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Abstract
Gold nanoparticles/poly(3,4-ethylenedioxythiophene)/reduced graphene oxide (denoted as AuNPs/PEDOT/rGO) was synthesized as an electrocatalyst of cathode materials for used in fuel cells. The AuNPs/PEDOT/rGO catalyst was prepared by chemical deposition of AuNPs/PEDOT onto rGO sheets. The physical properties of composite were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), Brunauer-Emmett-Teller (BET) and thermogravimetric analysis (TGA). The SEM results confirm the AuNPs is successfully attached on PEDOT/rGO sheets, while the XRD pattern confirmed the existence of crystallographic structure of composite. Analysis of thermogravimetry revealed the decomposition of synthesized composite is below 100 °C, where it is suitable for cathode material in fuel cells. For the fabrication of modified electrode, 10 µL of composite suspension was drop-casted on glassy carbon electrode (GCE) surface. Meanwhile, cyclic voltammetry and electrochemical impedance spectroscopy were used to study the electrochemical behaviour of modified electrode in in 1.0 M KCl solution with a reference to 5.0 mM K4[Fe(CN)6] redox system. The result demonstrates that AuNPs/PEDOT/rGO catalyst enhance the high conductivity and charge transfer where it is useful as a material for cathode catalyst in fuel cells.
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Abstrak
Zarah nano aurum/poli(3,4-etilenadioxitiopena)/grafin oksida terturun (dilabel sebagai AuNPs/PEDOT/rGO) telah disintesis sebagai elektropemangkin bahan katod untuk digunakan dalam sel bahan api. Pemangkin AuNPs/PEDOT/rGO telah disediakan melalui pemendapan kimia AuNPs/PEDOT ke dalam lembaran rGO. Sifat fizikal komposit telah dicirikan oleh pembelauan sinar-X (XRD), mikroskop imbasan elektron (SEM), Brunauer-Emmett-Teller (BET) dan analisis termogravimetrik (TGA). Hasil SEM telah mengesahkan AuNPs telah berjaya melekat di lembaran PEDOT/rGO, sementara corak XRD mengesahkan kehadiran struktur kristalografi komposit. Analisis termogravimetrik telah membuktikan penguraian komposit yang telah disintesis di bawah 100 °C dimana ia sesuai digunakan sebagai bahan katod untuk sel bahan api. Untuk fabrikasi elektrod diubahsuai, setiap 10µL pemendapan komposit telah dititik alas pada permukaan elektrod karbon berkaca (GCE). Sementara itu, voltametri berkitar dan spektroskopi elektrokimia impedans telah digunakan untuk mengkaji sifat elektrokimia elektrod diubahsuai di dalam cecair 1.0 M KCl merujuk kepada sistem redoks 5.0 mM K4[Fe(CN)6]. Keputusan menunjukkan pemangkin AuNPs/PEDOT/rGO/GCE meningkatkan konduktiviti yang tinggi dan pemindahan cas dimana ia berguna sebagai bahan untuk pemangkin katod dalam sel bahan api.
Kata kunci: zarah nano aurum, poli(3,4-etilenadioxitiopena), grafin oksida terturun, pemangkin katod, sel bahan api

Introduction
As the world moves towards renewable and sustainable energy, fuel cells (FCs) technology gained attention as a source to replace a combustion engine in vehicles. The good performance of FCs such as high reliability, quite operation and low maintenance capability making it has a capability used in wide application such as power generation, power transportation and portable power generation. In spite of FCs has an attraction as a green technology, the development of FCs still low due to the high cost and lack of suitable materials, especially for cathode electrode [1]. At the current stage technology of FCs, the Platinum (Pt) based electrode is used as a main cathode catalyst in FCs, however, the cost of Pt catalyst is extremely expensive and it is not stable yet [2].
Recent researches have been active in development of novel low cost electrocatalyst to replace high cost of commercial Pt-based electrode [3-5]. In order to replace Pt-based catalyst, gold nanoparticle (AuNPs) is promising a good metal catalyst compared to other metallic catalyst. The characteristic of AuNPs such as high stability and good resistant for oxidation making it is suitable as greener catalyst material. Additionally, the fabrication of AuNPs with others material can be considered for electrochemical applications, which is high catalytic activity of AuNPs in many reaction such as CO oxidation, methanol oxidation and redox reaction of oxygen [6].
Metal nanoparticles (NPs) decorated graphene sheets gained attracted in order to improve efficiency and stability of electrode materials. Up to date, numerous studies have been focused on the hybridization of graphene with AuNPs in electrochemical application [7-11]. Recent work has been reported that graphene sheets has an ability to decrease Pt particle size and existence a binding sites that provide strong interaction between Pt particles and graphene sheets [12]. Furthermore, the 2-dimensional carbon structure of graphene oxide (GO) with electrical and mechanical properties can be used effectively as electrocatalytic support materials. Meanwhile, reduced graphene oxide (rGO) with less oxygen functional group provide an active binding site for NPs and minimizing poisoning of electrocatalyst [13].
Indeed, conducting polymer/NPs hybrids has an ability as a novel composite materials with a synergetic and behaviour [14]. In addition, conjugated polymer with high conductivity such as poly(3,4-ethylenedioxythiophene) (PEDOT)  as a substrate for deposition of NPs on graphene has a possibilities to achieve uniform dispersion and enhance a stability of NPs. The unique properties of PEDOT such as high electrochemical stability and catalytic activity making them excellent and high efficiency as a catalyst support [15]. PEDOT decorated graphene composite can be a good adhesion with NPs and improve the adsorption, catalytic and conductive properties leading for good performance for cathode catalyst materials. 
Herein, the purpose of this work is to prepare AuNPs/PEDOT/rGO composite as a potential material for cathode electrode in FCs. For the comparison, rGO and PEDOT/rGO composite were also prepared by one-pot chemical method. For the physical and electrochemical characteristic, the composites were characterized via several instruments and electrochemical technique. 

Materials and Methods
Chemicals and reagents
Graphite powder, chloroauric acid (HAuCl4), sodium nitrate (NaNO3), 3,4-ethylenedioxythiophene (EDOT) monomer and sodium borohydride (NaBH4) were purchased form Sigma Aldrich, USA. Sulphuric acid (H2SO4, 95-98%), potassium permanganate (KMnO4), hydrochloric acid (HCl, 5%), ethanol absolute, potassium chloride (KCl) and potassium ferrocyanide (K4[Fe(CN)6]) were supplied from Hamburg, German. Alumina powder supplied by Bendosen and was used for the clean of electrode’s surface.
Physical characterization
The surface morphology of catalyst was determined using scanning electron microscopy (SEM) JEOL JSM 6360LA at the operational voltage of 5 kV.  X-ray diffraction (XRD) pattern was conducted using X-ray Diffractometer, Rigaku Miniflex II using CuKα line (λ = 1.540598 Å) as radiation source. Brunauer-Emmett-Teller (BET) surface area analyzer with a heating rate of 10 ºC over a temperature range of 20ºC-800ºC in a nitrogen atmosphere was performed by ASAP 2020 Micrometrics, USA.Thermogravimetric analyses (TGA) was carried out using Mettler Toledo thermal analysis system TGA/DSC 1 with a heating temperature over a range of 20 ºC – 800 ºC.
Electrochemical characterization
The electrocatalytic activity of modified electrode was determined using cyclic voltammetry (CV) technique performed by Potentiostat/Galvanostat Autolab PGSTAT302N controlled with NOVA 1.10 software. The cyclic voltammogram was scanned in the potential range of -0.2 V to 0.8 V at the 100 mV/s of scan rate.  Glassy carbon electrode (GCE) with or without catalyst, platinum wire electrode and Ag/AgCl (3.0 M KCl) were served as working electrode, counter electrode and reference electrode, respectively. Electrochemical impedance spectroscopy (EIS) measurement was conducted using Autolab FRA32M with the frequency range of 1 Hz to 100,00 Hz and AC voltage 0.20 V.
Preparation of GO 
GO was prepared according to modified Hummers method [16]. In a typical synthesis, 3 g of graphite powder and 1.5 g of NaNO3 was poured into 23 ml of H2SO4 under rapid stirring. After 30 minutes, 4 g of KMnO4 was slowly added into mixture solution. The solution was kept under 10 ºC. Next, the mixture solution was transferred into 35±5 ºC water bath and kept stirring for 30 minutes, then the mixture solution was diluted with 46 ml of deionized water and the temperature was raised up to 98 ºC. The mixture solution was diluted again with 140 ml of deionized water and left it stirred for 30 minutes. Finally, the mixture solution was treated with 10 ml of H2O2 to stop the reaction. Further, the mixture solution was washed with 5% of HCl and repeated centrifuging with deionized water. The synthesized product was dried in oven at 60 ºC.
Preparation of AuNPs/PEDOT/rGO
To synthesis AuNPs/PEDOT/rGO, 25 ml of EDOT in ethanol solution (22.5 mM) was poured into 350 ml of HAuCl4 solution (0.65 mM) under a rapid stirring (750 rpm). The solution was immediately turned into dark blue solution. After 4 hours, 25 ml of GO suspension (0.5 mg/ml) was added into mixture solution, and then the AuNPs/PEDOT/GO was sonicated for 2 hours until homogenous. After that, 27.5 ml of NaBH4 (0.16 M) was added drop by drop into mixture solution under rapid stirring. The reaction was continuously stirring for 6 hours. Finally, the AuNPs/PEDOT/rGO (Scheme 1) composite was obtained by washing a mixture solution using centrifugation with methanol and deionized water for several times, then dried it in an oven at 60 ºC. For comparison, rGO and PEDOT/rGO were prepared under a same condition.
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Scheme 1. Schematic diagram for the formation of AuNPs/PEDOT/rGO
Electrode fabrication
A bare GCE was pre-polished with alumina slurry and then rinsed with deionized water before and after use. For prepare catalyst suspension, 1 mg of each catalyst was dissolved in 1 ml of deionized water and was sonicated for 30 minutes. Then, 10 µL of each suspension is casted on the GCE surface and allowing excessive water to evaporate at room temperature. The modified electrode was carefully rinsed with deionized water before and after an electrochemical experiment.
Results and Discussion
Physical characterization
The SEM images were recorded to determine the morphology of graphene sheets before and after modified with AuNPs and PEDOT as presented in Figure 1. The 2-dimenisonal of rGO surface (Figure 1(a)) is wrinkle with fold structure and rGO layers are restacked together. This appearance is might be due to the interlocking between nanoscale and GO sheets, which have led to the increasing of surface area and decreasing of surface energy [17]. In Figure 1(b), the surface of rGO with modified PEDOT has produced more rough wrinkles due to the PEDOT embedded on the rGO sheets. It is also evident that PEDOT/rGO catalyst can provide a sufficient surface area for the attachment of AuNPs and enhance an electron transfer for modified electrode [18]. In addition, the morphology of AuNPs/PEDOT/rGO surface clearly shows AuNPs was agglomerated on PEDOT/rGO sheets. It is clear the wrinkle surface of PEDOT/rGO sheet providing attachment sites and increase dispersity of AuNPs [19]. (c)
(b)
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Figure 1. SEM results of (a) rGO; (b) PEDOT/rGO and (c) AuNPs/PEDOT/rGO at 10x magnification.


The XRD pattern of the phase structure for synthesized catalyst is depicted in Figure 2.  The XRD pattern of GO in Figure 2(a) shows a sharp peak (001) at 2θ = 10.62º, suggesting the existing of oxygen functional group attached at edge of GO  sheets [20]. After chemical reduction of GO, the (001) diffraction peak of GO is disappear and shifted to 2θ = 23.01º indicating the oxygen functional group successfully removed and restoration of C-C bonding in rGO (Figure 2(b)) [21]. Furthermore, the XRD pattern of PEDOT/rGO in Figure 2(c) exhibits a broad peak at 2θ = 28.04º attributed from polymeric amorphous of PEDOT [22]. XRD pattern of AuNPs/PEDOT/rGO in Figure 2 (d) shows a broad peak at 2θ = 25.0º belongs to C of PEDOT and rGO and five sharp peaks appearing at 2θ as 38.05º, 44.17º, 64.52º, 77.30º and 81.84º that correspond to the Au(111), Au(200), Au(220),Au (311) and Au(222), respectively. Therefore, it reveals that the Au has been successfully reduced and growth on PEDOT/rGO sheets.
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Figure 2. XRD results of (a) GO; (b) rGO; (c) PEDOT/rGO and (d) AuNPs/PEDOT/rGO.



From Table 1, the interlayer spacing (𝓭) is calculated using Bragg’s formula (Eq. 1) [22]: 
𝓭=										   (1)
where 𝓭 is interlayer spacing, λ is the wavelength of Cu Kα radiation (λ = 1.54 Å) and θ is the Bragg angle from highest value of FWHM (full width at half maximum), respectively. From the Eq.1, the value of GO (0.83 nm) is slightly higher due to the formation of oxygen group between graphene layer. The 𝓭 value of rGO (0.39 nm) is much lower than GO signifying to the removal of oxygen group and restoration of conjugation of π-π interaction in rGO sheets [23]. The layer distance of PEDOT/rGO is 0.32 nm reflects to the closer packing of polymer matrix with graphene sheets [24], while the distance of AuNPs/PEDOT/rGO  (0.21 nm) is much closer due to the AuNPs bind to PEDOT/rGO surface. The average of crystallite is obtained from Debye-Scherrer formula, and they were about GO (9.27 nm), rGO (0.97 nm), PEDOT/rGO (71.30 nm) and AuNPs/PEDOT/rGO (12.80 nm).
Table 1. Various parameter of catalyst obtained from XRD results

	Composites
	2θ
(degree)
	FWHM
(degree)
	𝓭
(nm)
	D
(nm)

	GO
	10.62
	0.89
	0.83
	9.27

	rGO
	23.01
	8.74
	0.39
	0.97

	PEDOT/rGO
	28.04
	0.15
	0.32
	71.30

	AuNPs/PEDOT/rGO
	44.17
	0.70
	0.21
	12.80


The surface area of synthesized composites was recorded using Brunauer-Emmett-Teller (BET) is listed in Table 2. The properties BET surface area of GO was measured is 400.58 m2g-1, which is far lower than theoretical value of graphene (~2620 m2g-1) which may be due to the incomplete oxidation of graphite and agglomeration of graphene sheet upon reduction [25]. However, the properties surface area of rGO is lower surface area compared to GO due to the removal of oxygen functional group which leading to rearrangement of spatial carbon atom. The deposition of PEDOT on rGO sheets resulted to the lowering BET surface area because of covering of polymeric structure of PEDOT on rGO sheets. Meanwhile, the specific surface area of AuNPs/PEDOT/rGO was increased twice than PEDOT/rGO corresponding to the incorporation of AuNPs has increased the surface area of composite. 


Table 2. Surface area of GO, rGO, DOT/rGO and AuNPs/PEDOT/rGO

	Composites 
	Properties BET surface
 area/ m2g-1

	GO
	400.58

	rGO
	211.27

	PEDOT/rGO
	8.18

	AuNPs/PEDOT/rGO
	21.07


Figure 3 shows TGA curves of rGO, PEDOT/rGO and AuNPs/PEDOT/rGO under argon atmosphere at rate      10 ºC/min. The thermogram of rGO shows a two decomposition steps; the first step located at 57 ºC with 3.29% weight loss due to the loss of adsorbed water. The second decomposition step at 518 ºC, where 17.13% catalyst was decomposed corresponding to the pyrolysis of a carbon material in rGO. There is small amount of weight loss by rGO because of it does not contain a large amount of oxygen group [20]. Meanwhile, PEDOT/rGO catalyst also shows two decomposition steps. The first decomposition step takes places at 75 ºC due to the decomposition of oxygen group contain in rGO, then the second mass loss in range 300 ºC – 600 ºC, corresponding to 44.87% decomposition of PEDOT material [26]. The thermogram of AuNPs/PEDOT/rGO also has two decomposition steps, the first step weight loss at 96 ºC due to the loss of water molecule adsorbed catalyst during catalyst preparation. The second step located at 493 ºC attributed to decomposition of PEDOT. The residual mass loss is about 49.76 % corresponding to AuNPs that it is more stable [27]. Therefore, the result suggests that the synthesize catalyst start to decompose below 100 ºC, where it is stable for material in FCs.
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Figure 3. TGA curves of rGO, PEDOT/rGO and AuNPs/PEDOT/rGO
Electrochemical behavior of modified electrode
CV technique was performed to study the performance of modified electrode toward electrocatalytic activity. As shown in Figure 4(a), all the cyclic voltammogram of modified electrodes are well—defined peak quasi-reversible redox peak attributed to the stability of electron transfer between electrode surface and electrolyte. Specifically, rGO/GCE and PEDOT/rGO/GCE have a higher redox peak current and smaller peak separation compared to bare GCE. The increasing of the peak current is likely due to the electrical conductivity and electroactive surface area of rGO and PEDOT. However, the cyclic voltammogram of AuNPs/PEDOT/rGO/GCE shows the largest redox peak current, which probably due to the AuNPs provide a reaction sites for enhance larger effective surface area to facilitate transfer of [Fe(CN)]-3/-4 electron [28]. 
[image: ]

Figure 4. Cyclic voltammogram of bare GCE, rGO/GCE, PEDOT/rGO and AuNPs/PEDOT/rGO in 5.0 mM K4[Fe(CN)6] of 1.0 M KCl solution at a scan rate of 100 mV/s
The effect of potential scan rate was studied on the AuNPs/PEDOT/rGO/GCE (Figure 5(a)). From the graph, the anodic and cathodic peaks are shifted to higher and lower current with the increasing of scan rate, respectively. This result revealed the AuNPs/PEDOT/rGO modified electrode has a fast electron transfer on the surface electrode indicating it has a good diffusion process and good rate capability [29]. In addition, the cyclic voltammogram of redox peaks show a similar shape for all scan rates means that the modified electrode is reversible. The specific capacitances (C) on the scan rate of modified electrodes were calculated by using Eq. 2 [30]:
										   (2)
where C is the specific capacitance (F/g), I is the integrated area of cyclic voltammogram (V A), S is the scan rate (V/s) and m is the mass (g) of composite. Figure 5(b) shows the dependence of capacitance of scan rate for all modified electrode. As can be seen, the trend of specific capacitance for all modified electrode is decrease with the increasing of scan rate where the highest specific capacitance is obtained at slower scan rate may be due to the better ion penetration on the surface of modified electrode. The highest potential window of AuNPs/PEDOT/rGO/GCE gives the largest capacitive value compared to others indicating the hybridization of AuNPs with PEDOT/rGO has a better contact between modified electrode and electrolyte. 
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Figure 5. (a) Effect of scan rate on AuNPs/PEDOT/rGO/GCE and (b) plot of specific capacitance vs. scan rate of modified electrode. (Electrolyte solution: 5.0 mM K4[Fe(CN)6] in 1.0 M KCl)


The charge-transfer resistance (Rct) and double layer capacitance (Cdl) characteristic of modified electrode were conducted by EIS. The Nyquist plot typically presents a semicircle of Rct occur at electrode surface at high frequency and the linearly part of diffusion-controlled process (Zw) at low frequency. In Figure 6(a), the Rct is only exhibit in bare GCE, but as the catalyst was casted on bare GCE, the Rct is decreased. This could be attributed to the positive charge from catalyst has an ability to attract a negative charge of [Fe(CN)]-3/-4 ion and enhance electron transfer on electrode surface [31]. However, AuNPs/PEDOT/rGO/GCE exhibits the characteristic of kinetic and diffusion process at low frequencies indicating high conductive and capacitive behaviour due to the AuNPs as a modifier. 
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Figure 6. (a) Nyquist plot of modified electrode in 5.0 mM K4[Fe(CN)6] and 1.0 M KCl solution and (b) Modified Randles equivalent circuit.


Figure 6(b) shows an elements proposed in modified Randles circuit were extracted from Nyquist plot. To obtained best fitting for Nyquist Plot, the R[C(RW)] Randles circuit for bare GCE is changed to R[(RW)C]Q for modified electrode. It can be seen from Table 3, the solution resistance (Rs) is decrease with the addition of catalyst on bare GCE. Meanwhile, the modified electrodes exhibit double capacitance processes, where the value of n is near to ideal capacitor. The apparent electron transfer rate constant (Kapp) for modified electrodes were obtained from Eq. 3; 
                                                            		                                              (3)
where R is the gas constant, T is temperature of system, F is Faraday constant, C is concentration of      [Fe(CN)]-3/-4. The value of Kapp is higher as the Rct is lower for AuNPs/PEDOT/rGO/GCE reveals this electrode is fastest electron transfer process compared to others as supported from CV result [32].
Table 3. Parameter’s value of modified Randles equivalent circuit for all modified electrode

	Modified Electrode
	Rs 
(Ωcm2)
	Rct 
  (Ωcm2)
	n
	Kapp 
(cms-1)

	Bare GCE
	73.0
	815
	0.280
	6.53 x 10-5

	rGO/GCE
	61.0
	63.8
	0.788
	8.34 x 10-4

	PEDOT/rGO/GCE
	55.0
	49.2
	0.745
	1.08 x 10-3

	AuNPs/PEDOT/rGO/GCE
	43.7
	6.85
	0.832
	7.77 x 10-3


Conclusion
In this work, AuNPs/PEDOT/rGO is successfully synthesized by facile chemical method as a new catalyst for cathode material in FCs. This study found that AuNPs as a modifier on PEDOT/rGO sheet has improved the performance of catalyst in terms of conductivity, capacity and charge transfer. The stability, thermal decomposition and sensitivity of AuNPs/PEDOT/rGO are recommended for a new catalyst in cathode materials of FCs. Future work would attempt to study the kinetic analysis and electrocatalytic activity of modified electrode on oxygen reduction reaction. 
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