030 cm�1 are attributed to vibrational bending of C-O-C bonds in the ethylenedioxy
group, and around 1426 cm�1 is attributed to C=C stretching vibration [36–39]. Approxi-
mately 1511 and 1315 cm�1 are assigned to the asymmetric stretching modes of C=C bonds
and the inter-ring stretching modes of C-C bonds, respectively [40].

Figure 2c shows the spectrum of the PTh/PEDOT material at different potential
windows (1.2 to 1. 6 V), observing that the signal located at 1331 cm�1 corresponding
to PTh, which identifies the C-C bond of the ring cycle of the thiophene or bithiopene
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molecule, is joined to the PEDOT signal centered at 1315 cm�1, identified as the signal of
the C=C double bond in the film composed of both polymeric species; these signals give
rise to a broad and rounded signal located around 1318–1320 cm�1, which increases its
intensity when the potential window goes from 1.2 to 1.6 V. On the other hand, the signal
of the polythiophene at 783 cm�1 (Figure 2a), whose intensity increases with increasing
potential, is significantly reduced in the composite material and moves to 690 cm�1, while
the signal at 1623 cm�1, corresponding to C=S, prevails in the composite material. The
infrared spectra show that a composite film of PTh and PEDOT was formed, and although
the interaction between the two polymeric species cannot be guaranteed, it is possible to
observe the growth of both on the surface of the substrate.

In the copolymeric system, the characteristic bands of both species can be observed. It
is evident that the optimal potential window for PTh, PEDOT, and PTh/PEDOT is 1.2 V,
while at a potential window of 1.6 V, the definition of the peaks decreases along with their
intensity. This is due to the fact that at higher potential, the monomers polymerize in the
medium. Wolfgang Schuhmann et al. observed this behavior in electrochemical deposition
of polymer films on electrodes surfaces [41].

2.3. Morphological Characterization

In Figure 3I, the optical micrographs of the first potential window, ranging from �0.2 V
to 1.2 V vs. Ag/AgCl, of PTh and PEDOT show a random deposition that exposes areas on
the substrate. This is related to the small area under the curve present in the voltammogram
of their synthesis. Both materials exhibited parts of the substrate with slight transparency
in areas where a significant amount of material was not deposited. This slight transparency
is due to a very thin polymer layer, mainly composed of oligomers, which is a common
process [42].
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Figure 3. Optical micrographs of synthetized materials, (A) PTh, (B) PEDOT, and (C) PTh/PEDOT, at
potential windows from (I) �0.2 V to 1.2 V, (II) �0.2 V to 1.4 V, and (III) �0.2 V to 1.6 V vs. Ag/AgCl
(LiClO4/ACN).

In Figure 3II(A), it is possible to observe the deposition of PTh over the entire surface
of the working electrode, covering it entirely, unlike the material synthesized with an
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oxidation potential in the anodic region of 1.2 V versus Ag/AgCl. In II(B), it is again
possible to observe that the material completely covers the substrate surface; however,
cracks can be appreciated. In II(C), the micrograph of the copolymer is shown, and like the
previous micrographs synthesized in this potential range, it can be observed that it covers
the entire substrate surface with a stable arrangement and minimal cracks, confirming the
synergy between both copolymeric materials.

In Figure 3III(A), it can be observed that the polymer continues to maintain a uniform
and constant electrodeposition without cracks. In III(B), it can be seen that the material
was deposited in a very non-uniform manner, possibly due to overoxidation leading to
polymerization in the medium and not on the substrate. This phenomenon was previously
explained in the characterization by FTIR. In III(C), the uniform and complete electrodepo-
sition along the entire substrate is appreciable.

In Figure 4I(A), the electrodeposition of PTh is observed, showing a thin and uniform
layer extending along the substrate, the result of a controlled deposition. In Figure 4I(B),
PEDOT synthesized in the potential window of 0.2 V to 1.2 V vs. Ag/AgCl Ag/AgCl
(LiClO4/ACN) is observed to contain very large agglomerates in the form of very long
rods with cauliflower-shaped particles. The surface appears irregular and completely amor-
phous. This potential window is where polypyrrole was deposited in smaller quantities;
however, there is an evident change and increase in the amount of deposited material
compared to its counterpart, both from PTh and PEDOT. The resulting material is very
compact, with particle sizes not exceeding two micrometers. This is a positive indication
regarding the objective of this study, which aimed to find a synergistic effect by combining
two monomers with particular properties.
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Figure 4. SEM Micrographs of synthetized materials, (A) PTh, (B) PEDOT, and (C) PTh/PEDOT, at
potential windows from (I) �0.2 V to 1.2 V, (II) �0.2 V to 1.4 V, and (III) �0.2 V to 1.6 V vs. Ag/AgCl
(LiClO4/ACN).
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The copolymer exhibits an optimal potential window (�0.2 V to 1.4 V vs. Ag/AgCl)
where deposition is stable and homogeneous (Figure 3II(C)). At higher potentials (1.6 V),
the overoxidation of PTh—observed as a current decay—alters the copolymer morphology
(Figure 4III(C)), a phenomenon previously reported for thiophene-based systems [43].
However, this effect is less severe than in pure PTh, suggesting that PEDOT stabilizes the
polymeric matrix [25].

In Figure 4II(A), the micrograph of PTh is presented, showing a surface with a porous
appearance, where aggregates begin to cover the substrate surface with cauliflower-shaped
particles that exceed the micrometer size in the agglomerate. In Figure 4II(B), a more
compacted structure of PEDOT is observable, where particles take on a cauliflower-like
form. In Figure 4II(C), the micrographs belong to the copolymer, and it is possible to
observe a greater number of aggregates with sizes above fifty micrometers and in the form
of cauliflower. In Figure 4III, the same behavior is observed for all materials, with an
increase in cauliflower-shaped aggregates as previously observed.

AFM studies were conducted using a contact method on the PTh, PEDOT, and
PTh/PEDOT polymers synthesized within the potential windows of �0.2 V at [1.2, 1.4, and
1.6] V vs. Ag/AgCl (LiClO4/ACN), as described in the experimental section, to analyze
the roughness of the systems. The analysis of roughness allows for the identification of
parameters related to surface unevenness and evaluates variations in height, “z”.

The method for estimating roughness is based on the following premise: in a uniform
terrain (low roughness), vectors perpendicular to the surface will be approximately parallel
and, consequently, exhibit low dispersion (measuring variations in the z-dimension). Con-
versely, in rough terrain, changes in slope and orientation will cause these vectors to have
greater dispersion [43]. The literature indicates that as the value of the anodic potential
during synthesis increases, the roughness value also increases. This is coherent since,
as the potential window is extended, the current requirements related to the size of the
electrodeposited film also increase, as long as it does not reach an overoxidation potential,
at which the film is destroyed and loses stability and adhesion to the substrate [44].

In addition to analyzing the top view of the AFM micrograph, the roughness values, Rq
and Ra, which are used to measure this parameter, were evaluated [45–51] by averaging the
roughness, Rq, over the potential window; the following picture was obtained (Figure 5),
which illustrates the behavior of the species. PTh shows an almost-linear increase in
Rq with respect to the extent of the potential window, indicating a structure that tends
towards amorphism.

However, PEDOT experiences a decrease in roughness as the potential window in-
creases. Valentina Castangnola et al. [52] explain that several factors contribute to the
decrease in PEDOT roughness. They found that in a given region, as the electrode conduc-
tivity improves (or the potential increases), the PEDOT layers are deposited at a certain
equilibrium, resulting in lower roughness.

In contrast, the copolymer exhibits unique roughness behavior. At 1.2 V, it shows
greater roughness than PTh, following a pattern similar to PTh’s roughness. At 1.4 V,
the roughness linearly increases; however, when the potential window reaches 1.6 V,
the roughness decreases, showing a clear tendency towards PEDOT deposition behavior.
Given this behavior, it is evident that at lower potential windows, the copolymer exhibits
roughness behavior similar to PTh, while at higher potentials, its behavior is more aligned
with PEDOT. In the end, both at 1.4 V and 1.6 V, the copolymer has greater roughness
than PTh and PEDOT. However, it is clear that at 1.4 V, the roughness is higher, which is
essential for electrode development.
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In Figure 6, the top view of FTO substrate micrographs is shown as a reference point
for identifying polymer films on the substrate surface and their particle size, revealing
uniformity and roughness on the material surface.
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Figure 6. AFM micrography of FTO substrate 50 ⇥ 50 µm.

In Figure 7, the top view of AFM micrographs of PTh electrodeposited in potential
windows of �0.2 V at [1.2, 1.4, and 1.6] V vs. Ag/AgCl is shown, before and after applying
500 charge/discharge cycles to analyze material stability. In the case of formation, a uniform
deposition of the material on the substrate surface is observed, which, like the roughness
values, Rq and Ra, increases with the expansion of the potential window, demonstrating
that a higher potential window results in a greater amount of deposited material, in line
with what is mentioned in the literature [53–55]. The micrographs align with the previously
described roughness behavior, where the increase in roughness is proportional to the
applied potential in the system.



Condens. Matter 2025, 10, 26 9 of 16

Condens. Matter 2025, 10, x FOR PEER REVIEW 8 of 18 
 

 

Given this behavior, it is evident that at lower potential windows, the copolymer exhibits 
roughness behavior similar to PTh, while at higher potentials, its behavior is more aligned 
with PEDOT. In the end, both at 1.4 V and 1.6 V, the copolymer has greater roughness 
than PTh and PEDOT. However, it is clear that at 1.4 V, the roughness is higher, which is 
essential for electrode development. 

In Figure 6, the top view of FTO substrate micrographs is shown as a reference point 
for identifying polymer films on the substrate surface and their particle size, revealing 
uniformity and roughness on the material surface. 

 

Figure 6. AFM micrography of FTO substrate 50 × 50 µm. 

In Figure 7, the top view of AFM micrographs of PTh electrodeposited in potential 
windows of −0.2 V at [1.2, 1.4, and 1.6] V vs. Ag/AgCl is shown, before and after applying 
500 charge/discharge cycles to analyze material stability. In the case of formation, a 
uniform deposition of the material on the substrate surface is observed, which, like the 
roughness values, Rq and Ra, increases with the expansion of the potential window, 
demonstrating that a higher potential window results in a greater amount of deposited 
material, in line with what is mentioned in the literature [52–54]. The micrographs align 
with the previously described roughness behavior, where the increase in roughness is 
proportional to the applied potential in the system. 

 

Figure 7. AFM micrographs of PTh at potential windows: (a) 1.2 V, (b) 1.4 V, and (c) 1.6 V vs. 
Ag/AgCl (LiClO4/ACN). 

In Figure 8, the top view of AFM micrographs of the electrodeposited PEDOT is 
shown. The roughness values, which are related to the amount of material deposited on 
the substrate surface, continue to display a loss of material after charge/discharge cycles, 
attributed to the incorporation and release of anions that occur during the 

Figure 7. AFM micrographs of PTh at potential windows: (a) 1.2 V, (b) 1.4 V, and (c) 1.6 V vs.
Ag/AgCl (LiClO4/ACN).

In Figure 8, the top view of AFM micrographs of the electrodeposited PEDOT is
shown. The roughness values, which are related to the amount of material deposited on
the substrate surface, continue to display a loss of material after charge/discharge cycles,
attributed to the incorporation and release of anions that occur during the charge/discharge
process, resulting in a change in the structure and morphology of the materials. The
roughness values, Rq and Ra, decrease from batch to batch by approximately 50%, 80-90%,
and 10% for potential windows of �0.2 V at [1.2, 1.4, and 1.6] V vs. Ag/AgCl, respectively,
demonstrating the instability of the material in response to potential window variations.
The high percentage of roughness loss in the potential window of �0.2 V to 1.4 V vs.
Ag/AgCl indicates that the material does not have strong adherence to the substrate and
exhibits low stability, which could be related to the overoxidation phenomenon of the EDOT
monomer [56]. The low percentage of roughness loss in the potential window of �0.2 V to
1.6 V vs. Ag/AgCl is primarily attributed to the small amount of material deposited on
the substrate.

Condens. Matter 2025, 10, x FOR PEER REVIEW 9 of 18 
 

 

charge/discharge process, resulting in a change in the structure and morphology of the 
materials. The roughness values, Rq and Ra, decrease from batch to batch by 
approximately 50%, 80-90%, and 10% for potential windows of −0.2 V at [1.2, 1.4, and 1.6] 
V vs. Ag/AgCl, respectively, demonstrating the instability of the material in response to 
potential window variations. The high percentage of roughness loss in the potential 
window of −0.2 V to 1.4 V vs. Ag/AgCl indicates that the material does not have strong 
adherence to the substrate and exhibits low stability, which could be related to the 
overoxidation phenomenon of the EDOT monomer [55]. The low percentage of roughness 
loss in the potential window of −0.2 V to 1.6 V vs. Ag/AgCl is primarily attributed to the 
small amount of material deposited on the substrate. 

 

Figure 8. AFM micrographs of PEDOT at potential windows: (a) 1.2 V, (b) 1.4 V, and (c) 1.6. V vs. 
Ag/AgCl (LiClO4/ACN). 

In Figure 9, AFM micrographs for the PTh/PEDOT copolymer are observed in 
potential windows of −0.2 V at [1.2, 1.4, and 1.6] V vs. Ag/AgCl, before and after applying 
500 charge/discharge cycles to assess material stability. In the case of the formation, an 
amorphous deposition characteristic of this type of material is observed, with large and 
uniform aggregates. The roughness values, Rq and Ra, display patterns similar to the area 
under the curve of the voltamperograms obtained during the material synthesis. There is 
no significant variation in the roughness of the copolymers sintered in the potential 
window of −0.2 V at [1.2 and 1.4] V vs. Ag/AgCl after applying the charge/discharge 
cycles, indicating an increase and reorganization that suggest an improvement in their 
properties compared to the predecessor homopolymers. For the copolymer synthesized 
in the potential window of −0.2 V at 1.6 V vs. Ag/AgCl, a decrease of 20 to 30% in 
roughness value is observed, indicating material instability, likely due to the applied 
oxidation potential that causes overoxidation in the material, particularly affecting the 
PTh monomer. 

 

Figure 9. AFM micrographs of PTh/PEDOT at potential windows: (a) 1.2 V, (b) 1.4 V, and (c) 1.6 V 
vs. Ag/AgCl (LiClO4/ACN). 

Figure 8. AFM micrographs of PEDOT at potential windows: (a) 1.2 V, (b) 1.4 V, and (c) 1.6. V vs.
Ag/AgCl (LiClO4/ACN).

In Figure 9, AFM micrographs for the PTh/PEDOT copolymer are observed in po-
tential windows of �0.2 V at [1.2, 1.4, and 1.6] V vs. Ag/AgCl, before and after applying
500 charge/discharge cycles to assess material stability. In the case of the formation, an
amorphous deposition characteristic of this type of material is observed, with large and
uniform aggregates. The roughness values, Rq and Ra, display patterns similar to the area
under the curve of the voltamperograms obtained during the material synthesis. There
is no significant variation in the roughness of the copolymers sintered in the potential
window of �0.2 V at [1.2 and 1.4] V vs. Ag/AgCl after applying the charge/discharge
cycles, indicating an increase and reorganization that suggest an improvement in their
properties compared to the predecessor homopolymers. For the copolymer synthesized in
the potential window of �0.2 V at 1.6 V vs. Ag/AgCl, a decrease of 20 to 30% in roughness
value is observed, indicating material instability, likely due to the applied oxidation po-
tential that causes overoxidation in the material, particularly affecting the PTh monomer.
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2.4. Electrochemical Characterization

In Figure 10a, stability tests of PTh are observed, indicating that materials synthesized
in the potential window of �0.2 V at [1.4 and 1.6] V vs. Ag/AgCl show better stability in
the tested potential range. However, the film formed at 1.2 V inversion potential exhibits
higher conductivity (Figure 10b). The cyclic voltammetry curve shows a similar area under
both the anodic and cathodic regions, suggesting a reversible process. As the number of
cycles increases, this reversibility diminishes.
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The PTh/PEDOT copolymer demonstrates greater stability in the stability tests (Fig-
ure 10c) compared to its monomeric predecessors. In the cyclic voltammetry curve of
the PTh/PEDOT copolymer synthesized in the potential window of �0.2 V at 1.2 V vs.
Ag/AgCl (LiClO4/ACN), material loss is observed when comparing cycle 1 and cycle
500 due to the decrease in the area under the curve. However, this decrease remains nearly
constant compared to the behavior exhibited by PEDOT synthesized in the same potential
window. Additionally, the maximum current levels remain constant, which is not the case
with PTh synthesized in the same potential window.

In the stability-test results for the PTh/PEDOT copolymers synthesized in the potential
windows of �0.2 V at [1.4 and 1.6] V vs. Ag/AgCl (LiClO4/ACN), material stability is
evident as the area under the curve remains constant during successive cycles. However,
the overoxidation of PTh observed during the synthesis of this material seems to influence
these results, as the area under the curve of the corresponding cyclic voltammetry is smaller
than that of the copolymer synthesized in the potential window of �0.2 V at 1.2 V vs.
Ag/AgCl (LiClO4/ACN). Additionally, the obtained response exhibits resistive behavior
to the incorporation of the doping anion, possibly resulting in the formation of a compact
material. In both copolymers, the maximum current remains constant.

For those materials that withstand overoxidation after applying 500 charge/discharge
cycles and maintain the area under the curve, they exhibit better stability for use as an
anode in lithium-ion batteries. This test serves as an indicator of the material’s lifespan.
PEDOT is less stable after applying 500 charge/discharge cycles in a potential window of
�0.2 to 1.9 V vs. Ag/AgCl (LiClO4/ACN), and PTh exhibits greater stability, although the
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amount of material obtained is lower than that of PEDOT. However, the copolymerization
of these two materials showed better resistance in the same stability tests, indicating a
synergistic effect between them. To better define this synergistic effect, the following study
will focus on understanding the lithium-ion charging capacity of different materials.

2.4.1. Pulsed Chronoamperometry (Charge Capacity)

The charge capacity of the PTh/PEDOT copolymer (Figure 11), synthesized in the
potential window of �0.2 V to 1.2 V vs. Ag/AgCl (LiClO4/ACN), had a maximum repre-
sentative potential for the charge capacity characterization of 7.24 V, which decreases to
3.79 V starting from the fifth charge/discharge cycle. The PTh/PEDOT copolymer synthe-
sized in the potential window of �0.2 V to 1.4 V vs. Ag/AgCl (LiClO4/ACN) exhibited a
maximum representative potential for the charge capacity of 10.12 V, decreasing to 6.1 V
from the fifth charge/discharge cycle. Finally, the PTh/PEDOT copolymer synthesized
in the potential window of �0.2 V to 1.4 V vs. Ag/AgCl (LiClO4/ACN) had a maximum
representative potential for the charge capacity of 10.07 V, decreasing to 5.9 V from the fifth
charge/discharge cycle. Over several cycles, the potential value decreases until it reaches
10.07 V and remains constant.
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of (a) �0.2 to 1.2 V, (b) 0.2 to 1.4 V, and (c) �0.2 to1.6V vs. Ag/AgCl (LiClO4/ACN).

2.4.2. Scanning Electron Microscope (SEM) After Charge Capacity Test

When the incorporation and release of anions occur during the charging/discharging
process, the structure and morphology of the materials change. Upon charging, there is
an expansion effect on the polymer chains as anions are incorporated into the polymeric
matrix, influencing the final morphology of the material. During discharging, the regular
structure of the formed materials is altered, typically leading to material degradation
attributed to the exit of anions from the matrix and a compaction of the structure [55].

In Figure 12a, SEM micrographs of the copolymer are shown; following the charging
process, there is a slight structural change on the material surface, while still maintaining a
significant number of structures.

Condens. Matter 2025, 10, x FOR PEER REVIEW 11 of 18 
 

 

The charge capacity of the PTh/PEDOT copolymer (Figure 11), synthesized in the 
potential window of −0.2 V to 1.2 V vs. Ag/AgCl (LiClO4/ACN), had a maximum 
representative potential for the charge capacity characterization of 7.24 V, which decreases 
to 3.79 V starting from the fifth charge/discharge cycle. The PTh/PEDOT copolymer 
synthesized in the potential window of −0.2 V to 1.4 V vs. Ag/AgCl (LiClO4/ACN) 
exhibited a maximum representative potential for the charge capacity of 10.12 V, 
decreasing to 6.1 V from the fifth charge/discharge cycle. Finally, the PTh/PEDOT 
copolymer synthesized in the potential window of −0.2 V to 1.4 V vs. Ag/AgCl 
(LiClO4/ACN) had a maximum representative potential for the charge capacity of 10.07 V, 
decreasing to 5.9 V from the fifth charge/discharge cycle. Over several cycles, the potential 
value decreases until it reaches 10.07 V and remains constant. 

 

Figure 11. Chronoamperometry of the charge capacity test of PTh/PEDOT in the potential windows 
of (a) −0.2 to 1.2 V, (b) 0.2 to 1.4 V, and (c) −0.2 to1.6V vs. Ag/AgCl (LiClO4/ACN). 

2.4.2. Scanning Electron Microscope (SEM) After Charge Capacity Test 

When the incorporation and release of anions occur during the charging/discharging 
process, the structure and morphology of the materials change. Upon charging, there is 
an expansion effect on the polymer chains as anions are incorporated into the polymeric 
matrix, influencing the final morphology of the material. During discharging, the regular 
structure of the formed materials is altered, typically leading to material degradation 
attributed to the exit of anions from the matrix and a compaction of the structure [54]. 

In Figure 12a, SEM micrographs of the copolymer are shown; following the charging 
process, there is a slight structural change on the material surface, while still maintaining 
a significant number of structures. 

 

Figure 12. SEM micrography of copolymer after charge test: (a) −0.2 V to 1.2 V, (b) −0.2 V to 1.4 V, 
and (c) 0.2 V to 1.6 V vs. Ag/AgCl (LiClO4/ACN). 

The micrographs (Figure 12b) show a higher quantity of aggregates with sizes 
exceeding fifty micrometers and cauliflower-like shapes, as the structural change remains 
evident. However, the small fissures found in the potential window of 1.2 V vs. Ag/AgCl 

Figure 12. SEM micrography of copolymer after charge test: (a) �0.2 V to 1.2 V, (b) �0.2 V to 1.4 V,
and (c) 0.2 V to 1.6 V vs. Ag/AgCl (LiClO4/ACN).



Condens. Matter 2025, 10, 26 12 of 16

The micrographs (Figure 12b) show a higher quantity of aggregates with sizes
exceeding fifty micrometers and cauliflower-like shapes, as the structural change re-
mains evident. However, the small fissures found in the potential window of 1.2 V vs.
Ag/AgCl (LiClO4/ACN) did not appear in this potential window of 1.4 V vs. Ag/AgCl
(LiClO4/ACN). This indicates better stability for the copolymer synthesized in the po-
tential window of �0.2 V to 1.4 V. Structures that do not suffer such evident damage,
fractures, and wear due to charge/discharge effects will be crucial in the intended applica-
tion, where the transport of lithium species is of great relevance. The conduction of ions is
a key aspect for the application of conductive polymers in lithium batteries, especially in
high-speed applications.

As seen in Figure 12c, after the load capacity test, a significant portion of the material
was lost, and the aggregates were fragmented without evidence of fissures or fractures in
the polymeric structure. Despite being a less stable material, it possessed a greater amount
of deposited material both before and after the load capacity tests.

3. Materials and Methods

3.1. Reagents

For the synthesis of the materials PTh and PEDOT, analytical-grade reagents were
used. The monomers employed were bithiophene (Bth, Aldrich Steinheim, Germany, purity
97%) and 3,4-ethylenedioxythiophene (PEDOT, Aldrich Milwaukee, WI US, purity 97%). A
lithium perchlorate (0.1 M LiClO4, Aldrich Milwaukee, WI US, purity 95%) and anhydrous
acetonitrile as an organic medium (ACN, Aldrich Hamburg, Germany, purity 99.8%) were
used as the supporting electrolyte.

3.2. Electrochemical Synthesis of Conductive Polymers

The synthesis was performed in a conventional three-electrode electrochemical sys-
tem and electrochemical cell using an Autolab model 302N Potentiostat/Galvanostat. A
fluorine-doped tin oxide (FTO, Aldrich, purity 99.99%)-coated substrate with an area of
1.35 cm2 was used as the working electrode. An Ag/AgCl reference electrode (BASi, model
RE-5B Vleugelboot, Netherlands), which was incorporated into a compartment contain-
ing LiClO4/ACN, and perforated stainless steel (AI-304) as a counterelectrode were also
employed (6 cm2) [57].

The electropolymerization was carried out by cyclic voltammetry at a scan rate of
100 mV/s for 30 cycles, applying a cathodic potential of �0.2 V vs. Ag/AgCl and varying
the anodic switch potential in the range of 1.0 to 1.9 V vs. Ag/AgCl. In the electrochemical
cell, 10 mL of the monomer/electrolyte solution was added. Regarding the electropolymer-
ization of the two monomers, a 1:1 volume ratio was used in the cell (5 mL of bithiophene
and 5 mL of 3,4-ethylenedioxythiophene) [58]. The monomers were prepared as solu-
tions in 100 mL flasks at a concentration of 0.04 M. For the synthesis of PTh, 0.665 g of
bithiophene (Bth) was weighed and diluted with a 0.1 M LiClO4 solution in acetonitrile.
For the synthesis of PEDOT, 0.4272 mL of 3,4-ethylenedioxythiophene was measured and
diluted with a 0.1 M LiClO4 solution in acetonitrile. Electropolymerization occurred in a
nitrogen atmosphere.

To determine the optimal range of oxidation potential for the monomers and copoly-
mer, preliminary tests were conducted under the same operating conditions: concentration,
temperature, scan rate, and number of cycles. The reduction potential was set at �0.2 V
vs. Ag/AgCl for all experiments. The oxidation potentials for the monomers PTh and
PEDOT were 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, and 1.9 V vs. Ag/AgCl, and for the copolymer
PTh/PEDOT, they were 1.2, 1.4, and 1.6 V vs. Ag/AgCl.
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3.3. Materials Characterization

Once all the materials were synthesized, only those materials that were electrode-
posited within the same potential windows used for copolymerization were character-
ized. Two different batches of materials were generated to assess the stability of the
polymeric material: batch 1, where the materials were not subjected to any tests immedi-
ately after electrodeposition, and batch 2, where the materials underwent electrochemical
charge/discharge tests.

3.4. Chemical Characterization

Fourier-transform infrared spectroscopy (FTIR) was performed on the materials PTh,
PEDOT, and PTh/PEDOT to observe the presence of their functional groups. The analyses
were conducted using Perkin Elmer Spectrum 100 model equipment.

3.5. Morphological Characterization

Optical microscopy, scanning electron microscopy, and atomic force microscopy were
used to study the morphological characteristics of the samples. Optical microscopy (OM)
was used to examine the electrodeposited material on the FTO substrate in detail, using a
1000X digital optical microscope as a first morphological analysis. For a better surface study
of the samples, scanning electron microscopy (SEM) was performed with a Jeol instrument
model JSM-6390LV (Japan) on samples modified by deposition of a gold monolayer using a
Denton Vacuum DESK IV evaporator, while atomic force microscopy was performed with
a Veeco by Bruker Innova scanning probe microscope.

3.6. Electrochemical Analysis

Electrochemical characterizations were performed using an Autolab model 302N
Potentiostat/Galvanostat (Wuhan city, China) with a three-electrode cell for cyclic voltam-
metry and a two-electrode cell for chronoamperometry. Cyclic voltammetry involved
applying a cyclic voltammetry to the synthesized and electrodeposited materials on the
FTO substrate within a potential window of �0.2 V to 1.9 V vs. Ag/AgCl. For stability tests,
500 cycles were applied in the same potential range at a scan rate of 1000 mV/s. Charge
capacity characterization used a chronoamperometry procedure in the charge/discharge
module, imposing a constant current for a specific time, simulating the charging of the
material with lithium ions, followed by a reversal of polarity to simulate discharge.

4. Conclusions

Applying different potential windows for the polymerization of conductive polymers
on a substrate resulted in obtaining materials with unique characteristics that are modified
by changing the synthesis conditions.

Proper verification of synthesis parameters when applying potential windows allows
for control over material deposition to be used as an anode in lithium-ion batteries. A
change in the potential window was capable of altering both the amount of deposited mate-
rial and the morphology of the final material. Smaller potential windows resulted in lesser
material deposition, and this deposition increased as the potential window was expanded.

Potential windows of �0.2 V to 1.2 V, 1.4 V, and 1.6 V vs. Ag/AgCl (LiClO4/ACN)
were utilized as the initial, intermediate, and final potential windows for the materials that
were synthesized. All measurements reference an Ag/AgCl reference electrode.

The initial materials exhibited minimal material deposition in comparison to the
intermediate and final materials. To compensate for this, copolymerization of the materials
PTh and PEDOT was successfully performed, resulting in a material that improved the
shortcomings of the individual polymers.
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The copolymer improved in terms of the amount of material deposited on the substrate.
PTh addressed the instability presented by PEDOT, enhancing the charge storage capacity
of the two materials together and their capacitive effect. The presence of both materials in
copolymerization allowed for significant enhancement of these materials, surpassing not
only the sum of their individual capacities but also setting the stage for the true synergistic
effect of copolymerization.

As for the best resulting material to be considered as an anode in a lithium-ion battery,
the copolymer synthesized in the potential window of �0.2 V to 1.4 V vs. Ag/AgCl
(LiClO4/ACN) exhibited the best charge storage properties. It demonstrated unique
characteristics, including a substantial amount of deposited material, covering the entire
substrate area used. Furthermore, it displayed robust stability over five hundred charge
and discharge cycles, with electrical conductivity remaining constant. It matched the
conductivity exhibited by the PEDOT materials synthesized in this work, which is of great
significance, as PEDOT is considered one of the finest conductive materials in the field of
conductive polymers.

Copolymerization successfully improved the two polymers employed in this study,
PTh and PEDOT. Therefore, the copolymer can be considered for use as an anode material
in a lithium-ion battery.
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Effect of the incorporation of Py-GSATA derivative in the polymer matrix of PPy and 

PBTPh 

Ulises Páramo-García1* 
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Petroquímica, Prol. Bahía de Aldhair y Av. De las Bahías, Parque de la pequeña y mediana 

industria, 89600, Altamira, Tamaulipas, MÉXICO. 

*Correspondence: ulises.pg@cdmadero.tecnm.mx 

Abstract 

The results of the electrochemical copolymerization using monomers of the pyrrole 

(Py) and bithiophene (BTPh) applied cyclic voltammetry incorporating 1,3,4,6-tetra-

Oacetyl-2-amino-2-deoxy-2-(pyrro-1-yl)- -D-glucopyranose (Py-GSATA) are presented. 

The Py-GSATA was analyzed in acetonitrile containing tetrabutylammonium perchlorate 0.1 

M. Py-GSATA showed two irreversible oxidation signals, the first at 1.24 and the second at 

1.54 V vs. Fc+/Fc. After successive cyclic voltammetry under different experimental 

conditions, it was shown that it is not possible to electropolymerize this Py-derivative. In this 

study applied anodic potential inversion at 0.85 and 1.05 vs. Fc+/Fc, with the composite 

materials with monomer and dimer of Py and BTPh respectively. With this potential applied 

was not achieved by oxidation of the Py-GSATA, surprisingly the results obtained indicate 

a change in the properties of the materials formed, indicating that the Py-GSATA is 

incorporated within the polymer matrix in its neutral state. These materials formed by 

electrochemical techniques were characterized by UV-Vis spectrophotometry and atomic 

force microscopy (AFM). 

Keywords: pyrrole, glucosamine, conducting polymers, copolymerization.  
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 2 

1. Introduction 

 Supramolecular chirality has recently received increasing interest due to its potential 

applications in enantioselective sensors and chromatographic separation of enantiomers. The 

appearance of such chirality results from the helical organization of molecules manifested by 

the weak interactions of Van Der Waals forces and electrostatic forces. In recent years there 

has been a lot of interest in the synthesis of chiral conjugate polymers such as polyacetylene 

(PA), polythiophene (PTh), polypyrrole (PPy), polyaniline (PANI) and poly(p-phenylene) 

vinylene (PPV) due to their possible applications in electroluminescence and polarized 

squeaky electrode for asymmetric synthesis. [1-3] Chiral conductive polymers are of great 

interest due to their potential use as modified electrodes for asymmetric redox synthesis. 

These polymers are formed from the oxidation of chiral monomer units, which can be 

aromatic heterocyclic such as aniline (ANi), pyrrole (Py) or thiophene (Th) conveniently 

substituted. [4-12] 

Most studies of chiral conducting polymers to date, however, have concentrated on 

polypyrroles and polythiophens. The ease and high regioselectivity of the oxidative 

polymerization of the parent pyrrole and thiophen provide considerable synthetic scope for 

the introduction of chiral substituents into the resultant polymers. [13-19]. 

In this direction, several authors have studied the synthesis and characterization of 

chiral conductive polymers based on polypyrrole (PPy). For the formation of the polymer, 

they used electrochemical and chemical methods. They found that when artificial materials 

possess a chiral characteristic, chiral optical activities can become an additional functionality 

in the materials. [20-25] Other authors studied the optical activity of polypyrrole containing 

dopant chiral anions; the chiral anion was incorporated into the electrolyte during 
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 3 

electropolymerization. Once the modified electrode was obtained, it was characterized by 

cyclic voltammetry in order to observe the electroactivity of the film formed. [26]  

Pleus et al. [27] studied the effect of the substituent in the chain on the polymer formed 

and observed the enantioselective properties in the doped and non-doped states, concluding 

that in the doped state it is possible to apply them in the electro-oxidation of alcohols. 

Likewise, these authors concluded that the enantioselectivity of the reaction depends on the 

substrate, the electrolyte, the polymerization technique used, among others. [28-32] 

In this study, 1,3,4,6-tetra-O-acetyl-2-deoxy-2-(1H-pyrrole-1-yl)--D-glucopyranose 

(pyrrole-glucosamine tetraacetate = Py-GSATA) (Figure 1), pyrrole derived from -D-

glucosamine is used as a unit that provides chirality [33].  

O OAc

NAcO
OAc

AcO 1

2
3

4

5
6

2'

3'

4'
5'1

 

Figura 1. 1,3,4,6-tetra-O-acetil-2-deoxi-2-(1H-pirrol-1-yl)--D-glucopyranosa (pirrol-glucosamina 

tetraacetato = Py-GSATA). 

 

Typical cyclic voltammogram of Py-GSATA show two irreversible oxidation signals, 

the first at 1.24 and the second at 1.54 V vs. Fc+/Fc. The first signal was assigned to the 

irreversible oxidation of the pyrrole group. This oxidation is located in an unusual high 

anodic value, compared with pyrroles bearing at the N atom slightly steric hindered groups. 

This behavior was attributed to a large steric hindrance provoked by the glucosamine rest 

[34]. 
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 4 

The literature indicates that when there is a system with monomers that are difficult to 

polymerize, the formation of the copolymer is carried out using an auxiliary monomer that 

polymerizes easily and incorporates the monomer into the material during the polymerization 

process [35-39].  

In this work, the formation of materials that polymerize in the presence of Py-GSATA 

using pyrrole (Py) and bithiophene (BTh) as auxiliary monomers is studied. The 

electrogenerated films were characterized by electrochemical techniques, UV-Vis 

spectrophotometry, atomic force microscopy (AFM) and scanning electron microscopy 

(SEM), in order to define the effect of the chiral compound on the composite material.  

 
                                                   

2. Experimental. 
 

2.1 Substances.  

1,3,4,6-tetra-O-acetil-2-deoxy-N-pyrrol--D-Glucosamine (Py-GSATA) (Figure 1), was 

prepared as described in the literature [33], Pyrrole (Sigma-Aldrich, 98%) was used after 

distillation under vacuum in nitrogen atmosphere and 2,2-bithiopene (Sigma-Aldrich, 97%) 

was used after to recrystallization in hexane for two times. 

 

2.2 Solvent and Supporting Electrolyte.  

Anhydrous acetonitrile (CH3CN, ACN, Aldrich 98%) was used as received handling the 

sealed bottle under positive N2 pressure. Tetrabutylammonium perchlorate (Bu4NClO4, 

TBAP (Fluka Chemika, Electrochemical grade) was used as supporting electrolyte. The salt 

was dried the night before use at 90°C and 0.1 M solutions were prepared and used as the 

supporting electrolyte. Experiments were performed at room temperature (23±2 oC). 
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 5 

 

2.3 Electrodes, apparatus and instrumentation.  

Cyclic voltammetry was performed with an AUTOLAB PGSTAT 30 

potentiostat/galvanostat. A conventional three electrode cell was used to carry out these 

experiments, employing as working electrode a platinum microelectrode (BAS MF-2013, 

Surface: 0.02 cm2) and vitreous carbon microelectrode (BAS MF-2012, Surface: 0.07 cm2) 

both polished using 0.05 m alumina (Büehler), sonicated (Aquazonic, 50HT, VWR 

Scientific Products) in distilled water and ethanol 50/50% vol. for 15 minutes and acetone 

rinsed prior to its use. Other working electrode was ITO coated glass electrode with a specific 

surface resistance of 10-20 Ωcm-2 (SPI Supplies®). A platinum mesh was used as 

counterelectrode (Surface: 0.6 cm2). The potential values were obtained against the reference 

Ag/Ag+ electrode (BAS MF-2062 Ag/0.01 M AgNO3 0.1M TBAP in acetonitrile), separated 

from the medium by a Vycor® membrane. Solutions of Py-GSATA were prepared by 

dissolving this compound with 0.1 M TBAP in a concentration of 10 mM. The solution was 

deoxygenated for 10-15 min. and the cell was kept under a nitrogen atmosphere (grade 5, 

Praxair) throughout the experiment.  

 

2.4 UV-Vis Spectroscopy Experiments, Atomic Force Microscopy (AFM) and 

Spectroscopy Electronic Microscopy (SEM).  

A Cary 3E UV visible spectrophotometer (Varian) was used for the spectroscopy 

experiments. It was used a thin spectrometric cell (2 ml). The UV-Vis spectra were recorded 

each 5 cycles of electropolymerization. An atomic force microscopy (AFM), Nanoscope E, 

from Digital Instruments (DI, USA) and spectroscopy electronic microscopy (SEM, JEOL-
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 6 

JSM-6390LV) with Energy-Dispersive Spectroscopy (EDS, NCA x-stream Module, Oxford 

Inst.) was used to observe the surface characteristic of the copolymer’s films. 

 
3. Results and discussion. 
 

3.1 Copolymerization of Py:Py-GSATA and BTh:Py-GSATA in 0.1 M TBAP-ACN.  

It is known that the ratio of N-substituted pyrrole/Pyrrole in copolymers differs significantly 

from the ratio in solution and a higher proportion of more impeded pyrrole is required in 

solution. [40, 41] Monomer concentrations of 2, 4, 6, 8 and 10 mM and a Py-GSATA 

concentration of 10 mM were used in this study. When comparing the electrochemical 

response of the copolymer with the homopolymer, appreciable differences are observed in 

the area under the curve, which is related to the amount of material deposited on the working 

substrate.  

This difference is attributed to the presence of Py-GSATA in the polymer matrix. Systems 

whose monomer concentration of 4 and 6 mM showed this effect in greater detail (Figure 2). 

Polymerization voltamograms reveal that the system containing Py-GSATA generates a 

lower current than the system corresponding to the individual homopolymers (PPy and BTh). 

This decrease in the area under the curve may suggest an interaction between the monomers 

present in the electropolymerization, promoting the formation of hybrid chains, where the 

Py-GSATA offers an intrinsic resistance to the material being formed. In addition, the smaller 

area under the curve when the copolymer is present, indicates a lower deposition of material 

attributable to the stability of the intermediate radicals in the combined system. [42] 
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Figure 2. Cyclic voltamerograms characterizing the deposit in platinum electrode, obtained after 30 

polymerization cycles in TBAP 0.1 M – ACN at 100 mV/s: a) Py 4 mM and b) BTh 6 mM, with a 

concentration of Py-GSATA 10 mM. 
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3.2 Doping level (DL).  

The study of the effect of the investment potential on electropolymerization was applied 

between 0.85 to 1.45 V vs Fc+/Fc. This allowed us to observe the effect on the level of doping 

as a function of the polymerization potential. [43, 44] Figure 3 shows that as the investment 

potential increases, the level of doping decreases, this is due to the overoxidation of the 

conductive polymer, which loses control over the growth of the conductive film. [45] This 

behavior is observed in systems with and without Py-GSATA. The doping level values are 

maintained under both conditions, indicating that there is a poor effect of the Py-GSATA 

monomer on the charge/discharge properties of the film. This could mean that the monomer 

remains in a neutral state, and at high potentials the cation radical is formed [34]. 
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 9 

 

Figure 2. Doping level (DL) vs. inversion oxidation potential during electropolymerization: a) in the 

absence and b) in the presence of Py-GSATA 10 mM. 

 
3.3 UV-Vis spectroscopic characterization of the electrogenerated copolymer in ITO 

electrode. 

Based on previous studies, the conditions where a greater change in the responses 

related to the characteristics of the formed material is observed were selected. Figure 3 shows 

the spectra obtained during the copolymerization or interaction of Py:Py-GSATA and 

Bth:Py-GSATA in solution of TBAP 0.1 M in ACN medium on ITO electrodes.  

The UV spectra of polypyrrole (PPy) show absorption peaks that indicate electronic 

transitions in the polymer's conjugate system (Figure 3a). Typically, an intense peak is 

observed in the near-UV region (approximately 420 nm) associated with the π–π* transition, 
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and wider absorption bands in the near-infrared (NIR >800 nm) region related to the presence 

of polarons and bipolarons. These spectra can be affected by the doping state, the structure 

of the polymer, and the presence of contaminants, thus varying the position and intensity of 

the peaks (Figure 3b).  The UV spectra of polythiophene (PBTH) show characteristic 

absorption bands that originate from the electron transitions of its conjugate systems, with a 

maximum absorption in the range of 400-600 nm in its neutral form and at longer 

wavelengths in its doped form (Figure 3c), depending on factors such as the presence of 

substituents, solvent and doping conditions. UV-Vis spectroscopy is key to characterizing 

the polymer structure and understanding the changes in electronic and optical properties 

following conjugate chain modification or doping. A greater extension of the polymer 

conjugation shifts the absorption bands to longer wavelengths (Figure 3d). [46-48] 

 

Figure 3. UV-vis spectra of ITO modified with: a) Py, b) Py:Py-GSATA, c) BTh and d) 

BTh:Py-GSATA, after 30 polymerization cycles in TBAP 0.1 M – ACN at 100 mV/s.  
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3.4 AFM and SEM surface characterization of the electrogenerated copolymer in 

substrates of ITO coated glass.  

Some authors rely on different surface characterization techniques to know the topographies 

of different materials. For example, some authors obtained the image from PPy films and 

compared it with the copolymer formed, observing different packings in the morphologies 

[1, 49]. In this study we used AFM and SEM for the surface characterization of the formed 

films. The different structures formed with the copolymers of Py:PY-GSATA and BTh:Py-

GSATA are compared. To observe and resolve the morphology of the different polymers 

formed, it is necessary to know the topography of the substrate (ITO). Figure 4-a shows the 

three-dimensional image of the substrate (3 m x 3 m). In an amorphous material, without a 

tendency to form agglomerates with a defined characteristic, a z-scale corresponds to 100 

nm. This indicates that it does not have mountains of appreciable height. Valleys are observed 

(lower area, black color) which indicates that there is not a homogeneous deposit of ITO on 

the glass. Figure 4-b shows the image of the glass substrate obtained by SEM; the 

characteristic structure of ITO is observed. [50-53] 

a) 

 

b) 

 

Figure 4. Image obtained from an ITO substrate: a) AFM-3D (z = 100 nm) and b) SEM 
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Figure 5-a and 5-b show the AFM (3D) images. These images are obtained for the PPy 

homopolymer deposition (Figure 5-a) and the PPy:Py-GSATA copolymer (Figure 5-b) in a 

dimension of 5 μm x 5 μm. In the case of the homopolymer, a homogeneous deposit with 

semicircular structures is observed, the opposite occurs in the copolymer in which mountains 

of different sizes and shapes are seen, with cauliflower-shaped aggregates.   

a) 

 

b) 

 
 

c) 

 

 
d) 

 

Figure 5. Image of AFM and SEM obtained for an ITO substrate modified with: a-c) 

Py 6 mM and b-d) Py:Py-GSATA (6 mM:10 mM).  
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Figures 5-c and 5-d show the SEM images of the PPy and PPy:Py-GSATA modified substrate 

respectively. In these images, substantial differences in the shape of the deposit can be 

observed. In the case of the PPy deposit, a total coating of the ITO substrate is observed, 

large agglomerates in wavy and continuous shapes.  

In the case of the copolymer (Figure 5-d) the formation of a bubble is observed which breaks 

with the passage of the tip of the AFM, the lines of this rupture can be seen. This bubble is 

due to the formation of Cl2 at the interface as indicated in the literature [54, 55] and is 

validated with the Energy-Dispersive Spectroscopy (EDS, Figure 6) study, in which the 

qualitative analysis of the surface shows the presence of Cl on the surface. The presence of 

other compounds is observed, mainly Sn present in the oxide, C, N and O present in the 

polymer formed, Si from glass and other impurities. 

a) 

 

b) 

 

Figure 6. Qualitative analysis obtained by Energy-Dispersive Spectroscopy for an ITO 

substrate modified with: a) Py 6 mM and b) Py:Py-GSATA (6 mM:10 mM).  
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Figure 7 shows the AFM images with three-dimensional (3D) view and the SEM (2D) 

images. These images are obtained for the PBTh homopolymer deposition (Figure 7-a and 

7-c) and the PBTh:Py-GSATA copolymer (Figure 7-b and 7-d) in a dimension of 3 µm x µ3 

m for AFM images. In the case of the homopolymer, an amorphous deposit with different 

semicircular and rectangular structures is observed. The opposite occurs in the copolymer in 

which a deposit with small agglomerates is seen (observe scale in z = 100 nm) and the deposit 

tends to form mountain lines. This result indicates that the formation of the copolymer with 

PBTh is slower than in the case of PPy. 

Figures 7-c and 7-d show the SEM images of the PBTh and BTh:Py-GSATA modified 

substrate respectively. In these images, substantial differences in the shape of the deposit can 

be observed. In the case of the PBTh deposit, a total coating of the ITO substrate is observed, 

large agglomerates in wavy and continuous shapes, similar to the PPy system. In the Py-

GSATA system, growth is low, compared to the PPy system. 

a) 

 

b) 
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c) 

 

d) 

 

Figure 6. AFM and SEM image obtained for an ITO substrate modified with: a) and c) 

BTh (6 mM) and b) and d) BTh:Py-GSATA (6 mM:10 mM). 

4. Conclusions. 

Applying inversion potentials during copolymerization does not reach the oxidation 

potential of Py-GSATA, indicating that this monomer is incorporated into the polymer matrix 

in its neutral state. With the results obtained, a mechanism for the formation of copolymers 

from oxidized oligomer species (nPy+ and nBTh+) with neutral Py-GSATA monomers is 

proposed. 
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