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Abstract: A method of doping of Haemoglobin (Hb) into Polyindole (PIN) was developed to ac-

complish the haemoglobin polyindole composite (HPC) with improved electrochemical perfor-

mance and maintained thermal stability. The scheme of doping was accomplished through cationic 

surfactant assisted dilute polymerization of indole (0.12 mol dL−1) in the presence of ferric chloride 

oxidant (1.85 × 10−2 mol dL−1) augmentation with indispensable weight of Hb (1%; w/w). The for-

mation of HPC was ascertained through scanning electron microscopy (SEM), thermogravimetric-

differential thermal analysis-differential thermogravimetry (TG-DTA-DTG) and electrochemical 

impedance spectra (EIS). Working electrode was derived from PIN and HPC in the presence of sul-

phonated polysulphone binder in graphite matrix. The specific capacitance (Cs Fg−1) of PIN and 

respective HPC (1% w/w) electrodes has been 21.60 and 39.40 respectively. In order to have further 

imminent into the consequence of Hb on the stability, the SEM images have been recorded before 

and after polarization experiments. The rendered enhanced impact, thermal stability and remarka-

ble potential as anticorrosive coating. 
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1. Introduction 

Conducting polymers are significantly used as electrochemically active materials for 

development of the electrode materials for supercapacitors [1,2]. PIN and correlated pol-

ymers have accepted emergent notice over decades for methodical and bioengineering 

purposes [3]. PIN themselves are affected with stumpy electrical and electrochemical con-

ductivity; but has widespread considered as prophetic material due to its synthesis ease, 

cheapness, light weight, flexibility, thermal stability, tuneable conductivity, environmen-

tal stability, quick charge–discharge property [4] that can be regulated by doping and po-

tential blending property confer them better to be exploited as a good challenger. Amend-

ment of PIN through doping with metal oxides [5], metals, macrocyclic complexes, 

[12,14,15] has been of vital significance to afford the polymer composites for potential ap-

plications in chemical sensors [6], electrocatalytic [13], optical [16], sensitivity [8], bioen-

gineering [7] and electrochemical energy storage [9–11]. PIN has recently been employed 

along with naturally abundant metal derivatives to achieve the materials with sustainable 

supercapacitance. In this perspective, macrocyclic Hb-functionalized PIN were used as 

material in the development of supercapacitors. 

Hb is porphyrin-originated haeme complex with distinguished commercial accessi-

bility, high stability, capability rate, and judicious price. Recently, hemeproteins immobi-

lized metal based electrodes showed interesting electrochemical behavior and greater 

charge/discharge cycling stability [9,17].These properties prompts to utilize Hb as dopant 

to develop the PIN-based HPC for potential appliance in the development of working 

Citation: Khati, K. Modifications in 

Thermal and Anticorrosive  

Characteristics of  

Haemoglobin-Doped Polyindole. 

Chem. Proc. 2022, 4, x. https://doi.org/ 

10.3390/xxxxx 

Academic Editor(s): Julio A. Seijas 

Published: 15 November 2022 

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional 

claims in published maps and institu-

tional affiliations. 

 

Copyright: ©  2022 by the authors. 

Submitted for possible open access 

publication under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/). 



Chem. Proc. 2022, 4, x FOR PEER REVIEW 2 of 8 
 

 

electrodes for supercapacitors. Organophilic features of polymer globin chain connected 

with haeme assist bonding of Hb with matrix of conducting polymers to dispense the HPC 

with improved thermal stability, anti corrosive properties and enhanced supercapacitance. 

Processing of materials through benign methods offers substantial industrial poten-

tial and viable feasibility. The present analysis deals with development of an environmen-

tally gentle process of HPC through surfactant-assisted in-situ polymerization of indole 

(IN) in the presence of Hb(1% w/w) concentration. The implication of Hb as distinctive 

dopant for PIN, which results in high specific capacitance of HPC with microscopy char-

acteristics, improved thermal stability and anticorrosive properties. These results of the 

proposed composite would be utilized to work further in the field of supercapacitors. The 

current research reflects its usefulness towards economically viable development of elec-

trode material for electrochemical supercapacitors. 

2. Experimental 

2.1. Starting Materials 

Commercially accessible Hb (Otto Kemi, India), indole (IN, SD Fine Chemicals). 

cetyltrimethylammoniumbromide CTAB (≥99%) and graphite (≥98.0%)were purchased 

from Otto Chemicka-Biochemica. Other chemicals and solvents were of AR grade. All 

chemicals and solvents were devoid of further purification. Sulphonated polysulphone 

(SPS) was synthesized and characterized according to the route accounted [15]. 

2.2. Synthesis of HPC 

A sequence of HPC for improvement of supercapacitor electrodes was synthesized 

by the given procedure as illustrated earlier. The route of synthesis was accomplished 

through CTAB (1.15 g, 3.50 × 10−3 mol dL−1)-assisted dilute solution polymerization of IN 

(0.12 mol dL−1) in the presence of ferric chloride (FeCl3 30 mL, 1.85 × 10−2 mol dL−1) along 

with essential concentrations of Hb 1% (w/w). The contents were under mechanical stir-

ring at the rate of 500 rpm over 24 h at 30 ± 1 °C. HPC was obtained through centrifugation 

at 3000 rpm over 20 min, followed by filtration, washing and drying at 50 ± 1 °C/400 

mmHg for over 5 h. PIN was also synthesized under identical reaction conditions and 

served as the control [16,17]. 

2.3. Fabrication of Working Electrodes 

The working electrodes material (EM) was prepared by mixing an electroactive ma-

terial (0.65 gm), graphite (0.10 gm) and SPS (5 g dL−1) in N-methyl pyrrolidone (NMP). 

The content were blended and ultrasonicated for 15 min. The subsequent slurry was 

pressed on a stainless steel (SS) substrate which works as a current collector and left over-

night at ambient temperature, pursue by 50 °C/400 mmHg for 24 h. This has afforded 

working electrodes with concluding thickness of electroactive materials over SS electrode 

was achieved to 0.05 ± 0.01 mg [Scheme 1]. The electrodes were tested after 24 h of fabri-

cation. 
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Scheme 1. Coating of SS with HPC to developed working electrode. 

2.4. Material Characterization and Analysis Conditions 

SEM of the gold-coated specimens was performed on a Hitachi S 3700 N at a primary 

beam voltage of 15 kV. For this purpose, the electrodes were prepared via the above-men-

tioned procedure. The scales of SEM images were between 10 and 30 μm. The correspond-

ing magnifications ranged from 5.5 to 1.0 k×. TG-DTA-DTG was performed on an EXSTAR 

TG 6300 with sample weight ranging from 2.16 to 6.64 mg under N2 at the rate of 30 mL 

min−1 from ∼20 to 800 °C. 

All the electrochemical characterizations were made over the electrodes prepared for 

supercapacitor applications. Electrodes were electrochemically characterized in KOH (1.0 

M) using a three-electrode cell assembly. Ag/AgCl was used as a reference electrode. Pt 

foil with a 1 cm2 area was used as a counter electrode. A commercially available SS elec-

trode served as a working electrode. Cyclic voltammetry (CV) was conducted at current 

compliance of 1mA in the range of −0.5–0.0 V at 0.1 Vs−1. All the measurements were per-

formed at room temperature. Specific capacitance (Cs) of the electroactive material was 

calculated from the voltammetric charges by the CV curve, by means of the below relation: 

Cs = qa +|qc|/2mΔV  

where qa and qc are the voltammetric charges on anodic and cathodic scans in the capac-

itive potential region (ΔV) and m being the mass of active material. 

3. Results and Discussion 

3.1. Thermal Properties 

The thermal characteristics of PIN and HPC have been investigated through simul-

taneous TG-DTA-DTG [Figure 1a,b]. The Thermal data has been expressed in terms of TG 

onset and endset, DTA and DTG peak temperatures (°C). Prior to first step decomposition, 

the weight losses in the samples may attribute to the expulsion of moisture and residual 

solvents. The weight residue (Wr) corresponding to TG was expressed as %w/w.DTA sig-

nals and rate of degradation of samples in DTG are expressed as µV and mg/min respec-

tively. The heat of fusion data revealed through DTA has been expressed in J/mg. 

PIN shows two steps decomposition. The first step decomposition was emerged cor-

responding to TG onset at 201 leaving Wr 94.9. This has been sustained with a weak DTA 
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signals at 39.3 with corresponding peak temperature at 309. DTG reveals the decomposi-

tion of PIN at the rate of 0.16 with peak temperature at 245. The second step decomposi-

tion of PIN was appeared at 398 leaving Wr 69.3.This has been supported with an intense 

DTA signal at 0.46 × 10−3 with peak temperature 452 and the DTG peak temperature at 428 

with rate of degradation 2.40 × 103.The heat of fusion of PIN corresponding second step of 

decompositions was 7.69 [18–20] [Figure 1a]. 

The HPC derived through modification of PIN with Hb at (1%, w/w) shows two step 

decomposition. The first step decomposition of was appeared corresponding to TG onset 

at 207 leaving Wr 95.0. This has been supported with a broad DTA signal ranging 21.5 to 

42.4 with corresponding at peak temperature ranging 280 to 323. DTG reveals the decom-

position at the rate of 0.17 with peak temperature at 256. The second step disintegration 

of HPC was appeared at 411 leaving Wr 63.2.This has been sustained with an intense DTA 

signal at 404.3 at peak temperature 461 and the DTG peak temperature at 434 with rate of 

degradation 2.43.The endset temperature of decomposition was appeared at 456 with Wr 

4.2.The heat of fusion of HPC corresponding second step of decomposition was 4.66 [Fig-

ure 1b]. Thus, due to the existence of Hb, the HPC was liable for high-thermal stability 

distinguishes with the PIN. 

  
(a) (b) 

Figure 1. TG–DTA–DTG curves of (a) PIN (b) HPC. 

3.2. Cyclic Voltammetry 

The electrochemical performance of PIN and respective HPC electrodes synthesized 

at Hb concentrations 1% (w/w) has been investigated for electrochemical supercapacitors. 

The materials correspond to CV curves close to a rectangular contour in the voltage range 

of −0.5–0.0 V at scan rates of 0.01Vs−1 in 1.0 M KOH and there is no current peak source by 

a redox reaction, demonstrating a typical capacitive behaviour with good charge propa-

gation of these materials. PIN and respective HPC (1%), the Cs (Fg−1) of electrodes has 

been 21.60 and 39.40 respectively [Figure 2a] [9,21]. The sturdy escalation in specific ca-

pacitance with mounting fraction of Hb in the matrix of the polymer was monitored in 

the HPC. Electrochemical studies on PIN and HPC confer exhilarating outcomes which 

reveal that HPC is capable material for preparation and its growth as a material for energy 

storage devices. 

The EIS spectra were represented through Nyquist plot to study the stability or any 

loss in the protective properties of the coating over the SS surface in KOH (1.0 M). It exe-

cutes to establish the parameters for electron transfer reactions at the interface of the 
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working electrode. EIS spectra of PIN and HPC (1% w/w) were considered in the fre-

quency ranges from 0.1 to1000 Hz with pulse amplitude of 0.03 mV. Nyquist diagram for 

the PIN and HPC1% electrodes are shown in [Figure 2b]. The electrodes contain two parts, 

one is linear part at low frequency region and another illustrates quasi semicircle in the 

high frequency region. The electrolyte resistance (Rs), can be instigate from the half circle 

interception point on the real axis while the charge transfer resistance (Rct), was analysed 

by measuring the scale of the diameter of semicircle on the electrode surface. PIN exem-

plifies elevated impedance values distinguish with those achieved for the HPC. The 

curves for HPC also showed a divergence in slope from a erect location in relative to PIN, 

which is attribute to the low Rct values and may be assigned to the high mobility and 

porosity within the electrodes. This maintains electronic transfer in the HPC, thus signif-

icantly dipping the Rct value, making it further capacitive. The augment in electron 

transport in HPC is probably the charge transfer between Hb and PIN. Due to the enor-

mous surface area of Hb, may provide as connecting PIN and results in higher conductiv-

ity, thus lowering the Rct values obtained for HPC. The Rs and Rct for HPC is less than 

the PIN, which conclude that HPC is vastly conductive as well as moderately stable as an 

electrode material [22,23]. 

 
 

Figure 2. CV of (a) PIN (red) and (b) HPC((1% black) at scan rate (VS−1) with reference to Ag/AgCl 

and Nyquist plot of PIN (red) and HPC (1% black) in KOH. 

3.3. Corrosion Analysis 

The corrosion protective performance of PIN and HPC over the SS substrates in a 1.0 

M KOH solution was investigated as a function of immersion time through Potentiody-

namic Polarization measurements 

3.3.1. Potentiodynamic Polarization Measurements 

The extent of corrosion inhibition ability of PIN and HPC coatings deposited over SS 

substrate has been investigated through the Tafel plot. The electrochemical data has been 

presented in terms of Ecorr (V), Icorr (Acm−2) and CR (mm year−1) under potentiodynamic 

conditions from −1.0V to 1.0V, 0.1Vs−1 at room temperature. The more negative Ecorr and 

the larger Icorr usually correspond to faster corrosion rates while the more positive Ecorr 

and the smaller Icorr mean a slower corrosion process. Extrapolation of anodic and ca-

thodic tafel lines is one of the most popular DC techniques for charge transfer controlled 

reactions estimating the corrosion rate [24]. It was observed from the polarization curve, 

the bare stainless steel (SS) electrode shows Ecorr −1.27 V and Icorr 1.90 × 10−4 (Acm−2) 

which corresponds to faster corrosion rate.The PIN coating shows the Ecorr −0.77 V and 
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Icorr 1.19 × 10−4 (Acm−2) compared to HPC shows a more positive shift ranging Ecorr −0.63 V 

and decreased Icorr 1.85 × 10−5 (Acm−2) at scan rate 0.1 Vs−1 . Thus, the comparative results of 

SS, PIN and HPC shows in Table 1. The HPC exhibited the good anticorrosion activity as com-

pared to PIN [25,26]. 

Table 1. Corrosion parameters (Ecorr, Icorr, Rp, CR) obtained from Tafel plots of bare SS electrode, 

PIN and HPC(1%). 

Substrate  Ecorr (V)  Icorr (Acm−2)  Rp (Ohm)  CR (mm yr−1)  

Stainless Steel (SS) 

PIN  

HPC(1%)  

−1.27  

−0.77  

−0.63  

1.90 × 10−4  

1.19 × 10−4  

1.82 × 10−5  

1.22 × 10−2  

6.48 × 10−2  

1.28 × 104  

6.219  

0.389  

0.059  

 

 

Figure 3. Tafel plot @0.1(a) stainless steel (blue), (b) PIN (green) and (c) HPC(red) (1%) in KOH. 

3.3.2. Microstructure 

In order to have further insight into the effect of Hb on the stability, the SEM images 

has been recorded before and after polarization experiments [Figure 4]. All SEM investi-

gations have been conducted over the supercapacitors electrodes fabricated according to 

the procedure reported. The electrode derived from PIN shows granular morphology. The 

morphology of HPC electrode was maintaining to rod shape even in presence of Hb 

emerged into flaky morphology [27]. 

However, the SEM images of the electrodes derived from PIN and representative 

HPC indicate significant changes in the morphology after the polarization experiments. 

Pits were clearly seen in the PIN electrode. The flaky morphology of HPC was changed 

from rod shaped to phase separated morphology, there is no pitting corrosion at the sur-

face but swelling occurs with no sign of degradation. This is a usual phenomenon of the 

delaminating of coating of polymer observed under polarization experiments. The results 

suggest that the incorporation of Hb improves the corrosion protective performance of 

the coatings over their underlying substrates in the KOH. 
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Figure 4. SEM images of (a) PIN and (b) HPC before recording polarization experiment (c) PIN and 

(d) HPC SEM images after recording polarization experiment in KOH. 

4. Conclusions 

Development of HPC for supercapacitor electrodes were through CTAB (1.15 g, 3.50 

× 10−3 mol/dL) assisted dilute solution polymerization of IN (0.12 mol/dL) in presence of 

FeCl3 (30 mL, 1.85 × 10−2 mol/dL) at concentration of Hb(1%, w/w) at 30 ± 1 °C over 24 h. 

The formation of HPC was ascertained through SEM and TG–DTA–DTG analysis. From 

thermal analysis, PIN and HPC shows two step decompositions which onset from 201 to 

398 °C and 207 to 411 °C. Hence, it can be concluded that incorporation of Hb in PIN stead-

ily increases its thermal stability. PIN and respective HPC (1%), the Cs (Fg−1) of electrodes 

has been 21.60 and 39.40 respectively. The rise in specific capacitance with incorporation 

of Hb in the matrix of the PIN was examined in the HPC. The Rs and Rct for HPC is less 

than the PIN, which conclude that HPC is immensely conductive as well as judiciously 

stable as an electrode material. PIN and HPC shows granular and rod shape morphology 

which changes to phase separated morphology. Thus SEM based observations indicate 

that after the polarization experiments; the surface of the electrodes has been tarnished 

but the incorporation of Hb improves the corrosion protective performance of HPC coat-

ing. Present finding has been made and open new avenues for the fabrication of a new 

generation of supercapacitors. 
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