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Abstract

In order to increase the conjunction between PANI and SnO2, an efficient method was proposed to synthesize polyaniline/aminobenzoate/tin dioxide composite (PANI-AB-SnO2) with tight junction structure via grafting PANI onto SnO2 nanoparticles modified with AB, in which AB was chemically anchored onto the surface of SnO2 nanoparticles. Characterization of structure and morphology of the composite indicated that –COOH group of AB molecule could coordinate to Sn (IV) on the surface of SnO2 to form a bidentate bridging compound, and proved that the prepared composite existed stronger interaction force between PANI and SnO2 nanoparticles. Electrochemical property measurements showed that the composite had improved properties, and its specific capacitance was up to 259.5 F g-1 at a current density of 5 mA·cm-2, ca. 47.8% higher than that of PANI-SnO2 (175.5 F g-1) synthesized in the similar condition. In addition, it also showed a good electrochemical stability.
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Introduction 
Among the family of conducting polymers, polyaniline (PANI) has attracted considerable attention in recent years due to its ease synthesis, simple doping/de-doping behavior and good environmental stability  ADDIN EN.CITE 
[1-3]
. Besides, PANI is a promising electrode material due to its ability to store and release charges through the redox process 4[]
.

Tin dioxide (SnO2) is a remarkably wide band gap n-type semiconductor material with Eg=3.6 eV, and has been widely used in catalysis, gas sensors and electrochemical energy storages because of its low discharge voltage, high theoretical capacitance, favorable electrochemical properties and environmentally benign nature  ADDIN EN.CITE 
[5-7]
.

Up to now, a lot of studies have been reported with respect to the preparation of PANI/SnO2 composite, for example, the sensor hybrid film of PANI and SnO2 was prepared by machinery grinding PANI and SnO2 with different mass fractions 8[]
. PANI/SnO2 composite was synthesized through a co-precipitation method using citric acid as a carrier at low temperature 9[]
. PANI/SnO2 fibrous nanocomposite was obtained via an in situ chemical polymerization route 10[]
. However, PANI/SnO2 composites prepared by these methods are confronted with the same problem to be used as high power capacity materials for electronic devices. That is to say, the long intermolecular distance caused by the weak adhesion between PANI molecule and SnO2 nanoparticles greatly restricts the charge transfer at the junction interface of them. Moreover, these composites, when used as the electrode materials, are easily pulverized and degraded in the repeated charging/discharging process because of volume swelling and shrinkage of PANI. The stronger conjunction of PANI and inorganic material has been proven to reinforce the cyclic stability. Some efforts have been made by using triethoxysilylmethyl N-substituted aniline as a coupling agent (ND42, C13H23NO3Si) to enhance the conjunction between polymer and inorganic material 11[, 12]
. However, the space steric hindrance caused by the relatively bulky molecular structure of ND42 between polymer and inorganic material also may result in the long distance between of them and then affect the conjunction. Aminobenzoate (AB, C7H7O2N) has a smaller molecular structure than ND42 and can also be used as a coupling agent. Yang et al. have confirmed that it can shorten the intermolecular distance between PANI and inorganic material 13[]
. 

In this work, we have developed a novel method to synthesize PANI-AB-SnO2 composite with tight junction structure by following two steps. First, AB was chemically anchored on the surface of SnO2 nanoparticles utilizing its carboxyl group to form an AB molecular layer on the surface of nanoparticles. And then aniline was polymerized on the surface of SnO2 modified with AB in the hydrochloric acid system. Moreover, we studied the structural characterization and formation mechanism of composites by Fourier transform infrared spectroscopy (FTIR), Energy dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD) and scanning electron microscopy (SEM), and investigated their electrochemical properties using cyclic voltammetry (CV), galvanostatic charging-discharging and electrochemical impedance spectroscopy (EIS).
Experimental

2.1. Materials 

Tin dioxide nanoparticles (SnO2, average 50-70 nm) were purchased from Chengdu Aike Da Chemical Reagents Co. Ltd. Aniline was supplied by Chengdu Kelong Chemical Reagents Co. Ltd. (Chengdu, China) and purified by distillation under reduced pressure before use. Other chemicals, such as AB, ammonium persulfate (APS) and hydrochloric acid (HCl) were reagent grade which needs no further treatment.

2.2. Chemical anchoring of AB onto the surface of SnO2 nanoparticles (SnO2-AB) 
2.0 g SnO2 nanoparticles was put into ethanol solution (60 ml) contained 0.84 g AB. The mixture was sonicated for 90 min at ~50℃ then held at 60℃ heat-water bath for 2 h. SnO2 nanoparticles modified with AB (SnO2-AB) were filtered and washed with ethanol for several times to removal unreacted AB and then dried at 60 ℃ for 2 h under vacuum. 

2.3. Synthesis of PANI/SnO2 composite

0.4 g SnO2-AB sample was dispersed in 1 M HCl (80 ml) solution and then 1 g aniline was added into it under ultrasonic treatment for 1 h at room temperature to disperse uniformly the aniline monomer around SnO2-AB particles. After that, the mixture was taken out and transferred to an ice bath and then 1 M HCl (20 ml) solution containing APS (molar ratio of APS to An was 1:1) was slowly added into the mixture under intensively stirring. The reaction solution was continuously stirred for 8 h after the addition of APS-HCl solution. When the polymerization completed, the product was filtered and washed with ethanol and distilled water for several times till the filtrate became colorless. Finally, it was dried at 60℃ for 12 h to obtain PANI-AB-SnO2 composite. For comparison, PANI-SnO2 composite was synthesized when the mass ratio of SnO2 to An was 0.4:1 and other conditions were controlled at the above same level, but without modification of SnO2 with AB.

2.4 Characterization

     Fourier-transform infrared spectra (FT-IR) of the samples were recorded with a Nicolet 550Ⅱinstrument in the range from 4000-500 cm-1. Measurements of X-ray diffraction were carried out on Shimadzu ZD-3A X-ray diffractometer using Cu kα radiation at 40 kv and 30 mA. The component and the morphology of the samples were determined by energy dispersive X-ray spectroscopy (EDS) and scanning electron microscope (SEM) using TESCAN VEGA Ⅱ LUM (equipped with energy dispersive X-ray Spectrometer) at 20 kv, respectively.

Preparation and electrochemical property measurements of PANI/SnO2 electrodes
Electrodes were prepared by mixing active materials (PANI-AB-SnO2 and PANI-SnO2 respectively) with 10 wt% acetylene black, 10 wt% polytetrafluoroethylene, and then a slurry of the above mixture was made using a certain volume of N-methyl pyrrolidone as a solvent which was subsequently coated onto a piece of carbon paper (~5 mg·cm-2). The carbon paper was dried at room temperature in order to remove the solvent. CV and EIS were carried out on the CHI 604 electrochemical workstation, and galvanostatic charge/discharge curves were measured using Autolab 72092 in 0.5 M H2SO4 aqueous electrolyte. All electrochemical property measurements were performed in a three-electrode system consisting of the carbon paper as the working electrode, platinum and the saturated calomel electrode (SEC) as counter and reference electrode, respectively. 
Results and discussion 

Structural characterization
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Fig. 1. (a) FT-IR spectra of SnO2, AB and SnO2-AB sample and (b) FT-IR spectra of PANI,

PANI-SnO2 and PANI-AB-SnO2 composites
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Fig. 2. EDS spectra of (a) SnO2 and (b) SnO2-AB sample
  FT-IR and EDS spectra were investigated to monitor and verify the chemical anchoring of
FT-IR and EDS spectra were investigated to monitor and verify the chemical anchoring of AB onto the surface of SnO2. Fig. 1a compares the FT-IR spectra collected from SnO2, AB and SnO2 -AB. In the spectrum of AB, peaks at 3461 and 3360 cm-1 correspond to the asymmetric and symmetric stretching vibrations of –NH2 groups, respectively. All peaks centered at 1601, 1578, 1527 and 1444 cm-1 correspond to the v (C=C) stretching vibration of aromatic ring, the peaks assigned at 1316 and 1176 cm-1 are due to the v (C-N) and in-plane δ (C-H) of the aromatic ring, respectively 14[]
. In particular, the peaks at 1628 and 1380 cm-1 are assigned to the asymmetric v (–COO-asym) and symmetric v (–COO-sym) band in AB free-state and the peaks at 1667 and 1291 cm-1are due to the v (C=O) and v (C-OH) band of its –COOH group. Both spectra of SnO2 and SnO2-AB show the characteristic of Sn-O-Sn vibration peak is centered at around 640 cm-1. However, in the spectrum of SnO2-AB, the bands of carboxylate asymmetric v (–COO-asym) and symmetric v (–COO-sym) stretching are observed at 1632 and 1387 cm-1, while the v (C=O) and v (C-OH) band of –COOH group on AB around 1667 and 1291 cm-1 disappear, revealing that –COOH group is deprotonated to –COO- group and then the group is chemically anchored onto the surface of SnO2 14[, 15]
. Moreover, as shown in Fig. 2, C and N elements are observed in EDS spectroscopy data collected from SnO2-AB sample, while Sn and O elements are only found in SnO2 sample, (That the N element signal cannot be evidently observed in SnO2-AB sample may be due to the overlapping with the O signal, as given in inset of Fig. 2.) The results demonstrate that AB was successfully anchored onto the surface of SnO2.
Table 1. Wave numbers in FT-IR spectra of PANI, PANI-SnO2 and PANI-AB-SnO2 composites
	

	PANI
	PANI-SnO2
	PANI-AB-SnO2

	v(C=C) in quinoid phenyl ring
	1578
	 1575
	1560

	v(C=C) in benzenoid phenyl ring
	1491
	 1492
	1483

	v(C-N) in quinoid phenyl ring
	1299
	 1297
	1294

	v(C-N) in benzenoid phenyl ring
	1242
	 1242
	1242

	δ(C-H) of protonated PANI
	1135
	 1133
	1132

	δ(C-H) out of plane
	820
	 825
	820


Fig. 1b displays FT-IR spectra of PANI, PANI-SnO2 and PANI-AB-SnO2 composite. It is observed that two the composites show similar characteristic peaks of PANI. For example, peaks at 1578 and 1491 cm-1 are attributed to the stretching vibration of quiniod and benzenoid deformation of PANI 16[]
. It is also observed that the C-N stretching vibration occurs at 1242 and 1299 cm-1, C-H bending vibration of protonated PANI and out of plane C-H bending vibration appear at 1135 and 820 cm-1, respectively, which demonstrates PANI formation in the composites. Compared with PANI, some peaks of PANI-SnO2 and PANI-AB-SnO2 composite are slight changes and the detail peak positions are summarized in Table 1. In general, the peaks of both composites are shifted to lower wave numbers, indicating that the interaction is established between PANI and SnO2, while the extent of the shift of PANI-AB-SnO2 composite is more than that of PANI-SnO2, illustrating that the interaction force of the former is stronger, which was attributed that stronger chemical adhesion might decrease the distance between PANI and SnO2, since the shorter distance is in favor of electronic transfer and strengthens the degree of the delocalization of electrons, as a consequence, there is greater peaks shift in PANI-AB-SnO2 composite. Therefore, it can be inferred that the conjunction between PANI and SnO2 is likely increased.
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Fig. 3. XRD patterns of SnO2, PANI, PANI-SnO2 and PANI-AB-SnO2 composites

Fig. 3 shows XRD patterns of SnO2, PANI, PANI-SnO2 and PANI-AB-SnO2 composite. For SnO2, all the characteristic diffraction peaks can be indexed as the tetragonal structure of SnO2 (Joint Committee on Powder Diffraction Standards Card no. 41-1445). There is no obvious difference among SnO2, PANI-SnO2 and PANI-AB-SnO2 composite, except that the intensity of diffraction peaks of PANI-SnO2 and PANI-AB-SnO2 composite is slightly lower than that of SnO2, which is attributed that the presence of PANI reduces the percentage of SnO2 in the composite 17[]
. This reveals that the crystal structure of SnO2 is not changed after the incorporation of PANI. The XRD pattern of PANI-SnO2 composite displays two extremely weak peaks centered at 20.1° (100 face) and 25.3° (110 face) which correspond to the periodicity parallel and perpendicular to the PANI chains, respectively 18[, 19]
. The weakened diffractive peaks can be ascribed that the addition of SnO2 and interaction between PANI and SnO2 prevented the crystallization of PANI molecular chains 20[, 21]
 . However, characteristic diffraction peaks of PANI are not completely observed in the XRD pattern of PANI-AB-SnO2 composite. This suggests AB played an important role in tethering the molecular chains and hampering the crystallization of PANI. 
Morphological characterization
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Fig. 4. SEM images of (a) SnO2, (b) SnO2-AB, (c) PANI-SnO2 and (d) PANI-AB-SnO2 composites

Fig. 4 shows SEM images of SnO2, SnO2-AB, PANI-SnO2 and PANI-AB-SnO2 composite. From Fig. 6a, it can be found that SnO2 sample is composed of agglomerated nanoparticles. SnO2 aggregates are significantly decreased after chemical anchoring of AB onto the surface of SnO2, as shown in Fig. 6b. This might be attributed that the terminal group -NH2 of SnO2-AB is in unfavorable of disperse particle adhesion due to its highly hydrophobic 22[]
. Morphology of PANI-SnO2 and PANI-AB-SnO2 composite are shown in Fig. 6 (c and d), respectively. As can be seen, PANI exhibit the growth tendency of one-dimensional (1D) nanorod and nanofiber structure in PANI-SnO2 composite, where some PANI have polymerized on the surface of SnO2 and part of them randomly grew to form free-cumulated structure, resulting that some naked-SnO2 nanoparticles are found, which go against charge continuous transfer. However, Fig. 6d shows that SnO2 nanoparticles are completely encapsulated by flat structural PANI. It can be inferred that AB inhibit the 1D growth tendency of PANI and then make the structure of PANI become flat. Meanwhile, PANI is firmly grafted on the surface of SnO2 because the terminal groups -NH2 can serve as graft sites for polymerization. The stable structure may contribute to improve electrochemical stability of the composite.  
3.3. Formation mechanism of PANI-AB-SnO2 composite
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Fig. 5. The anchoring modes of –COOH group on the surface of metal oxide
Three main anchoring modes of carboxylic acid groups (–COOH) on the surface of metal oxides are as follows: i. monodentate, ii. bidentate chelation, and iii. bidentate bridging, as shown in Fig. 5. The presence of characteristic peak of –C=O at ~1700 cm-1 in the IR spectrum and the deviation of the asymmetric and symmetric stretches of –COO- (△v=vasym - vsym) can be used to identify the anchoring modes of –COOH group on the surface of metal oxides. When the sample of carboxyl adsorbing on metal (salt) is compared with the carboxyl-free sample (acid)，there are three of the following conditions: i) If there is a characteristic peak of –C=O in the spectrum and △v (salt) is greater than △v (acid), then the anchoring model belongs to the monodentate; ii) If there is no characteristic peak of –C=O in the spectrum and △v (salt) is smaller than △v (acid), then the anchoring model belongs to the bidentate chelation; iii) If there is no characteristic peak of –C=O in the spectrum and △v (salt) is similar to △v (acid), then the anchoring model belongs to the bidentate bridging 15[, 23]
.
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Fig. 6. (a) The reaction mechanism of PANI-AB-SnO2 composite and (b) schematic illustration of
formation of PANI-SnO2 and PANI-AB-SnO2 composites

According to the above identifying criteria and the separation of △v (SnO2-AB, 245 cm-1) and △v (AB, 248 cm-1) in the FT-IR spectrum, it can be confirmed that the anchoring mode of AB on the surface of SnO2 belongs to bidentate bridging. Fig. 6 shows a reaction mechanism of PANI-AB-SnO2 composite and schematic illustration of formation of both composites. The –COOH group of the AB molecule can coordinate to Sn (Ⅳ) on the surface of SnO2 to make chemical anchoring of AB onto the surface of SnO2 and form an AB layer on its surface 24[]
. The –NH2 group of AB provide graft sites for the PANI formation in polymerization system, and AB can combine with PANI through hydrogen bonds that are formed between –NH2 group of AB and –NH– in benzenoid phenyl ring or –N= in quinoid phenyl ring. As a result, PANI-AB-SnO2 composite with tight junction structure is successfully formed. However, PANI exhibits a disorder structure in PANI-SnO2 composite.

Electrochemical properties of composite electrodes
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Fig. 7. CVs of (a) PANI-SnO2 and (b) PANI-AB-SnO2 composites at different scan rates
Cyclic charging-discharge was used as an important factor to evaluate electrochemical property of composite electrodes. CVs of PANI-SnO2 and PANI-AB-SnO2 composite are obtained at different scan rates (4, 9, 16, 25, 36 mV·s-1) with the potential window of -0.4 to 1.0 V (vs. SCE), as shown in Fig. 7. It can be observed that the shape of CV curves of two samples is almost the similar, both composites exhibit typical three redox peaks of PANI at a scan rate of 4 mV·s-1. The redox current is increased from 4 to 36 mV·s-1 with the scan rates, and the oxidation peaks shift positively and the reduction peaks shift negatively with the increase of scan rates 25[]
. But the CV curve area of PANI-AB-SnO2 is larger than that of PANI-SnO2 composite at the same scan rate, meaning a good rate capability of PANI-AB-SnO2, and the good electrochemical property may be originated that PANI layer on the completely encapsulated SnO2 surface provides continuously conductive passageways for charge transfer compared with PANI-SnO2 composite included naked-SnO2 nanoparticles.
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Fig. 8. Square root of various scan rates vs. oxidation peak currents
In order to further compare electrochemical property of PANI-SnO2 and PANI-AB-SnO2 composite, Fig. 8 gives the relation of square root of various scan rates vs. oxidation peak currents. For the two prepared composite electrodes, it can be seen that their peak currents (Ip) are linear relationship with square roots of scan rates (v1/2). On the base of Randles-Sevcik equation (1):
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                                                                      (1)

where Ip is peak current, v is scan rate, D is the diffusion coefficient, A is the area of the electrode, C is concentration and n is electron number. In our work, v, A and C can be controlled at the same level, and n is also identical for PANI-AB-SnO2 and PANI-SnO2 composite electrode. Therefore, the linear relationship between Ip and v1/2 indicates that the electrochemical process on the electrode is influenced by a diffusion process and the slope of the straight line should directly reflect the diffuse coefficient of electrolyte solution on electrode 26[]
. From Fig. 8, it can be obviously found that the electrochemical process on the both composite electrodes is diffusion-influenced process, and the diffusion coefficient of PANI-AB-SnO2 electrode is about 2 times of PANI-SnO2. Rapid diffusion of the electrolyte indicates that the PANI-AB-SnO2 composite electrode owns better kinetic property, and it may be attributed that the tight junction structure of PANI-AB-SnO2 composite and continuously conductive passageways provide an efficient path for electrolyte diffusing among spherical composite particles in comparison to unordered and free-cumulated PANI-SnO2 composite. These results indicate that electrochemical property of composite was improved due to AB changed the structure of the composite.
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Fig. 9. (a) Charge/discharge curves of PANI-SnO2 and PANI-AB-SnO2 composites at 5mA·cm-2 and (b) retention percentage of specific capacitance of PANI-SnO2 and PANI-AB-SnO2 composites at different current densities
Table 2. The specific capacitance of PANI-AB-SnO2 and PANI-SnO2 composites at different current density
	Current density (mA·cm-2)
	
	5
	6
	7
	8
	9
	10

	Specific capacitance (F·g-1)
	PANI-AB-SnO2
	259.6
	253.7
	239.1
	227.2
	219.6
	214.2

	
	PANI-SnO2
	175.5
	160.2
	148.3
	138.7
	130.7
	126.1


The information on the capacitance of the PANI-SnO2 and PANI-AB-SnO2 electrode is obtained using galvanostatic charging-discharging measurement of the electrodes with a current density of 5 mA·cm-2 over the potential window of 0 to 0.8 V, as shown in Fig. 9a. Good symmetric profiles and line slopes with respect to anodic charging and cathodic discharging process demonstrate that the both composite electrodes have ideal capacitance behaviors 27[]
. It is worth noted that the specific capacitance of the PANI-AB-SnO2 composite electrode (259.6 F g-1) is higher than that of the PANI-SnO2 electrode (175.5 F g-1) by calculating according to the equation (2):
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                                                           (2) where I and Δt are the discharging current density and time, m and ΔV are the amount of the active material and discharging potential window, respectively. The enhancement of electrode capacitance may be attributed the decrease of resistance of charge transfer, which is probably caused by the shorter intermolecular distance between PANI and SnO2, resulting in increasement of pseudocapacitance of the electrode that is produced by the synergy of PANI and SnO2 nanoparticles 28[, 29]
. 
The relationship between specific capacitance and discharging current of composite electrodes as well as specific capacitance retention obtained from the charging-discharging measurement at different current densities are shown in Table 2 and Fig. 9b, respectively. It can be found that the specific capacitance of both composite electrodes decreases with the increasing current density from 5 to 10 mA·cm-2. The retention percentage of specific capacitance of the PANI-AB-SnO2 composite electrode is 82.5%, even though the current density is up to 10 mA·cm-2, while it is only 71.2% for PANI-SnO2 composite electrode, indicating a good rate capability of PANI-AB-SnO2 composite electrode. Enhanced capacitance retention is due to that tight junction structure formed via AB linking PANI and SnO2 can endure higher discharging current density compared with composite without AB modification 4[, 30]
.
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Fig. 10. Retention percentage of specific capacitance of PANI-SnO2 and PANI-AB-SnO2 composites with cycling numbers at 5 mA·cm-2
To further study the stability of the composite electrode, charging-discharging measurements are carried out for 100 cycles at a current density of 5 mA·cm-2, as shown in Fig. 9. As can be seen, PANI-AB-SnO2 composite electrode retains around 85.5% of specific capacitance, while only 73.1% of that for PANI-SnO2 electrode is kept over 100 cycles, which seem the loss rate of specific capacitance is close to 2 times of PANI-AB-SnO2 composite electrode. It indicates that the chemical linkage of AB between PANI and SnO2 enhances the cycle stability of the composite.
The electrochemical impedance is a common method of studying and elucidating the mechanism and kinetics of the chemical and electrochemical reaction on electrode 31[]
. Fig.11 shows electrochemical impedance spectra in the form of Nyquist plots of the PANI-SnO2 and PANI-AB-SnO2 electrode with the frequency range from 1 Hz to 100 kHz and a sinusoidal signal of 5 mV. The impedance plots show a semicircle in the high frequency region and a sloping straight line in the low frequency region, which correspond to
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Fig. 11. Nyquist plots of PANI-SnO2 and PANI-AB-SnO2 composites

the charge-transfer resistance (Rct) ascribed to Faradaic reaction and the diffusion resistance (Rw) ascribed to ion diffusion into the electrode material, respectively 32[]
. From the high frequency semicircles curves, it can be obtained that Rct of PANI-AB-SnO2 and PANI-SnO2 composite electrode are close to 1.07 and 2.60 Ω, respectively. This result explains that the PANI-AB-SnO2 composite has a better electrochemical behavior, which might be used as a promising electrode material.

Conclusion

An efficient method was proposed to synthesize the PANI-AB-SnO2 composite with tight junction structure via grafting polymerization of PANI after chemical anchoring of AB on the surface of SnO2 nanoparticles for the first time. The FT-IR results showed that the prepared composite by this method established a stronger interaction force between PANI and SnO2 nanoparticles, which was attributed that stronger chemical adhesion might decrease of intermolecular distance between PANI and SnO2. As a result, electrochemical properties of the composite were improved compared with PANI-SnO2 composite without the modification of SnO2 with AB. The diffusion coefficient of electrolyte in PANI-AB-SnO2 is about 2 times in PANI-SnO2 without AB. The specific capacitance was up to 259.5 F g-1 at a current density of 5 mA·cm-2, ca. 47.8% higher than that of PANI-SnO2 (175.5 F g-1), and the retention rate of specific capacitance at different current densities and cycling numbers were also improved.
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