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Graphene-based composites are promising materials for supercapacitors due to the high specific surface area and electrical conductivity of graphene. Reduction of graphene oxide (GO) is a practical approach to obtain graphene-like material but it suffers from the re-stacking of the graphene sheets. Herein, a two-dimensional composite electrode based on electrochemically reduced GO (ERGO) and polydopamine (PDA) is reported where the PDA is used as a "bioinspired chemical insert" to tackle with the restacking issue of graphene layers. This green and facile electrochemical fabrication method starts from the electro-reduction of GO followed by the electro-oxidation of dopamine (DA), present in the same electrolyte, by a simple switch between a cathodic to an anodic potential. The optimized ERGO-PDA composite electrode possesses combined features of excellent capacitive behavior, with a relaxation time (0) of 0.88 s, high gravimetric and volumetric capacitances (178 F•g -1 and 297 F•cm -3 , respectively, at 10 mV•s -1 ) and finally an excellent cycling stability at 100 to 2000 mV•s -1 , at least for 30000 cycles. DA electropolymerization yield monitored by quartz crystal microbalance and X-ray diffraction measurements demonstrate that PDA is formed between the graphene sheets which prevents the sheets from restacking and facilitate species diffusion inside the composite leading to a volumetric energy density of 8.6 mWh•cm -3 for a power density of 7.8 W•cm -3 . Additionally, the electrochemical quartz crystal microbalance demonstrates a dominant cationic charge compensation and a very efficient interfacial transfer characteristics since a totally reversible mass response during charge/discharge was observed for the optimized ERGO-PDA electrode.

INTRODUCTION

The development of miniaturized electrochemical storage systems has garnered increasing attention due to several potential applications as power sources in small-scale electronic devices such as wearable medical systems, wireless sensors, micro-electromechanical devices, and micro-robots. 1-3 The micro-electrochemical storage devices combine the unique benefits of controllable size and shape, lightweight and flexibility with great electrochemical performances and provide multifunctionality, high efficiency and adaptability for diverse energy storage systems. Currently, the majority of the micro-devices is based on batteries to provide the required energy and power. Despite having a high energy density, the low power density and the limited lifetime of batteries restrict their use for systems that demand high current pulses. 4-5 Different from the batteries, the electrochemical double layer capacitor (EDLC) possesses a greater power density with rapid charging/discharging capability due to the electrochemical storage of charges through fast and reversible electrostatic attraction at the electrode/electrolyte interface. This type of supercapacitor has many important features such as low cost, long cycle life and high electron transport in the electrode material. 6 Among various electrode materials, 7-9 carbon is the main source of EDLC electrode. 10-12 In this class of materials, graphene with unique characteristics such as large specific surface area (2600 m 2 •g -1 ), high theoretical specific capacitance (550 F•g -1 ) and high conductivity is deemed as one of the most promising choice. 13 Various methods have been reported for synthesizing graphene such as mechanical cleavage, 14-15 epitaxial growth, 16-17 chemical vapor deposition, 18-19 electrochemical exfoliation of graphite, 20-24 and reduction of graphene oxide (GO) obtained by the chemical exfoliation of graphite. 25 Among all these approaches to achieve a graphene-like material, the most favorable route is the reduction of GO and notably the electrochemical reduction of GO that is viewed as an economic, simple, fast and environmentally friendly method with production possibility at a relatively large scale. 26-28 However, reduced graphene oxide (rGO) suffers from the small surface area due to the partial re-stacking of graphene sheets through π-π interactions. Therefore, there is a need for developping an effective and feasible route to avoid rGO re-stacking to obtain graphene-based electrodes with a high specific capacitance and a good stability. Several studies have been carried out to prevent the re-stacking of the graphene sheets. 29-35 These studies mainly focus on two strategies. The first one is to create three-dimensional monoliths with a foamed structure or graphene hydrogels having a plurality of interconnected pores. The second strategy is to pack rGO with a layered structure by combination of additional spacers based on diamines as pillars. 29-30 Herein, as an alternative to this latter approach, a bio-inspired polymer, polydopamine (PDA), which can be more pertinent for a large scale synthesis, due to its facile and green production was used and evaluated. Polydopamine, a mimic of an adhesive foot protein secreted from mussels, is a product of the (electro)oxidation of dopamine (DA) that contains hydrophilic groups such as catechol and amino groups. 36-39 The amino group is a good chelating agent for adsorbing a certain amount of metal ions and thus, has the potential of facilitating the ion transfer between the rGO sheets. Moreover, the nitrogen in PDA can enhance the wettability of the material, for example, a thin PDA coating on polyethylene lithium ion battery separator was shown to be beneficial for the electrolyte wetting, the electrolyte uptake, and the ionic conductivity. 40 PDA can not only enhance the wettability of the electrode but can also act as a composite electrode binder, 41 or as an agent that can increase the adhesion strength between the current collector and the composite electrode. 39-41 It has recently been employed in the functionalization of water dispersible graphene, providing additional pseudocapacitance to the resulting hybrid electrode without a detrimental effect on the intrinsic electrical transport properties. [START_REF] Liu | Water-Dispersed High-Quality Graphene: A Green Solution for Efficient Energy Storage Applications[END_REF] Although there are limited number of studies, these previous reports highlight the great potential of PDA as a functional coating on energy storage electrodes and separators. Motivated by these examples, the present work focuses on graphene-PDA composites as electrodes for microsupercapacitor devices with a facile and relatively environmentally benign electrode preparation. Distinct from the state-of-the-art preparations which are complex and not necessarily compatible with the large scale synthesis, our one-pot method involves the electroreduction of GO which is followed by the electro-oxidation of dopamine, present in the same electrolyte, by a simple switch between a cathodic to an anodic potential. We particularly address the rGO re-stacking issue by exploiting the PDA as a "chemical insert" between the graphene sheets but also explore the impact of PDA on the interfacial charge storage properties and the cycling performance. For providing a better understanding of the ionic transfer mechanisms occurring at the electrode/electrolyte interface, we employed electrochemical quartz crystal microbalance (EQCM) which complements the electrochemical analysis with in situ gravimetric measurements. 42-44 Under the gravimetric regime, mass and charge variations measured simultaneously during the electrode cycling allow the global mass per mole of electron (MPE) to be calculated. In the cases where only one species is exchanged, the MPE corresponds to its molar mass which provides the identification of the species exchanged at the electrode/electrolyte interface. 26,45 Here, EQCM has been used as a gravimetric probe for assessing the impact of PDA on the interfacial ion transfer behavior of electrochemically reduced GO (ERGO) thin film electrodes and corroborated to the charge storage and cycling performance properties.

RESULTS and DISCUSSION

Thin film electrode preparation. As schematically described in Figure 1, the electroreduction of GO deposited on the electrode is followed by application of an anodic potential (0.8 V vs. SCE), leading to the oxidation of dopamine (DA) molecules and to the formation of PDA. Indeed, once oxidized, DA molecules form radical cations which react to give the insoluble PDA, physically adsorbed at the surface of the working electrode and/or between the ERGO sheets. The PDA continues to grow, as long as the potential is supplied, dissolved dopamine is available and PDA film is not yet insulating. Figure S1a shows the oxidation charge of dopamine on the ERGO coated electrode and the deposited PDA mass estimated by QCM (converting the resonant frequency changes, Δf to mass variations, Δm using Equation S1) as a function of the electrooxidation time (tox). From this figure, it is clear that for tox less than 300 s, an increase in the electrooxidation time leads to a significant variation of the anodic charge and electrode mass. For tox greater than 300 s, the oxidation charge of DA and the resulting mass show relatively smaller variation with the increase in tox, suggesting the formation of a less conducting PDA polymer after 300 s. Figure S1b shows the variation of the anodic charge and electrode mass under the same conditions but on a bare Au electrode. These results are compared in Figure 2a showing the anodic charge dependence of the deposited mass during the electropolymerization of DA on ERGO and on the gold electrode of the quartz resonator. The anodic charge passed through the ERGO modified quartz crystal electrode polarized for 300 s was about 36 mC (Figure S1a and S2), three times higher than that obtained on blank Au electrode of a quartz resonator with the same geometric surface area.

For tox = 300 s, while 1.5 µg of PDA were deposited on the ERGO coated electrode only a ten times lower mass (0.14 µg) of PDA was deposited on the black quartz (Figure S1). Moreover the calculation of the yield of the DA electropolymerization reaction shows that 18 % of the oxidized DA was deposited on/in the ERGO deposit whereas only 5 % on the blank quartz. These findings support the idea that PDA is not only formed on the surface of the ERGO electrode but also between the graphene sheets, which will be further corroborated by XRD studies and XPS analyses. From here on, the electrochemical reduced graphene oxide with PDA will be denoted as ERGO-PDA.

Optimization of ERGO-PDA composite, morphological and compositional analyses.

To evaluate the effect of PDA on capacitive charge storage properties of ERGO and to find the optimized ERGO-PDA composition, the specific capacitance values were used as an indicator. Figure 2b shows the CV curves of ERGO-PDA at a selected tox (420 s). The ERGO-PDA electrode presents a quasi-rectangular shape, which indicates a major capacitive behaviour of the composite electrode. To optimize the PDA amount, electrooxidation time of DA has been varied as shown previously (Figure 2a and S1a). From the CV curves of various ERGO-PDA composites obtained by varying tox (Figure S3) and using Equation 4, gravimetric capacitances (CG in Fˑg -1 ) were calculated, the data are shown in Figure 2c. From this figure, it is clearly demonstrated that the introduction of PDA into the ERGO structure significantly improves the gravimetric capacitance of the electrode. Figure 2c shows that after reaching a maximum value for tox = 300 s, CG starts to decrease with elongated electrodeposition time due to the formation of a less conducting PDA polymer. It is noted that a significantly high tox value (1800 s in Figure S3) leads to a marked decrease in the current density of the CV responses, due to the electricalinsulating nature of PDA with high thickness, typically 30-40 nm. From this analysis, the optimized ERGO-PDA composition is determined as tox of 300 s, and subjected to morphological and electrochemical analysis thereafter. The morphology of the ERGO and ERGO-PDA electrodes was observed by FEG-SEM, the micrographs are shown in Figure 2d and2e, respectively. From these figures, one could notice that the film thickness (about 180 nm for ERGO and 200 nm for ERGO-PDA) and surface roughness of ERGO and ERGO-PDA electrodes are similar, but the resolution is not enough to localize the PDA content of the composite. XRD analyses were performed at different steps of the composite electrode preparation. Figure 2f shows the XRD patterns of GO, ERGO and ERGO-PDA electrodes, as well as that of PDA alone which is provided as comparison. The XRD pattern of GO shows (001) diffraction peak at 2θ = 10.5° (corresponding to a dspacing of 0.842 nm) which is in good agreement with the literature values. 27,46 After electrochemical reduction, the XRD pattern of ERGO presents a shift of the (001) peak to higher 2θ values and a significant loss in its intensity. Furthermore, a broad (002) peak emerged at 2θ = 25.3° (dspacing of 0.352 nm) which corresponds to a graphite like pattern, 47 indicating the removal of oxygen groups leading to a decrease of the space between the graphene sheets (red pattern in Figure 2f). A significant difference is observed between the XRD pattern of ERGO and that of ERGO-PDA. Indeed, a noteworthy sharp peak which evidences an increase in the crystallinity of the graphene is observed for the ERGO-PDA sample. This sharp peak is located at 25.0° indicating a higher d-spacing (0.356 nm) compared to that of ERGO. This finding demonstrates the positive effect of PDA to address the reduced GO re-stacking issue acting as a "chemical insert" between the graphene sheets. The chemical composition of GO, ERGO and ERGO-PDA films was further investigated by X-ray photoelectron spectroscopy. Figure 2g shows the survey spectra obtained for these samples and Table S1 reported the at.% composition of their surface (10-12 nm). The presence of N characteristic of the PDA is clearly detected around a binding energy of 400 eV (Figure S4). The atomic ratio N/C is 0.065 whereas for PDA itself it is higher, it is 0.125 (Table S1). [START_REF] Nazi | A New Antibacterial N-Halamine Coating Based on Polydopamine[END_REF] The low N/C ratio indicates that the material is a composite of ERGO and PDA, in good agreement with the C1s spectra (Figure S4).

Investigation of interfacial processes of ERGO-PDA composite by EQCM.

To better understand the interfacial processes which are related to the charge storage behaviour of the ERGO-PDA composite, EQCM analyses with two different modes, either coupled to cyclic voltammetry (CV) or galvanostatic charge discharge (GCD), were performed on the optimized composition, i.e. ERGO-PDA obtained after 300 s of DA oxidation (Figure 3). It is noted that the ERGO and ERGO-PDA thin film electrodes are suitable for gravimetric QCM studies, supported by the low motional resistance change (ΔR) with respect to Δf values, in air and in the electrolyte (see Supporting Information for more details). The CV curves in Figure 3a present a quasi-rectangular shape, in agreement with those of ERGO-PDA previously shown in Figure 2b (tox = 420 s) and Figure S3. The chargedischarge curves of ERGO-PDA in 0.5 M Na2SO4 (Figure 3c) are almost linear, indicating a typical double-layer capacitance behaviour, i.e. reversible electroadsorption/desorption of ionic species present in the electrolyte.

To investigate this interfacial electoadsorption/desorption process, the corresponding mass profiles were examined. Figure 3b and3d indicate that the cations dominate this process, as during a cathodic and an anodic sweep of the potential, the electrode mass increases and decreases, respectively. One can also notice that the magnitude of the normalized mass change occurring during either CV (Figure 3b) or a GCD cycle (Figure 3d) for ERGO-PDA is larger than those for pristine ERGO (Figure S5c and S5d), suggesting a larger specific surface area for the electroadsorption/desorption process. The behavior of the ERGO-PDA and ERGO electrodes during cycling present another remarkable difference (Figure 3b andS5c). In the case of ERGO-PDA (Figure 3b), a totally reversible mass response is observed (cathodic and anodic scans) whereas a hysteresis is noticed for that of pristine ERGO (Figure S5c). The absence of a hysteresis for ERGO-PDA electrode indicates that the interfacial processes, electroadsorption/desorption of the active species, occur at a very similar rate (Figure 3b). Moreover Figure 3e depicts the MPE calculated using Equation 8 from the GCD coupled QCM response. Here, a MPE of 41 g•mol -1 is obtained. This value corresponds to the molar mass of Na + ions (23 g mol -1 ) with a hydration number of 1. However, GCD and CV coupled to QCM alone are not qualified to unambiguously identify the contribution of each species (cation, anion or solvent molecule) present in the electrolyte. In order to deconvolute the global electrogravimetric response into distinct contributions (in case of multi species presence) from each species and obtain kinetic information about their interfacial transfer, another coupled electrochemical method "QCM with electrochemical impedance spectroscopy (EIS) (so-called, acelectrogavimetry)" is planned as a complementary tool to the EQCM. [START_REF] Goubaa | Dynamic Resolution of Ion Transfer in Electrochemically Reduced Graphene Oxides Revealed by Electrogravimetric Impedance[END_REF][START_REF] Gao | Tuning Charge Storage Properties of Supercapacitive Electrodes Evidenced by In Situ Gravimetric and Viscoelastic Explorations[END_REF][START_REF] Lé | Unveiling the ionic exchange mechanisms in vertically-oriented graphene nanosheet supercapacitor electrodes with electrochemical quartz crystal microbalance and ac-electrogravimetry[END_REF] Charge storage performance evaluation of ERGO-PDA composite. The gravimetric and volumetric capacitance values are calculated using Equation 4 and 5. The optimized composite offers an increased gravimetric capacitance compared to that of pristine ERGO (Figure S6) (equals to 178 F•g -1 vs. 142 F•g -1 at 10 mV•s -1 ), which is higher than that of most graphene based electrode. [START_REF] Gao | Tuning Charge Storage Properties of Supercapacitive Electrodes Evidenced by In Situ Gravimetric and Viscoelastic Explorations[END_REF][START_REF] Zhu | Carbon-Based Supercapacitors Produced by Activation of Graphene[END_REF] As shown in Figure 4a, the obtained volumetric capacitance of the ERGO-PDA electrode is as high as 297 F•cm -3 (vs. 210 F•cm -3 for ERGO) at a scan rate of 10 mV•s -1 , which is comparable to the highest value among those reported for carbon-based electrodes for EDLCs. 24-30 These findings suggest an enhancement of ion access to the active sites between the graphene sheets and an increase of the specific surface area. Additionally, ERGO-PDA shows a good rate capability, such that 81 % of the initial value is maintained when the scan rate is increased from 10 mV•s -1 to 200 mV•s -1 vs. 72% for pristine ERGO (Figure 4a). Although the absolute values for CG and CV show an eventual decrease at very high scan rates (Figure 4a and S6), the improvement in the presence of PDA is persistent at the all potential scan rates tested (10-2000 mV•s -1 ) and the cycling performance of the ERGO-PDA electrodes at very high scan rates will be evaluated in the last section. The high rate capability allows more amount of energy to be stored at high current density which is particularly suitable for a combination of rapid charge/discharge and high energy delivery ability. To evaluate and compare the capacitive energy storage behavior of ERGO and ERGO-PDA films, Trasatti's method was used (Figure S7). 51-52 It allows to determine the contributions of the surface controlled (EDLC) and the diffusion-controlled (pseudo-capacitance) processes. This analysis shows that for ERGO as well as for ERGO-PDA 80% of the capacitance is due to EDLC and 20% to diffusion.-(Figure 4b) Furthermore, the energy and power densities of the electrodes were calculated based on the GCD profiles (Figure 3c), the corresponding volumetric specific capacitance values are presented in Figure S8. In Figure 4c the Ragone plot of the ERGO-PDA composite is compared to that of the pristine ERGO electrode, as well as to the state of the art carbon based electrodes reported in literature. The ERGO-PDA can achieve a volumetric energy density of 10.84 mWh.cm -3 at a power density of 1.09 W•cm -3 vs. only 7.3 mWh•cm -3 at a lower power density for ERGO, further demonstrating the enhanced charge storage behavior in the presence of PDA. Even at a power density of 7.75 W•cm -3 , the optimized ERGO-PDA composite can still deliver an energy density of 8.58 mWh•cm -3 , which is superior or comparable to the reports on carbon-based electrodes tested in aqueous electrolytes. 52-54 In addition, compared to flexible and micro-capacitors; 55-57 ERGO-PDA exhibits a higher energy density at a comparable power density (Figure 4c).

Impedance analyses of ERGO-PDA composite. In order to complete the electrochemical characterization of this new composite and to better evaluate its electrochemical performance, electrochemical impedance spectroscopy (EIS) analyses were performed. Figure 4d compares EIS data obtained at -0.3V vs. SCE of ERGO and ERGO-PDA in the Nyquist representation. The first intersection with the x-axis at the highest frequency (RS) is about 2 Ω•cm 2 for the both electrodes (Inset Figure 4d), this resistance is mainly attributed to the electrical resistance of the electrode, together with the resistance of the bulk electrolyte. 58 At intermediate frequencies, the diameter of the semicircle is attributed to the interfacial charge-transfer resistance (RCT), which is estimated as 34 Ω•cm 2 for pristine ERGO, while that of ERGO-PDA is only 22 Ω•cm 2 . This demonstrates the enhanced charge transfer of the ERGO-PDA which can be related to a better regulation of the electrolyte wetting by the introduction of PDA into the ERGO structure.

The highest capacitance values are usually obtained from GCD cycles recorded at a specific current density or from CV measurements obtained at a specific scan rate. However, for EDLC electrodes, the capacitance is frequency dependent, and can be determined using EIS. The frequency dependence of complex capacitance is often used to study the energy storage mechanism and is calculated as follows 59 :
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( 3 ) where Z', Z'' and Z are the real, imaginary and total impedance values, respectively in ohms, with j 2 = -1. The entities C', C'' and C represent the real part, imaginary part and total capacitance, respectively, at a given frequency. The real value of the capacitance of the electrode could be determined by C'(ω) values at low frequency under these conditions the ions have enough time to reach the real electrode surface. In Figure S9, the curves exhibit a relatively suppressed loop which can be related to a composition a of several loops. It indicates the contribution of more than one charged species with similar time constant. At this level, it is not possible to identify the different charged species, only a complementary method of investigation can permit this discrimination. Nevertheless, these results are totally coherent with previous results obtained for ERGO films tested under similar conditions. 27 It is noted that the diameter of the loop is bigger in the case of the ERGO-PDA composite film compared to that obtained with the pristine ERGO film: it indicates a better capacity of the former to uptake the different ions during an electrochemical charge process. The change in specific capacitance as a function of frequency for ERGO and ERGO-PDA is shown in Figure 4e and 4f. The maximum capacitance at low frequency is close to 300 F•cm -3 for ERGO-PDA vs. 213 F•cm -3 for pristine ERGO (Figure 4e). These results are consistent with the volumetric capacitance values extracted from the CV data (Figure 4a). As the frequency increases the ions can no longer follow the applied potential, they do not reach the bottom of the electrode pores which leads to a significant decrease of C' (Figure 4e). The evolution of the imaginary capacitance, C''(ω), is also presented in Figure 4f). C''(ω) attains a maximum at a characteristic frequency (f0) of 0.24 Hz and 1.14 Hz for ERGO and ERGO-PDA, respectively, due to the combined effect of resistive components dissipating energy through ohmic losses and capacitive components that store electrical energy, simultaneously. 59-61 When approaching f0, the dispersed energy increases drastically because only a few charges are stored on the electrode surface, the system becomes more resistive. After attaining a maximum value, at the lower frequency region, these losses decrease rapidly and the system becomes more capacitive. The relaxation time (τ0) that represents the minimum time for discharging all the energy from the electrode with an efficiency of 50% can be expressed as the inverse of the characteristic frequency (τ0 =1/f0). In our case, the relaxation time of the ERGO and ERGO-PDA is found to be 4.1 s and 0.88 s, respectively. That is to say, the ERGO-PDA electrode exhibits excellent rate capability.

Cycling performance of ERGO-PDA composite. The cycling performances of the electrodes were evaluated by the repeated CV cycles at a high scan rate of 1000 mV•s -1 in the potential range of -0.5 to 0.5 V vs. SCE for 10000 cycles, in 0.5 M Na2SO4 solution. As illustrated in Figure 5a and 5b, about 107 % of capacitance retention is achieved for ERGO-PDA electrode while only 87 % of the initial Cv value is retained for the pristine ERGO electrode, further demonstrating the advantage of PDA incorporation in ERGO.

The remarkable cycling stability of the ERGO-PDA composite at different potential scan rates is illustrated in Figure 5c and Figure S10. The CV values obtained at 1000 mVˑs -1 remained unchanged, when an additional cycling step (10000 cycles at 100 mVˑs -1 ) was added, which results in a stability for at least 30000 cycles. Further increase of the scan rate at 2000 mVˑs - 1 also reflects the good performance of the ERGO-PDA, the CV values were kept intact during the measured 10000 cycles (Figure S10). At the beginning of the cycling the capacitance slightly increases, this finding could be explained by the activation of the material due to the continuous diffusion of the ions inside the deep pores of the composite, which leads to a full wetting of the. 62-63 Additionally, as shown in Figure S11, the EIS recorded after 10000 cycles at scan rate of 1000 mV•s -1 shows a further decrease in charge transfer resistance of ERGO-PDA, suggesting that the electrode has become more accessible to the electrolyte as the number of cycles increased, whereas for ERGO, RCT slightly increases after cycling, which is in line with the lower capacitance retention of the pristine ERGO compared with the ERGO-PDA composite.

CONCLUSIONS

In summary, electrochemically reduced graphene oxide and polydopamine composites were successfully synthesized via a facile electrochemical approach where the PDA has played the essential role in tackling with the re-stacking issue of the graphene layers. The optimized ERGO-PDA composite presents high volumetric and gravimetric capacitance values, a remarkable cycling stability (for about at 30000 cycles without a noticeable decrease of CV values at 1000 mVˑs -1 ) and an efficient interfacial ion transfer characteristic with a better capacitive behavior compared to pristine ERGO. The enhanced electrochemical performance is attributed to the incorporation of PDA that polymerizes between the reduced graphene oxide sheets. The formation of PDA occurs not only on the surface of ERGO electrode but also between the graphene sheets which was demonstrated by the changes in the d-spacing values and graphene crystallinity estimated by XRD. Supporting these results, QCM monitoring of the PDA electropolymerization process revealed a factor of more than three in the yield of the DA electropolymerization reaction (18% of the oxidized DA was deposited in the ERGO film vs. only 5% on blank quartz for a tox of 300 s). Therefore, the superior performance metrics are attributed to the PDA incorporation which prevents the ERGO from re-stacking and enhances the electrolyte wettability of the electrode, thanks to its nitrogen functionalities. Here, the favorable impact of PDA is shown on reduced graphene oxide, shedding light on the design of graphene based composite electrodes and can be extended to other 2D materials for high-performance electrochemical energy storage electrodes.

MATERIALS and METHODS

GO suspension (4 mg/mL, dispersion in H2O) was purchased from Sigma Aldrich and diluted to 1 mg/mL of GO. Dopamine (DA) hydrochloride, potassium phosphate monobasic (KH2PO4), potassium phosphate dibasic (K2HPO4), and sodium sulfate (Na2SO4) were procured from Sigma Aldrich and used without further purification. Double distilled water (18.2 MΩˑcm, Purelab lex ELGA, water puri ication system) was employed for all solution preparations. Phosphate buffered saline solution (PBS) of pH 7.2 was obtained by mixing 0.1 M of KH2PO4 and 0.1 M of K2HPO4.

Synthesis of ERGO-PDA electrode

Figure 1 shows the schematic description of the ERGO-PDA synthesis. For the EQCM studies, about 6 μL of the GO suspension were deposited on the gold electrode (0.2 cm 2 ) of a quartz resonator (9 MHz, AWSensors, Spain). GO film was generated after being dried at 70 °C in an oven, at atmospheric pressure. The electrochemical preparation of the composite was carried out using a standard three electrode configuration with an Autolab potentiostat (Metrohm, France) where GO-coated gold electrode of quartz was used as the working electrode, with a platinum grid and saturated calomel electrode (SCE) as a counter electrode and a reference electrode, respectively. The ERGO film was electrochemically synthesized under a chronoamperometry mode at -1 V vs. SCE for 10 minutes in a solution of 0.2 M PBS (pH 7.2) containing 5x10 -3 M of dopamine (1 mg/mL), the I(t) curve is depicted in Figure S2a. In a consecutive step, the polydopamine (PDA) was electrosynthesized by chronoamperometry at 0.8 V vs. SCE for different times (tox), one I(t) curve is shown in Figure S2b. Gold coated mica was also used as substrates for the morphological characterizations of the ERGO and ERGO-PDA layers, for the sake of practicality. Otherwise, the same electrode synthesis procedure was followed. The mass loading, thickness and density of the electrodes are estimated to be 5.3 µg; 180 nm; 1.47 g•cm -3 , respectively, for ERGO and 6.7 µg; 200 nm; 1.67 g•cm -3 , respectively, for ERGO-PDA electrodes (S = 0.2 cm 2 ).

Characterization of the electrodes

Morphological and compositional characterization of the electrodes:

The morphological aspect of the ERGO and ERGO-PDA films was examined under a field emission gun scanning electron microscope (FEG-SEM) (Ultra55, Zeiss) operating at 5 kV. Xray photoelectron spectroscopy (XPS) analyses were performed using an Omicron Argus X-ray photoelectron spectrometer with monochromatized Al Kα excitation (1486.6 eV) with a pass energy of 100 eV and 20 eV for acquisition of the survey and high-resolution spectra, respectively. The XPS peak areas were determined after subtraction of a background using the Shirley's method. Element peak intensities were corrected by Scofield factors. All spectrum processing was carried out using Casa XPS software (Casa Software Ltd., UK). For the XPS analyses, the films were prepared on gold-coated mica substrate. X-ray diffraction (XRD) was performed using Philips PANalytical X'Pert Pro diffractometer with Cu Kα radiation (λ = 1.54184 Å). The samples were prepared on ITO coated glass substrate.

Electrochemical and electrogravimetric characterizations:

The electrochemical performances were measured employing a standard three-electrode electrochemical cell, which was consisted of an ERGO or ERGO-PDA loaded quartz resonator as the working electrode, SCE as the reference and platinum grid as the counter electrode. Cyclic voltammetry (CV) and galvanostatic charge discharge (GCD) were carried out at ambient temperature in 0.5 M Na2SO4 solution, with a potential window from -0.5 to 0.5 V vs. SCE. The electrochemical impedance spectroscopy (EIS) as conducted in a frequency range from 100 kHz to 0.01 Hz at -0.3 V vs. SCE, with a potential perturbation amplitude of 10 mV. The gravimetric capacitance (CG) and the volumetric capacitance (CV) of the working electrode were calculated from the cyclic voltammetry (CV) curve by using the formula:

(5

)
where v is the potential scan rate, E1 and E2 are the low and high end potentials, I(E) is the response in current. For CG, m is the mass loading of the electrode by ERGO or ERGO-PDA estimated by QCM measurements (see below). For CV, Vf = S e, it is the estimated film volume where S is the geometrical surface (0.2 cm 2 ) and e is the thickness of ERGO or ERGO-PDA films determined by FEG-SEM observation of the sample cross-section. The energy density (E) and the power density (P) of the working electrode are calculated from the galvanostatic charge discharge (GCD) curve according to Equation 6 and 7:

where CV is the volumetric capacitance (Equation 5), ΔV represents the voltage window and Δt is the discharge time.

For the EQCM analyses, either CV or GCD were coupled with the QCM measurements to obtain the simultaneous frequency changes, Δf, of the modified quartz resonators during the electrochemical processes. The corresponding mass profile, Δm, was obtained from Δf, using the Sauerbrey equation (Equation S1) 64 with the experimental sensitivity constant equals to 16.31 × 10 7 Hz g -1 cm 2 for a quartz resonator operating at 9 MHz. 65

The applicability of the gravimetric conditions were verified by analyzing the motional resistance change, ΔR, (with)out loading in air and in the electrolyte, using electroacoustic admittance measurements (Figure S12 and S13). 66 The loadings of the electrodes were also calculated by measuring Δf (the difference between blank quartz and loaded quartz frequency in air) and converting it to Δm using Equation S1.

The MPE values were calculated from the EQCM data using:

where F is the Faraday number, Δm and Δq are the mass and charge variations, respectively. 
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Electroacoustic admittance measurements

A QCM device consists of a thin AT cut quartz crystal disc (or any other piezoelectric material)

with circular electrodes placed on both sides. An alternating voltage, applied between its electrodes, induces mechanical oscillations on the crystal. A wave is generated and propagated through the resonator and the films attached to it. Therefore, varying the mass attached to one side of the electrode affects the QCM resonant frequency. The fundamental theory describing the relationship between the mass changes on the surface of the QCM electrode with the frequency change of the oscillating quartz was described by Sauerbrey: [1] ∆f = -Cf ⋅ ∆m S1

where ∆f is the observed frequency change, in Hz, ∆m is the change in mass per unit area, in g•cm -2 , Cf is the experimental sensitivity factor obtained by usual copper electrodeposition (16.31 × 10 7 Hz•g -1 •cm 2 for a 9 MHz AT-cut quartz crystal at room temperature). [2] However, the Sauerbrey equation is strictly applicable to homogeneous, rigid, flat surface thin films which do not dissipate significant amount of energy during oscillation. [3] Therefore, the suitability of the Sauerbrey equation to interpret ∆f of a QCM during a process has to be verified.

The electroacoustic admittance measurements are considered as a powerful method to study the energy loss of acoustic wave generated from piezoelectric electrode resonance. For the electroacoustic analysis of a coated quartz resonator, the electrical admittance of the quartz resonator around its own resonant frequency is measured. [4][5] This analysis provides the possibility to separate the contribution of the film viscoelasticity (if there is any) to the mass measurements. One possibility to extract the mechanical/structural and viscoelastic transformations of coatings is to model the electroacoustic response of the quartz crystal resonators with an electrical equivalent circuit, known as a Butterworth-Van Dyke (BVD) equivalent circuit (Figure S12). [6] A BVD equivalent circuit consists of two branches that represent a static capacitance (C0) in parallel with a motional branch with the motional inductance, L1, the motional capacitance, C1, and the motional resistance, R1, in series.

Figure 1 .

 1 Figure 1. Schematic description of one-pot ERGO-PDA composite film electrosynthesis.

Figure 2 .

 2 Figure 2. (a) Mass variation vs. anodic charge due to dopamine oxidation on ERGO modified Au electrode of the quartz (red circles) and on blank Au electrode of the quartz (green circles), prepared as comparison. Different tox were used to synthesize the ERGO-PDA films. Each point correspond to a new electrode preparation, performed under the same conditions. For PDA formed on the bare Au electrode of quartz, the electrodepositon was performed continuously. (b) CV curves of ERGO-PDA prepared with tox = 420 s. (c) Gravimetric capacitance of ERGO-PDA electrodes with various compositions, at two scan rates (10 and 100 mVˑs -1 ), in 0.5 M Na2SO4 solution; tox = 0 corresponds to the ERGO electrode. (d,e) FEG-SEM micrographs of ERGO and ERGO-PDA (with tox = 300 s), respectively. (f) XRD patterns of GO, ERGO, ERGO-PDA and PDA. (g) XPS survey spectra from GO, ERGO and ERGO-PDA films.

Figure 3 .

 3 Figure 3. (a) CV and (b) mass change vs. applied potential of the optimized composite ERGO-PDA at different potential scan rates. (c) GCD and (d) mass change vs. time of ERGO-PDA at different charge/discharge current densities in 0.5 M Na2SO4. Geometric electrode surface area (0.2 cm 2 ) is used for the normalization. (e) MPE of ERGO-PDA calculated from EQCM data (QCM coupled to GCD) response at 0.5 mA cm -2 , at charge (green) and at discharge (red).

Figure 4 .

 4 Figure 4. (a) Volumetric capacitance of ERGO (red scatters) and ERGO-PDA (blue scatters) films determined from CVs performed at different potential scan rates, in 0.5 M Na2SO4. (b) Capacitive and diffusion contributions of capacitance of ERGO and ERGO-PDA electrodes. (c) Ragone plot of the ERGO and ERGO-PDA in comparison with some recent studies. (d) Nyquist plot. Inset: zoom from 0 to 40 Ω cm 2 . (e) and (f) Bode plots of the volumetric capacitance of ERGO (red scatters) and ERGO-PDA (blue scatters) in the frequency range of 0.01 Hz to10 kHz, measured at -0.3 V vs. SCE in 0.5 M Na2SO4

1 Figure 5 .

 15 Figure 5. Evolution of (a) volumetric capacitance and (b) capacitance retention of ERGO (red) and ERGO-PDA (blue) as a function of the number of cycles at 1000 mV•s -1 . (c) Evolution of volumetric capacitance of ERGO-PDA as a function of the number of cycles at various scan rates, measured consecutively. Electrolyte: 0.5 M Na2SO4. Inserts: 1 st (full line) and 10000 th (dash line) cycles.

Figure S2 .

 S2 Figure S2. Electrochemical preparation of the composite ERGO-PDA. (a) Current density vs. time at GO-coated quartz electrode polarized at -1 V vs. SCE, (b) Current density vs. time at ERGO-coated quartz electrode polarized at 0.8 V vs. SCE. Both polarizations are performed in the same solution of 0.2 M PBS containing 5 mM of dopamine.

Figure S3 .S3Figure S4 . 2 Figure

 S3S42 Figure S3. CV curves of ERGO and ERGO-PDA prepared with various electro-oxidation (at 0.8 V/SCE) times (tox) of dopamine in 0.5 M Na2SO4 solution. Scan rate: 10 (red line), 20 (blue line), 50 (green line), 100 (orange line) mV s -1 . Optimized composition is obtained for tox = 300 s, highlighted in grey.

1 )Figure S6 . 5 ) 2 )Figure S8 .Figure S9 . 3 )Figure S10 .Figure S11 .

 1S652S8S93S10S11 Figure S6. Gravimetric capacitance of ERGO (red scatters) and ERGO-PDA (blue scatters) films determined from CVs performed at different potential scan rates, in 0.5 M Na2SO4.
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The obtained values were used to obtain Figure S13 which compares R1 to the resonant frequency of various quartz resonators with ERGO and ERGO-PDA coatings, in air and in the electrolyte.

According to Figure S13, the measurements in air show that the motional resistance of the quartz remains almost constant after the deposition of the ERGO and the PDA for 300 s and 600 s (6 Ω < R1 < 8 Ω), ensuring the gravimetric regime of the coating in air (the red line). In 0.5 M Na2SO4 aqueous solution, expectedly, the existence of a liquid load causes a sharp increase of R1 (from a few ohms in air to a few hundred ohms in solution) and leads to a resonance damping, which consequently decreases the resonant frequency (the green line in Figure S13). This behavior is explained by Kanazawa-Gordon equation. [10] For a bare quartz resonator operating at 9 MHz, air to liquid medium change gives ΔRm/Δf values of ~ 0.1 Ω. Hz - 1 , which agrees well with the value obtained for the green line.

The measured values for the loaded resonators in the electrolyte, the ΔRm/Δf, fall in the reliability region for application of the Sauerbrey equation, where ΔR (Ω) << Δf (Hz). The upper limit of this region is defined in the literature with the condition of ΔR (Ω)/Δf (Hz) < 0.01 Ω/Hz (where the lower limit is the ideal case of ΔRm/Δf ratio is equal to 0) (the blue area [11] ).