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Abstract

:

Polypyrrole films are commonly prepared as conductive electrode surfaces for a variety of applications. Recently, there has been increasing interest in improving the adhesive properties and biocompatibility of polypyrrole electrodes via the incorporation of bioinspired polydopamine within the polymer scaffold. However, very little is currently known about the structural effects of polydopamine incorporation during the electropolymerisation of hybrid films. In this work, we combine electrochemical quartz crystal microbalance studies, fundamental electrochemical characterisation, atomic force microscopy, and a suite of spectroscopic techniques in order to correlate changes in the structure and performance of polypyrrole–polydopamine films to the structural modifications of the nanostructure induced by polydopamine incorporation. The results indicate that polydopamine incorporation greatly increases the rate of hybrid film deposition, as well as improving adhesion, surface homogeneity, and wettability, with no compromise in charge transfer properties. Polydopamine incorporation is strongly suggested to occur in non-connected domains within a predominantly polypyrrole-like scaffold. We propose a two-step model of co-polymerisation and the subsequent surface adhesion of hybrid films. Results are expected to be of broad general interest to researchers utilizing polypyrrole and polydopamine to prepare tailor-made electrodes for biosensing and catalysis.
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1. Introduction


Polypyrrole (PPY) is the best-investigated poly-heterocyclic polymer owing to its low cost, ease of preparation and modification, and unique semiconducting/metallic properties [1,2]. PPY has been applied in a vast array of applications in biocompatible coatings [3,4], flexible supercapacitors [5,6], and biosensors [7,8], and as carbon support materials in fuel cell devices [9,10]. Recently, several groups have explored the co-deposition of PPY films with dopamine (DA) to form polydopamine (PDA) in order to impart favourable properties such as biocompatibility [11] and greater adhesion across a variety of substrates [12]. PDA is a well-known bioinspired material which, like PPY, is facile to deposit and has been proposed for myriad applications in domains ranging from biotechnology to energy [13,14,15,16,17]. The structure of PDA is highly complex, but is generally thought to comprise subunits rich in (poly)catecholamines, (poly)dopaminequinone, and (poly)dopaminechrome-like subunits [13]. Scheme 1 summarises monomeric and polymeric species relevant to this work.



Research in hybrid polypyrrole–polydopamine (PPY-PDA) films has to date been largely phenomenological in nature, i.e., PPY-PDA films have been prepared using different ratios of each monomer and the performance of the resulting materials has been characterised in the context of improved adhesion [18] or biocompatibility [11]. However, to our knowledge, a systematic evaluation of the nature of PDA incorporation on the nanostructure of PPY has not been carried out, despite the great potential of these hybrid materials as tunable electrode materials with tailored electrochemical and interfacial properties.



In this work, we prepared PPY-PDA hybrid films in neutral pH buffer via electrodeposition on a variety of electrode surfaces and characterized them using a suite of physicochemical and spectroscopic techniques. Neutral pH was chosen as a mild, biocompatible condition under which electroless polymerisation of PDA due to O2 oxidation and subsequent cyclisation reactions should still be limited. We showed via in situ electrochemical quartz crystal microbalance (eQCM) measurements that the presence of DA during electrodeposition greatly enhances the growth rate of hybrid PPY-PDA films, even at lower applied electrode potentials. Spontaneous deposition of PDA under our chosen experimental conditions was also ruled out using these methods, suggesting that the enhanced growth rate of PPY-PDA should instead be attributed to the incorporation of PDA or PDA-like regions into the growing PPY film. Unlike PDA films which are well known to block electrodes against charge transfer, PPY-PDA films were found to remain conductive with similar charge-transfer kinetics to hexacyanoferrate(III) as a test redox probe. Atomic force microscopy studies of each film show that PDA incorporation results in a more homogeneous surface than PPY alone, with no evidence of large agglomerates of deposited material. Contact angle analysis of each surface also shows improved wettability for PPY-PDA, which may be attributed both to the surface structure and the presence of abundant C-O groups from catechol-like moieties introduced into the PDA-like domains of the hybrid film.



To explain these properties of PPY-PDA films, we demonstrate through a combination of X-ray photoelectron spectroscopy (XPS), and other spectroscopic techniques including FTIR, Raman, and UV–visible spectroscopy, that these hybrid PPY-PDA films show a predominantly PPY-like character, with modifications in the nanostructure of the polymer introduced by PDA. PDA incorporation as a minor component during electropolymerisation preserves the overall bulk optoelectronic properties of PPY, preserving its charge transfer properties and optical band gap relative to pure PPY films. We propose a simple 2-step model for PPY-PDA electrodeposition which involves the initial formation of PDA oligomeric building blocks, such as polycatecholamines and polydopaminechrome, which in turn serve as abundant cross-linking sites for the developing PPY scaffold. In this way, favourable adhesive and morphological aspects of PDA films are imparted to the PPY film without compromising its conductivity. Our results are of high relevance to the development of tailored electrode surfaces for applications in catalysis, biosensing, and biotechnology.




2. Materials and Methods


2.1. Chemicals and Materials


Dopamine hydrochloride (98%), potassium chloride (99.5%), sodium chloride (99%), potassium hexacyanoferrate(III) (>99%), sulphuric acid (>95%, Ultratrace), potassium hydroxide (>99.95%, trace metals basis), sodium phosphate monobasic monohydrate (>98%), and sodium phosphate dibasic (>99%) were purchased from Aldrich (Saint Quentin-Fallavier, France) and used without further purification. Pyrrole (98% reagent grade) was purchased from Aldrich (Saint Quentin-Fallavier, France), purified via distillation, and stored under Ar in aliquots in glass vials at −20 °C prior to use. Gold-coated silicon wafer (Au/Si) substrates of 10 nm in size were purchased from Merck and cut to the required dimensions using a diamond scribe prior to use.




2.2. Electrochemical and Electrochemical Quartz Crystal Microbalance Studies


Electrochemical experiments were carried out using a potentiostat (Autolab AUT50324, Metrohm, Zofingen, Switzerland) via a three-electrode setup. The reference electrode was an Ag/AgCl electrode (saturated KCl, +197 mV vs. SHE). Graphite rods were used as counter electrodes and a separate counter was used for experiments with PPY and those using PDA to avoid possible cross-contamination due to dopamine intercalation at the graphitised carbon interface [19]. Working electrodes were either glassy carbon or gold disc electrodes (0.196 cm2 working area), Au deposited on silicon (Au/Si, 1.0 cm2 working area), or ITO glass electrodes (1.0 cm2 working area) with contacts fabricated in-house and a working area limited using Teflon® tape. In the case of eQCM studies, a QCM (Seiko EG&G QCM922A, Seiko, Toyko, Japan) was used along with gold-coated quartz crystal microbalance chips (QA-A9M-AU(M)-25, 9.14 MHz frequency), which were connected externally as working electrodes to the potentiostat.




2.3. Preparation of PPY, PDA and PPY-PDA Films


PPY films were deposited via cyclic voltammetry in the potential window 0 to 0.8 V vs. Ag/AgCl (KCl sat) or potentiostatically with a fixed potential of +0.85 V vs. Ag/AgCl (KCl sat). PDA films were deposited using cyclic voltammetry between −0.8 V and +0.8 V vs. Ag/AgCl (KCl sat) at scan rate of 50 mV s−1. In all cases, the electrolyte was composed of PBS at pH 7 unless otherwise specified. Solutions were prepared by dissolving dopamine hydrochloride in buffer before adding the required quantity of PY to a final concentration of 150 mM and vortexing to homogenise. The solutions were then degassed for 20 min using Ar and a blanket of Ar gas was retained over the electrolyte throughout the experiment. The DA/PY mole ratio was always kept at 20% as this value was found to produce PPY-PDA films with excellent adhesive properties on a variety of electrode surfaces (vide infra). The post-deposition electrochemical characterisation of films was carried out in solutions of 5 mM potassium hexacyanoferrate(III) in 0.5 M KCl in the potential range of −0.2 to +0.6 V vs. Ag/AgCl (KCl sat) at a scan rate of 10 mV·s−1.




2.4. Characterisation of PPY, PDA and PPY-PDA Films


Atomic force microscopy (AFM) measurements were carried out in tapping mode using an AFM (Ntegra, NT-MDT, Paris, France) with NSG03 tips with a resonant frequency of 47–150 kHz. Images were analysed using open-source software (Gwyddion® version 2.65) using the following data processing operations: level data by mean plane subtraction, shift mean value to zero, and correct horizontal scars (strokes). Profilometry was carried out on PPY and PPY-PDA films using a profilometer (Bruker Dektak XT, Bruker, Palaiseau, France). Films were deposited on Au/Si or ITO glass with the deposition area defined via PTFE tape. Step-edge measurements across a lateral distance of 0.5 mm were used to estimate the thickness of deposited films. FTIR spectra of films on Au/Si substrates were taken using a spectrometer (Vertex 70®, Bruker, Marne-la-Vallee, France) using a resolution of 2 cm−1 and 128 scans per sample. Unmodified Au/Si electrodes were used as reference samples. Raman spectra were taken using a spectrometer (LabRAM HR Evolution, Horiba Scientific, Palaiseau, France) using a ×100 objective with a 523 nm laser. Two accumulations with acquisition times of 60 s were used for spectra in the range of 300–1800 cm−1. UV-vis measurements of films deposited on ITO glass were taken with a spectrophotometer (V-630 BIO, Jasco, Lisses, France). Water contact angles were measured in triplicate using a contact angle analyser (EasyDrop®, KRUSS, Hamburg, Germany) and analysed with open-source software (OpenDrop v3.3.1). XPS data were obtained with a spectrometer (NEXSA G2, ThermoFisher Scientific, Saint-Herblain, France) using an Al Kα X-ray source working at 1486.6 eV with a spot size of 200 µm2, as previously reported [20]. Survey spectra (0–1000 eV) were acquired with an analyzer pass energy of 200 eV (1 eV/step); high-resolution spectra used a pass energy of 50 eV (0.1 eV/step).




2.5. Estimation of Film Thicknesses from eQCM Frequency Data


Film thicknesses were estimated using the Sauerbrey equation and its related parameters, as described in reference [21]:


  ∆ f = x =   − 2   f   0   2     A    ρ   q     μ   q      Δ m  








where ∆f is the change in frequency,   Δ m   is the change in mass, f0 is the resonant frequency of the fundamental mode of the QCM chip, A is the piezoelectrically active area of the quartz crystal (0.196 cm2),     ρ   q     is the quartz crystal density (2.648 g/cm3), and     μ   q     is the shear modulus of the quartz (2.947 × 1011 g/cm·s2). Assuming a density of 1.5 g/cm3 for PPY and PPY-PDA films [22] and uniform film coverage, the film thickness was then estimated by dividing the areal mass,   Δ m / A  , by this density.





3. Results


3.1. Electrodeposition of Polydopamine-Polypyrrole Films by Cyclic Voltammetry


PPY deposition in the presence of DA was first investigated via cyclic voltammetry (CV). Typical depositions by CV on gold–silicon wafers are shown in Figure 1. PPY-only depositions (Figure 1a) show largely featureless CVs with an onset of oxidation and resulting polymerisation around 0.75 V vs. Ag/AgCl on the first scan, with both Faradaic and capacitive currents increasing on subsequent scans as the deposited PPY film grows. CVs of PPY-PDA films (Figure 1b) show a series of redox peaks in the range between −0.4 to +0.4 V, as well as an earlier onset for oxidative polymerisation at ca. 0.5 V. The redox peaks appear in a similar potential range to those observed for pure polydopamine electropolymerisation by cyclic voltammetry in the range −0.8 V to +0.8 V vs. Ag/AgCl (KCl sat) (Supporting Information Figure S1a) and this can be ascribed to dopamine/dopaminequinone oxidation. Previously, dopamine has been observed to lower the apparent onset potential of electrodeposition and improve the adhesive properties of the resulting films, even when present in molar ratios of DA:PY as low as 10% [12]. Here, we observed that PPY-PDA film deposition was more facile (i.e., more rapid, with the coating deposition initiated at lower applied potentials) and produced uniform and coherent coatings on a range of substrates, including indium-tin oxide (ITO) glass (Figure S2a, with voltammetry studies presented in Figure S3), gold (Figure S2b), and glassy carbon (GC, vide infra). These experiments led us to conclude that DA incorporation is a robust strategy for preparing conductive and redox-active electrode surfaces on a variety of electrode surfaces.




3.2. Electrochemical Quartz Crystal Microbalance (eQCM) Studies of PPY-PDA Deposition


We next focused on the deposition of PPY-PDA films using the eQCM technique to follow the thickness of the deposited films by monitoring the mass deposited at the QCM surface as a function of fixed applied potential. Gold QCM chips (Seiko®) were utilised in these studies. Based on the CV results, an applied potential of 0.85 V vs. Ag/AgCl (KCl, sat) was chosen. Figure 2a shows a typical plot of the relative frequency shift over time for a gold chip modified with PPY-PDA. The chip surface was held at the open circuit potential (OCP) during equilibration before applying the voltage of 0.85 V. The resulting frequency shift was converted into an estimated film thickness (Figure 2b), as described in the methods section. These estimates were found to be broadly consistent with values derived from step profilometry of the deposited films (Figure S4). Assuming uniform thin-film deposition, PPY-PDA films were found to produce an average film thickness of more than twice that of pure PPY films deposited under identical conditions. This additional thickness was confirmed to be related to the extent of electropolymerisation by monitoring the charge passed (0.3 vs. 0.17 C cm−2 for PPY-PDA vs. PPY) during the potentiostatic step (Figure 2c). By repeating this experiment at least three times (full frequency traces are presented in the Supporting Information, Figure S3), the average growth rate in nm/s was estimated to be 5 ± 1 nm/s for PPY compared to 12 ± 2 nm/s for PPY-PDA (Figure 2d).



This significant enhancement in growth rate cannot be attributed to PDA deposition, as DA was found to electropolymerize slowly to produce films with a maximum of 1–2 nm diameter via cyclic voltammetry (Figure S1b). PDA auto-oxidation and electroless deposition due to intramolecular cyclisation reactions, producing dopaminechrome-like subunits (Scheme 1), can also be ruled out here as the pH remained neutral (pH 7) rather than showing the typical basic values required for spontaneous PDA formation [23]; moreover, no frequency shift due to PDA deposition is evident in Figure 1a or Figure S5 when the eQCM surface is kept at the OCP. We therefore conclude that the more rapid film deposition of PPY-PDA is due to the cooperative co-deposition of PDA within the PPY framework, resulting in a more rapid growth rate than either monomer achieves separately.




3.3. Electrochemical Performance of PPY-PDA Coatings


While PDA films are known to have favourable biocompatibility and adhesive properties, pure PDA coatings are insulating and show a deterioration in charge transfer properties as the deposition thickness increases (Figure S1a). The incorporation of PDA into conductive PPY was therefore investigated as a strategy to prepare carbon-based electrodes with favourable charge transfer properties. Figure 3a shows voltammograms in a solution of 0.5 M KCl with 5 mM potassium hexacyanoferrate(III) (ferricyanide) on glassy carbon (GC) and GC modified with a 2 nm layer of PDA. Charge transfer to ferricyanide is totally inhibited by the PDA coating. By contrast, in Figure 3b, PPY-PDA coatings as thick as 600 nm show essentially unchanged peak-to-peak separation, ΔEp, despite the larger capacitive background current evident in the voltammograms. PPY-PDA coatings are therefore viable high-capacitance electrodes, incorporating some of the favourable properties of PDA without compromising interfacial charge transfer properties.




3.4. Morphology and Roughness of PPY and PPY-PDA Films by AFM and Water Contact Angle Measurements


The effects of PDA incorporation into the morphological and PPY-PDA films were investigated using a combination of AFM imaging and water contact angle measurements. The results are reported in Figure 4 and Table 1. Water contact angles for PPY and PDA between 45° and 55° on Au substrates are broadly consistent with previous reports [24]. However, significantly lower contact angles of around 21° were found for PPY-PDA films. This suggests significantly different surface free energy properties for the mixed films compared to pure PPY or PDA films.



AFM measurements on PPY (Figure 4a) show the presence of considerable agglomerates in the films, which have the effect of greatly increasing the RMS roughness (ca. 5 nm compared to 1.7 nm for the Au substrate). PDA films (Figure 4b) are considerably smoother (2.4 nm), but also show localised regions of agglomeration in the height profile. Only PPY-PDA (Figure 4c) shows a relatively homogeneous surface profile with a roughness value (3.2 nm) intermediate between that of pure PPY and PDA. Co-deposition of PDA within PPY therefore has the effects of both improving the film homogeneity and increasing hydrophilicity, both of which are important for application as electrodes.




3.5. Spectroscopic Characterisation of PPY and PPY-PDA Films


PPY and PPY-PDA films were characterised using a combination of FTIR (Figure 5a) and Raman spectroscopy (Figure 5b). Notable FTIR peaks include those at 1745 and 1700 cm−1, which are assigned to C-C=O and N-C=O species [25]. Peaks at 1535 and 1470 cm−1 are attributed to C=C and C-N [26], as is the peak at 1286 cm−1. A clear peak at 1354 cm−1 is present only in the PPY-PDA sample and is characteristic of indole C-N-C stretching modes, proving their presence in PPY-PDA [23]. This is further confirmed by FTIR analysis of PDA (Figure S6), which has similar peaks in the region between 1500–1200 cm−1 assigned to both C-O and C-N groups [27].



The Raman spectra support the notion that PPY and PPY-PDA films show a strongly ‘PPY-like’ structure, with modifications introduced by the presence of polydopamine-related structures in the scaffold. Most notably, the 1584 cm−1 main peak is associated with C-C intercycle stretching and strongly correlated to the oxidation state of the polymer [28]. Peaks at 1375 cm−1 are due to bipolaron ring stretching, while those at 1328 cm−1 are due to polaron ring stretching, with similar attributions for peaks at 975 and 930 cm−1 [29]. By contrast, the 1548 cm−1 shoulder peak is only observed in PPY-PDA and this may be due to increasing levels of C=N in PPY-PDA due to the presence of PDA products [17].



The incorporation of PDA into PPY resulted in significant chemical modifications of the carbon film scaffold. These modifications were followed via XPS studies of PDA, PPY, and PDA deposited onto gold electrodes. Results are summarised in Figure 6 and Figure S7. For PDA, the main contributions to the C 1s envelope (Figure 6a) are CHx/C-NH2 centred at 284.8 eV, C-O and C-N at 286 eV, C=O and C=N at 287.5 eV, O-C=O at 288.6 eV, and a π-π* shake-up peak around 291 eV, consistent with previously reported studies of PDA via XPS [13,30]. In Figure 6b, the N 1s envelope comprises tertiary or aromatic, secondary, and primary amines at 398, 400.2, and 402.9 eV, respectively. The predominance of secondary amines is consistent with a mature PDA coating, wherein the majority of primary amines (e.g., present as polycatecholamines or DA monomers) participate in cyclisation reactions to form oligomers of dopaminechrome, some of which undergo aromatisation to yield imine-type products [13]. The N/C ratio (0.12) is also close to the expected value (~0.1) for PDA. O 1s deconvolution (Figure 6c) yielded a majority of C-O contributions from catechols at 533 eV and C=O from quinones at 531.4 eV.



Next, we characterised pure PPY films, in which the C 1s spectrum (Figure 6d) showed most of the same higher energy contributions above 285 eV as found for PDA, consistent with the fact the PPY films were left exposed to air prior to analysis and hence subject to passive oxidation [25]. In contrast to PDA, peaks at 284.9 and 284.0 were associated with the α and β carbons of polypyrrole, respectively. For the N 1s spectrum (Figure 6e), =N-C and C-NH-C species were also evident at 398 and 400 eV, while a higher binding energy peak centred at 401 eV was associated with N+ species (polarons and bipolarons) [25,31]. Unlike pure PDA, the O 1s spectrum (Figure 6f) was predominantly (ca. 50%) O=C around 532 eV, with O-C at 533.3 eV and Oads at 536 eV [30]. Considering the presence of sulphur in the survey spectrum (Figure S7), the remaining O 1s peak at 530.8 eV arose from the incorporation of sulphates into deposited PPY due to H2SO4 encountered in the electrolyte during deposition [31].



Considering the assignments of PDA and PPY, mixed PPY-PDA spectra in Figure 6g–i have peaks associated to both polymers, with predominantly PPY contributions. The full assignment (Table 2) has numerous ambiguities due to spectral overlap, but several notable peaks in each spectrum can be interpreted as arising from the presence of PDA and dopamine-related subunits in the mixed film. For instance, while it is difficult to differentiate peaks in the C 1s spectrum (Figure 6g) between 284–285 eV between CHx/C-NH2 of PDA and the α and β carbons of PPY, a higher contribution associated to O-C=O and similar species at 289 eV is clearly evident when comparing results to those in Figure 6d,g, which may be due to additional contributions of these species from PDA within the PPY-PDA scaffold.



The presence of PDA is most evident in the PPY-PDA O 1s spectrum in Figure 6i, in which O-C contributions at 533.2 eV now predominate over O=C as the major chemical species. This enhancement of O-C contributions is consistent with the abundant catechols associated with the presence of PDA within the mixed film and cannot only be associated with the oxidation of PPY, as this yields mostly O=C type species as evidenced in Figure 6f. We thus conclude that XPS data for PPY-PDA films are consistent with a PPY-like scaffold, with minor but significant contributions related to polymerised dopamine subunits.




3.6. Optoelectronic Properties of PPY and PPY-PDA Films


XPS provides invaluable information on the surface chemical properties of the PPY and PPY-PDA films, but it is also important to understand how bulk electrode properties are affected by the co-incorporation of PDA. Electrodes prepared from PPY and related conjugated polymer films often have their optical properties characterised by the optical (Tauc) gap [32,33]. The Tauc formulation relates the band gap of a semiconductor material to its absorption coefficient, according to the Tauc equation [34]:


(α·hν)n = K(hν − Eg)








where α is the absorption coefficient, hν is the photon energy, and Eg is the band gap. The exponent n varies according to the type of transition: n = ½ describes direct transitions, while n = 2 describes allowed indirect transitions and is more regularly applied to PPY and related materials [35,36]. Absorbance spectra for PPY-PDA and PPY films deposited on ITO are shown in Figure 7a. These data were used to derive α values according to


α = 2.303 A/t








with A the absorbance and t the film thickness. The resulting Tauc plots for PPY (Figure 7a) and PPY-PDA (Figure 7b) yielded optical gaps of ca. 2.1 eV for both PPY and PPY-PDA. These values are consistent with previous reports [36] and suggest that PDA incorporation into PPY films does not dramatically alter the bulk optoelectronic properties of the deposited films.





4. Discussion and Conclusions


PDA has previously been observed to improve the adhesive properties of electrodeposited PPY films and to increase the apparent rate of film electrodeposition. Here, we have for the first time systematically and quantitatively investigated the effects of the presence of PDA in solution during PPY electrodeposition, using a combination of spectroscopic methods, electrochemical analysis, electrochemical quartz crystal microbalance studies, and morphological analysis via AFM. The introduction of PDA as a minor component during PPY electrodeposition both lowers the required potential for significant electropolymerisation to occur and more than doubles the growth rate of the resulting films during potentiostatic deposition, as evidenced by eQCM studies.



The characterisation of the resulting films by XPS, FTIR, Raman, and UV-vis spectroscopy proves that the films have a predominant ‘PPY-like’ character, with no noted change in the observed optical (Tauc) gap serving as key evidence that the bulk structure of the films is not substantially changed by PDA incorporation. This is also consistent with the charge transfer studies of the films, which show increased capacitance compared to unmodified electrodes, but similar ∆Ep values for charge transfer to ferricyanide for both PPY and PPY-PDA. Hence, while pure PDA is a known insulator, its incorporation into PPY preserves film conductivity and bulk structure.



Taken together with the evidence of PDA-like structures in PPY-PDA from XPS, FTIR, and Raman studies, this suggests that these PDA structures (for example, derivatives of dopaminechrome oligomers [13]) are dispersed throughout a scaffold with a predominant PPY character. Considering the lower measured onset potential for dopamine oxidation and electropolymerisation (ca. 0.4 V vs. Ag/AgCl (KCl sat) at pH 7 in Figure S1) compared to the initial onset of PPY electrodeposition at potentials > 0.7 V vs. Ag/AgCl (KCl sat), we propose a simple 2-step model whereby the initial PDA oligomerisation at the electrode surface induced at lower applied potentials serve as the nuclei for rapid PPY electropolymerisation and precipitation. This model is consistent with models of PDA formation, which have an initial nucleation of oligomers in solution [37], and would explain why such films retain the characteristic adhesiveness of PDA across all electrode surfaces tested without resulting in the development of an extensive non-conductive PDA film. Importantly, as auto-oxidation and polymerisation of dopamine was ruled out under our experimental conditions (Figure 2a), the resulting PPY-PDA film growth was determined only via the applied potential.



Finally, PDA incorporation significantly alters the morphology of PPY-PDA compared to ‘pure’ films, as evident in AFM studies (Figure 3). The roughness of PPY-PDA is intermediate between that of PPY and PDA only, and the film surface is evidently more homogeneous with no large agglomerates of material as displayed by PPY only (Figure 3a). Considering the evidence of PDA-like domains in the material from spectroscopic data, these data suggest a PPY-like structure peppered with frequent (but not necessarily interconnected) PDA regions, which in turn alters the morphology of the material while preserving its predominant PPY character. This morphology, as well as the presence of abundant catechol groups (evidenced by XPS, Figure 3), may explain the lower water contact angle of PPY-PDA compared to either pure film.



PDA incorporation into PPY is therefore a viable strategy for universal conductive film growth across any conductive surface, while also allowing researchers to retain control of interfacial properties and surface chemistry, both of which are key for tuning biocompatibility and redox properties.
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Scheme 1. Illustration of relevant monomeric and polymeric species in PPY-PDA film formation. 
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Figure 1. Cyclic voltammograms for solutions of (a) 150 mM PPY and (b) 150 mM PPY with 30 mM DA in PBS 7. The inset shows the presence of peaks in the region between −0.4 and 0.4 V vs. Ag/AgCl (KCl sat). Scan rate: 50 mV·s−1. 
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Figure 2. (a) Example frequency/time response of an eQCM chip in the presence of PY/DA solution at pH 7. The chip was first poised at the open circuit potential (OCP) prior to potentiostatic electropolymerisation steps at E = 0.85 V vs. Ag/AgCl (KCl sat). The drop in resonant frequency with each step indicates the deposition of mass at the chip surface due to PPY-PDA film growth. (b) shows estimated film thicknesses following PPY and PPY-PDA deposition with identical step potentials and deposition times. The film growth is consistent with the greater charge passed for PPY-PDA films over the 60 s deposition, as shown in part (c). (d) Average estimated growth rates in nm/s for PPY and PPY-PDA films for at least 3 step potentials in each case. 
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Figure 3. (a) Cyclic voltammograms in 5 mM potassium hexacyanoferrate(III) (ferricyanide) + 0.5 M KCl for glassy carbon (grey curve) and GC with a PDA coating. As PDA is insulating, the electrode is totally blocked for charge transfer after deposition of ca. 2 nm of PDA. (b) shows voltammograms in identical solutions for GC coated with PPY-PDA of different estimated film thicknesses. While the film capacitance increases with thicker coatings, charge transfer to ferricyanide remains unchanged, indicating that these coatings are non-insulating. GC and GC/PDA data from (a) are repeated in (b) to serve as a comparison. Scan rate: 10 mV·s−1. 
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Figure 4. Water contact angle and AFM characterisation of (a) PPY, (b) PDA and (c) PPY-PDA coatings deposited on planar Au/Si electrodes. 
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Figure 5. FTIR (a) and Raman (532 nm laser) spectra (b) of PPY and PPY-PDA films deposited on Au/Si substrates. 
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Figure 6. Deconvoluted XPS spectra for PDA (a–c), PPY (d–f) and PPY-PDA (g–i). C 1s spectra are presented in the leftmost column, N 1s spectra in the central column, and O 1s in the rightmost column of the figure. 
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Figure 7. (a) UV-vis spectra of PPY and PPY-PDA deposited on ITO electrodes. Tauc plots for (b) PPY and (c) PPY-PDA derived from absorbance data. The Tauc gap was estimated by the line of best fit to the linear region of the plots extrapolated to the x-axis (black lines). 
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Table 1. RMS Roughness values for PPY, PDA and PPY-PDA deposited on Au/Si electrodes. Values reported are mean ± 95% confidence interval.
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	Sample
	Au
	PPY
	PDA
	PPY-PDA





	Roughness/nm
	1.7 ± 0.2
	4.9 ± 0.9
	2.4 ± 0.7
	3.2 ± 0.1



	Water Contact Angle/°
	>90
	45 ± 1
	54 ± 5
	21.3 ± 0.9










 





Table 2. XPS peak assignments for PDA, PPY and PPY-PDA samples.
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C 1s

	

	

	
N 1s

	

	

	
O 1s

	




	
Sample

	
Contribution

	
Position

	
At.%

	
Contribution

	
Position

	
At.%

	
Contribution

	
Position

	
At.%






	
PDA

	
CHx

	
284.8

	
43.81

	
R3N/Ar-N

	
397.8

	
10.86

	
C=O

	
531.36

	
12.19




	

	
C-O/C-N

	
285.9

	
35.65

	
R2N-H

	
400.2

	
77.06

	
C-O

	
533.09

	
87.81




	

	
C=O/C=N

	
287.5

	
10.26

	
RNH2

	
402.9

	
12.08

	

	

	




	

	
O-C=O

	
288.6

	
6.9

	

	

	

	

	

	




	

	
π-π*

	
290.8

	
3.37

	

	

	

	

	

	




	
PPY

	
Cβ

	
283.9

	
24.05

	
=N-C

	
398.1

	
6.75

	
SO42-

	
530.79

	
22.11




	

	
Cα

	
284.9

	
29.65

	
C-NH-C

	
399.7

	
50.12

	
C=O

	
531.99

	
52




	

	
C-O and C-N

	
285.8

	
24.67

	
C-NH-C

	
400.3

	
18.65

	
C-O

	
533.32

	
23.45




	

	
C=O and C=N

	
287.4

	
11.56

	
Polaron/Bipolaron

	
401.2

	
21.66

	
Oads

	
536

	
2.44




	

	
O-C=O

	
288.9

	
5.12

	

	
403.4

	
2.82

	

	

	




	

	
π-π*

	
291.1

	
4.95

	

	

	

	

	

	




	
PPY-PDA

	
CHx/Cβ

	
283.9

	
15.61

	
=N-C

	
398

	
4.33

	
SO42-

	
530.84

	
29.16




	

	
Cα

	
285.1

	
51.19

	
C-NH-C

	
399.7

	
64.77

	
C=O

	
531.96

	
22.3




	

	
C-O/C-N

	
286.4

	
20.4

	
Polaron/Bipolaron

	
401.2

	
25.13

	
C-O

	
533.14

	
44.26




	

	
C=O/C=N

	
288.0

	
3.89

	

	
403.5

	
5.77

	
Oads

	
535.69

	
4.27




	

	
O-C=O

	
289.3

	
5.06

	

	

	

	

	

	




	

	
π-π*

	
291.2

	
3.85
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