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Abstract 11 

We report experimental results on the oscillatory electro-oxidation of thiosulfate on 12 

polycrystalline gold electrode in buffered media of pH 6.0. Importantly, we observed 13 

oscillations in the current density (potential) when the system was studied under linear sweep 14 

of potential (current density). The system displays supercritical Hopf, period-doubling, 15 

homoclinic and bursting bifurcations at different applied currents and potentials. After 16 

presenting the dynamics under both potentiostatic and galvanostatic regimes, we 17 

characterized the system in terms of its electrical (ohmic drop compensation and 18 

electrochemical impedance spectroscopy) and chemical (Capillary Electrophoresis analysis) 19 

aspects. Ohmic resistance compensation and electrochemical impedance spectroscopy 20 

confirmed the hidden N-shaped negative differential resistance oscillatory character. Capillary 21 

electrophoresis analysis revealed the predominance of different oxidation products as a 22 

function of the applied potential. Finally, we suggest a tentative mechanism underlying the 23 

kinetic instabilities. 24 
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1. Introduction 34 

Thiosulfate is a very important chemical substance in fields such as chemical synthesis, 35 

biological chemistry, wastewater treatment, mineral separation, paper manufacturing and 36 

photographic industry [1-3]. Thiosulfate can be oxidized chemically or electrochemically to 37 

sulfate and, as a number of intermediate oxidation states are possible, rather complex reaction 38 

mechanisms are commonly observed. The oxidation of thiosulfate is generally associated with 39 

rich nonlinear behavior in chemical and electrochemical systems [4-11]. Many homogeneous 40 

chemical reactions exhibiting autocatalysis and sustained oscillations have been reported, 41 

including the chlorite-thiosulfate [4-5], bromate-thiosulfate [6], periodate-thiosulfate [7] and 42 

peroxide-thiosulfate [8-10] systems. The electrocatalytic oxidation of thiosulfate on platinum 43 

surfaces can also result in interesting dynamics, including the emergence of period-doubled, 44 

mixed-mode, and quasiperiodic oscillations, and chaos [11].  45 

     Most studies on the nonlinear phenomena observed during the electro-oxidation 46 

reactions at the solid/liquid interfaces are conducted on platinum surfaces. This is due to the 47 

high electrocatalytic activity of platinum towards many reactions, including the 48 

dehydrogenation and oxidation of small organic molecules and the oxidation of molecular 49 

hydrogen [12, 13]. Expanding the current knowledge of electrochemical oscillations to 50 

reactions on other surfaces is a major step towards the understanding of surface processes 51 

underlying complex chemical kinetics at the electrified solid/liquid interface. This is also of 52 

importance when considering the possibilities of application and development of other 53 

imaging techniques.  54 

     Gold is a noble and relatively inert metal, and is a very weak chemisorber, which in 55 

the presence of pure electrolytes shows only non-Faradaic processes over a wide potential 56 

region, and exhibits a monolayer (or Au2O3) oxide formation/removal reaction at quite 57 

positive potentials[14-17]. However, many electrocatalytic reactions on gold surfaces were 58 



3 

observed in aqueous media, and were commonly discussed in terms of the active states of 59 

gold and explained by the IHOAM (incipient hydrous oxide/adatom mediator) model [17]. 60 

The IHOAM model also rationalizes the high catalytic activity of oxide-supported gold 61 

microparticles as reported by Haruta and co-workers [18]. The electrocatalytic reduction of 62 

periodate [19] and of molecular oxygen and hydrogen peroxide on Au (100) in alkaline media 63 

[20] are examples of the rare reports to date on oscillatory kinetics on gold surfaces. There are 64 

apparently no reports of instabilities in electro-oxidation reactions, in spite of the considerably 65 

high electrochemical activity towards the oxidation of carbon monoxide and small alcohols in 66 

alkaline media [21-24].  67 

     We report in this paper a comprehensive experimental investigation of the electro-68 

oxidation of sodium thiosulfate on polycrystalline gold, with emphasis on the self-organized 69 

potential and current density oscillations. The study was performed in phosphate buffer (pH 70 

6.0) and the system investigated using cyclic voltammetry (CV), chronoamperometry, 71 

chronopotentiometry, and electrochemical impedance spectroscopy (EIS). Furthermore, 72 

Capillary Electrophoresis (CE) analysis was also employed to infer on the chemical identity 73 

of soluble oxidation products.  74 

 75 

2. Experimental Section 76 

     All electrochemical experiments were performed at 20 oC by a computer controlled 77 

Autolab PGSTAT 302N electrochemical workstation (Metrohm Ltd., Switzerland). The 78 

electrochemical set-up use is depicted in Figure 1. A conventional three-electrode 79 

electrochemical cell with a volume of 100 mL was used. A gold disk with a diameter of 20.0 80 

mm, embedded in an insulating Teflon cylinder served as the working electrode (WE). The 81 

counter electrode (CE) was a gold thin foil 10 cm long, 1 cm wide and 0.02 cm thick, bended 82 

into a circular shape. The top edges of the CE and the bottom plane of the WE were arranged 83 
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in the same plane, c.f. Figure 1. A reversible hydrogen electrode (RHE), made with a "J" glass 84 

tube in which 0.5 mol cm-3 H2SO4 was used as the electrolyte, was placed between WE and 85 

CE was used as the reference electrode (RE). A charge-coupled-device (CCD) camera under 86 

the quartz window was adopted to observe the WE surface. Both working electrode and the 87 

electrolyte solution were kept stationary in all experiments. Potentials measured (or controlled) 88 

in all experiments are referred to the RHE scale. Electrolyte solutions were prepared by 89 

dissolving appropriate amounts of analytical grade sodium thiosulfate (Johnson Mattey 90 

Company) in ultrapure water (Millipore system, 18.2 MΩ·cm). Buffer solutions of NaH2PO4-91 

Na2HPO4 were used to maintain the electrolyte pH 6.0. The capillary electrophoresis (CE) 92 

analysis was performed on a CE-based analytical system P/ACE MDQ (Beckman) equipped 93 

with a diode array detector (DAD). A fused-silica capillary of 57.0 cm (50.0 cm to the 94 

detector) × 75 µm i.d. × 375 µm o.d. was used. The sample was injected into the capillary by 95 

overpressure. A negative voltage of 30 kV was applied for separation, and 195.0 nm was 96 

selected for the spectrophotometric detection. 97 

     Before each experiment, the gold disk was firstly polished to a mirror-like shine with 98 

diamond suspension (1 µm) on a Buehler polishing microcloth of a polishing machine 99 

(MetaServ 250, Buehler, USA), and then was immersed into a mixture of 1% KMnO4  and 30% 100 

H2O2  at room temperature for 12 hours. After that it was cleaned with ultrapure water. The 101 

electrolyte was deareted with purified nitrogen for 20 – 25 min at room temperature. All 102 

experiments started with a series of cycling voltammograms between -0.65 and 0.80 V at a 103 

scan rate of 0.1 V s-1 in 0.500 mol dm-3 H2SO4, until a constant current density vs potential 104 

profile was attained.  105 

 106 

3. Results and Discussion 107 

3.1 Potentiodynamic and galvanodynamic profiles 108 
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Figure 2 shows the cyclic voltammogram between 0 V and 2.000 V in 1.000 mol dm-3 109 

phosphate buffer (pH 6.0) at a scan rate of 0.01 V s-1. It can be seen clearly that the formation 110 

of gold oxide occurred around 1.500 V, where two peaks suggest that the different states of 111 

gold oxide may be generated [17]. When the electrode potential is higher than about 1.800 V, 112 

the current density increases abruptly due to the oxygen evolution as evidenced by gas 113 

bubbles on the surface of the WE, as observed by CCD camera. The second reduction peak at 114 

around 0.600 V results from β gold oxide (hydrous oxide) yielded by oxidation of metastable 115 

metal surface (MMS) gold-atoms [17].  116 

     Figure 3 shows both the potential and current linear sweeps curves in 0.400 mol dm-3 117 

Na2S2O3 with buffer (pH 6.0) on gold electrode. The open circuit potential is 0.200 V under 118 

these experimental conditions. In the potentiodynamic sweep experiment from 0 V to 2.000 V 119 

shown in Figure 3a, multiple negative differential resistances (NDRs) are discernible. Three 120 

main regions can be seen marked with A, B and C. In region A, it is indicated that the NDR is 121 

induced by the formation of gold sulfide layer, which blocks surface sites. As a consequence, 122 

the current density decreases with increasing potential at around 0.750 V and then it reaches a 123 

current plateau around zero, as the electrode is in a passivated state. As the potential increases, 124 

the current density gradually increases. Between 1.000 and 1.600 V, two distinct current 125 

density oscillations are clearly observed along the positive slope in the current density-126 

potential curve. The first region is in the range of 1.070 – 1.280 V and the other lasts from 127 

1.360 V to 1.400 V. It is speculated that the first oscillatory region is related to the formation 128 

of gold oxide and the second oscillatory region possibly corresponds to another gold oxide 129 

with higher gold oxidation state in Figure 3.  130 

     When the system is driven by a galvanodynamic sweep from 0 to 27.00 mA cm-2 131 

(Figure 3b), the electrode potential spontaneously oscillates in two distinct regions (M and N). 132 

The first oscillatory region is observed from 7.30 mA cm-2 to 8.97 mA cm-2. The second 133 
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oscillatory region is confined between 10.15 mA cm-2 and 16.25 mA cm-2. The second region 134 

is characterized by larger amplitude and lower frequency oscillations, when compared to that 135 

in the first one, at lower applied currents density. 136 

 137 

3.2 Oscillatory Dynamics 138 

     Since two oscillatory regions and complex dynamic characteristics were found along 139 

the quasi-stationary linear sweeps, we proceeded in the following a detailed study of the 140 

oscillatory dynamics under potentiostatic and galvanostatic control. 141 

 142 

Current oscillations. As presented in Figure 3a, there are two oscillatory regions. Figure 4 143 

shows the resulting current density time-series of the electro-oxidation of a solution 0.400 mol 144 

dm-3 Na2S2O3 with buffer (pH 6.0) on gold electrode. In these experiments, the potential was 145 

increased from 0 to 2.000 V step by step with 200 s duration at each potential. When the 146 

potential was kept lower than about 1.000 V, the current density remained strictly in a stable 147 

steady state (SSSI), as shown in Figure 4a. The current density holds at a very low value 148 

about 1.40 mA cm-2, which indicates that the gold surface is inactive towards thiosulfate 149 

electro-oxidation. This is caused by the formation of gold sulfide layer at the first oxidation 150 

region A (Figure 3a), which passivates the surface. As the potential increased to 1.100 V, the 151 

system undergoes a supercritical Hopf bifurcation and the current density starts to oscillate 152 

with increasingly amplitude, Figure 4b. Further increasing the potential to 1.155 V, period-2 153 

oscillations are induced, Figure 4c. At E = 1.160 V, simple oscillations with high frequency 154 

are observed, Figure 4d. Then it changes into 11 mixed-mode oscillations at E = 1.185 V, 155 

Figure 4e. As the potential is held at 1.230 V, the oscillations turn into more complex ones, 156 

namely period-2 of 11-type mixed-mode oscillations, i.e. P2(11), cf. Figure 3f. When the 157 

potential is increased to 1.235 V, the current density oscillates in a 12 mixed-mode state, 158 
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illustrated in Figure 4g. Then it transforms into P2 (12) oscillations at 1.240 V, shown in 159 

Figure 4h. 13 complex mixed-mode oscillations are found at the potential of 1.320 V, Figure 160 

4i. Further, when the potential is increased from 1.322V, then 1.325V to 1.328 V, the 161 

oscillatory mode gradually undergoes an evolution from 14, then 15 and to 16 oscillations in 162 

Figure 4j-l. And then the system accesses a more complex oscillating mode of 17 oscillations 163 

when the potential is increased to 1.330 V (Figure 4m). Finally when the potential is 1.335 V, 164 

no oscillations are observed (Figure 4n) and a stable steady state (SSSII) is reached.  165 

     From the j-E curve in Figure 3a we can also see that the system goes through a 166 

supercritical bifurcation, along the potentiodynamic sweep. The first oscillatory region is 167 

observed between 1.070 and 1.280 V, and the second one between 1.360 and 1.400 V. 168 

Therefore, in the second oscillatory region in Figure 3a, the system undergoes another 169 

bifurcation sequence. Under potentiostatic control, the system starts to oscillate in a higher 170 

potential region at 1.345 V with the oscillatory mode of 11-type. With the potential increasing 171 

step by step, oscillations in the current density get more and more complex. As can be seen 172 

from Figure 4o-s, the current density firstly oscillates in 11 mode, then P2 (11) and 12, 13 to 15 173 

modes. When the potential is higher than 1.380 V, the system displays damped oscillations. 174 

Finally, it goes to stable steady state (SSSIII) at 1.600 V, seen in Figure 4t. 175 

    Figure 5 summarizes the whole sequence of dynamic states described in Figure 4. As 176 

already pointed out, there are two potential windows: one from 1.000 V to 1.335 V, the other 177 

between 1.335 V and 1.600 V. In the first oscillatory region, the current density transited 178 

gradually from stable steady state (SSSI) to simple oscillations (SO), then mixed-mode 179 

oscillations of type I (MMO I), and again reached to a new stable steady state (SSSII). In the 180 

latter region, the curve goes through the mixed-mode oscillations of type II (MMO II) and 181 

damped oscillations (DO), as the potentials is increased. Finally, a stable steady state (SSSIII) 182 

is reached.  183 
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 184 

Potential oscillations. As anticipated in Figure 3b, there are also two oscillatory regions 185 

discernible along the galvanodynamic sweep of 0.400 mol dm-3 Na2S2O3 with buffer (pH 6.0) 186 

on gold electrode. The amplitude of the second region is larger than that of the first one. As 187 

the applied current density is increased, the first potential platform appears, and then it goes 188 

into a oscillatory region. Further current density increase brings a second potential plateau 189 

before entering into the second oscillatory region. In this section, we present results obtained 190 

under galvanostatic control to further investigate the structure of the potential oscillations in 191 

detail. 192 

Figure 6 presents the full set of potential time-series from 0 to 27.00 mA cm-2 when 193 

the current density was increased step by step with 100 s duration at each step. As the current 194 

density is below 0.35 mA cm-2, the potential varying with time gradually increases and then 195 

abruptly goes up, and finally stays in a stable steady state (SSSI), as shown in Figure 6a. 196 

When the current density is held at 0.35 mA cm-2, the electrode potential oscillates 197 

spontaneously in simple mode as shown in Figure 6b. By increasing the applied current 198 

density step by step, the potential oscillations evolve in the sequence 11, 12, 13, 14, P2 (14), 15, 199 

16 to 17, from Figure 5c to j. Other complex structures such as P2 (12) and P2 (13), 1213, 1314 200 

were also observed, making oscillations in this region abundant and rather intricate.  201 

     Further increasing the current density to 2.90 mA cm-2, the system goes to stable 202 

steady state (SSSII) again, Figure 6k. This stable steady state lasts in a wide range of applied 203 

current density. It would be caused by the formation of gold oxide layer on the electrode. 204 

When the current density increases to 3.18 mA cm-2, the potential oscillations transform into 205 

simple small oscillations (SO), seen in Figure 6l, before experiencing a bursting bifurcation, 206 

Figure 6m. With the current density increases to 4.33 mA cm-2, the potential oscillates in 207 

more complex mode, namely mixed-mode oscillations seen in Figure 6n. When current 208 
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density is higher than 5 mA cm-2, the system displayed damped oscillations. Then it is noted 209 

that the potential stays in stable steady state (SSSIII) again with the current density controlled 210 

at 7.90 mA cm-2. When compared to the galvanodynamic sweep presented in Figure 3b, the 211 

current densities presented here are considerably smaller, and it is attributed to the non-212 

stationary nature of the galvanodynamic sweep.  213 

     Likewise in Figure 5, Figure 7 summarizes the dynamic behavior presented in Figure 214 

6, in terms of the observed states as a function of the applied current density. With the 215 

increase of the applied current density, the system transited from stable steady state (SSSI) to 216 

type I mixed-mode oscillations (MMO I), and then reached a new stable steady state (SSSII). 217 

After that the system went into the second oscillation region with the current density 218 

increasing. The oscillation mode changed from simple small oscillations (SO) to bursting 219 

oscillations (BO), type II mixed-mode oscillations (MMO II), and the oscillatory amplitude of 220 

the potential increases to about 0.500 V. Then the system went to damped oscillation state 221 

(DO) before reaching  the stable steady state (SSSIII).  222 

    Mixed-mode oscillations (MMOs) is the generic term to describe the regular 223 

organization of a periodic sequence of oscillations of different amplitudes, and these enticing 224 

phenomena occurs in many systems [25-31]. The rich scenario of MMOs observed here under 225 

both potential and current control was found to be rather robust and reproducible and thus 226 

qualify the thiosulfate/gold system as a candidate for further investigations aiming at specific 227 

goals. Further developments in terms of modeling, however, calls for a deeper understanding 228 

of the surface chemistry involved; we are currently working in this respect. 229 

 230 

3.3 Electrical Characterization 231 

Ohmic drop compensation. In order to characterize the oscillations described above, we 232 

firstly investigated the role of the electrode potential. The solution resistance, as measured by 233 
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impedance at high frequency, amounts to around 2.20 Ω. We compensate this resistance using 234 

the iR compensation circuit in the Autolab PGSTAT 302N workstation, the resulting j-E 235 

curve of 0.400 mol dm-3 Na2S2O3 with buffer (pH 6.0) on gold electrode is presented in 236 

Figure 8. When no resistance is compensated in this system, oscillations are evidently 237 

observed in the positive-going potential sweep, as seen in Figure 3a (or Figure 8a). Three 238 

distinct oxidation peaks and two oscillatory regions exist in the positive potential scan process. 239 

It is interesting to note that when the resistance is compensated, oscillations are suppressed 240 

(Figure 8b). From these experiments we can conclude that the electrode potential is an 241 

essential variable [32], in the sense that oscillations can be described only if this variable is 242 

considered.  243 

 244 

Electrochemical Impedance Spectroscopy. EIS experiments were conducted to further 245 

classify the oscillatory regions described above. Figure 9 illustrates the EIS spectra (100 kHz 246 

- 0.01 Hz) of 0.400 mol dm-3 Na2S2O3 with buffer (pH 6.0) on gold electrode obtained at 247 

some selected applied potentials (A to D) in different potential regions in Figure 8b. When the 248 

potential is held at 0.950V on the negative slop of j-E curve in the first oxidation region 249 

(Figure 8b), the EIS spectrum shows that the system has a negative resistance in the real axis 250 

at low frequencies shown in Figure 9a, resulting from formation of a gold sulfide layer. The 251 

formation of gold sulfide layer in this potential region causes the electrode surface blockage 252 

and the active sites of the electrode are considerably reduced. Consequently, the increase of 253 

potential results in the drop of current density. At E = 1.300 V and 1.425 V, the EIS results of 254 

both potentials go through a negative differential resistance and the impedance of zero 255 

frequency locates in the fourth quadrant of complex plane, seen in Figure 9b and c. Therefore, 256 

the character of the hidden N-shaped negative differential resistance (HN-NDR) was 257 

discovered in two regions along the positive slopes of j-E curves. In these two regions, 258 
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formation of different gold oxides are likely the cause of the NDRs. The adsorption and other 259 

physical processes of intermediates and/or products on the electrode may induce the negative 260 

feedbacks of HN-NDR oscillations. When the potential was increased to about 1.6 V, the 261 

surface becomes passivated, and no NDR was observed. 262 

     From the perspective of the phenomenological analysis in the linear sweep 263 

voltammetric curve, as well as the potentiostatic and galvanostatic curves, there are two 264 

oscillatory regions, which show the system has both current and potential oscillations. With 265 

resistance compensation, the oscillation amplitudes in both regions were reduced or even 266 

disappeared. Electrochemical impedance spectroscopy further indicates that the two 267 

oscillation regions are of the HN-NDR type [32-34].  268 

 269 

3.4 Chemical Characterization – Capillary Electrophoresis (CE) Analysis 270 

     Aiming at giving further insight into the chemistry underlying the electrochemical 271 

oscillations, we performed capillary electrophoresis analysis of the products formed along the 272 

electrocatalytic oxidation of 0.400 mol dm-3 Na2S2O3 on gold electrode at some selected 273 

potentials. The experiments were carried out on a gold disk (20 mm in diameter, the same as 274 

previous experiments) with buffer of 1.000 mol dm-3 NaH2PO4-Na2HPO4 (pH 6.0) for two 275 

hours of electrolysis at each potential. After the electrolysis the solution composition was 276 

analyzed with capillary electrophoresis. The distribution of different oxidation products as a 277 

function of the applied potential was presented in Figure 10. 278 

     According to this analysis, S3O6
2- was detected above 0.300 V. The equilibrium 279 

reaction and electrochemical oxidation can be given by [35-36]: 280 

2S2O3
2- ⇋  S3O6

2- + S2-                                               (R1) 281 

2Au +S2- → Au2S + 2e-                                               (R2). 282 



12 

     There is a large amount of S4O6
2- according to the peak area of CE when the potential 283 

increases to 0.600 V, which demonstrates that peak A in Figure 3a is probably associated to 284 

the oxidation of S2O3
2- to S4O6

2-. The reaction can be written as, 285 

2S2O3
2-   →  S4O6

2- + 2e-                                              (R3). 286 

     The formation of some S5O6
2-, detected for E > 0.600 V, reads, 287 

S4O6
2- + S2O3

2- → S5O6
2- + SO3

2-                                (R4). 288 

     When E > 0.600 V, the SO4
2- ion appeared and its concentration increased with 289 

potential (R5-R6). However, S4O6
2- was the dominant product during the electrolysis at 290 

different applied potential until 1.500 V in our CE analysis. The mains reactions in this case 291 

are: 292 

SO3
2- →  SO4

2- + 2e-                                                      (R5) 293 

2S2O3
2- + 5H2O →  2SO4

2-+ 10H+ + 8e-                        (R6) 294 

It is worth noting that S4O6
2- disappears at E > 1.800 V.  Moreover, when the applied 295 

potential is increased to 1.800 V and 2.000 V, S6O6
2- and S7O6

2- are detected according to R7 296 

and R8, respectively, 297 

S5O6
2- + S2O3

2- →  S6O6
2- + SO3

2-                                 (R7) 298 

S6O6
2- + S2O3

2-  → S7O6
2- + SO3

2-                                 (R8) 299 

     In summary, trithionate, along with gold sulfide layer, and tetrathionate, further 300 

transfer converted to polythionate (SnO6
2-, n = 5-7), were produced via different 301 

electrocatalytic reaction routes, resulting in two possible negative feedbacks of HN-NDR 302 

oscillations proposed in the following section 3.5. 303 

 304 

3.5 Preliminary Mechanistic Analysis 305 

Oscillatory regions denoted as B and C in Figure 3a are probably result of the 306 

interplay between the electro-oxidation of sulfur-containing species and the inhibition by 307 
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surface oxidation. Therefore, the two NDR regions could be in principle due to the different 308 

states of surface oxidation. As the system has complex oscillations, it means that there are 309 

multiple feedback mechanisms for the two NDR regions. A tentative scenario includes, 310 

Au(aq) → Aun+ + ne-                                                                                      (R9), 311 

Aun+ + mH2O → Au(OH)m
(m-n)- + mH+                                        (R10), and 312 

sAu(OH)m
(m-n)- → sAuOn/2+(n×s)/2H2O+s×(m-n)OH-   (R11). 313 

Coupled with negative feedbacks such as competitive adsorption between sulfide (R1-314 

R2) and Au(OH)m
(m-n)-(or AuOn/2), steps R10 and R11, and  Au-oxide (or OH adsorption of 315 

Au) reduction, R12 and R13, the NDR regions of different n values can produce complex 316 

oscillations,  317 

Au(OH)m
(m-n)- + nS2O3

2-  → Au + n/2 S4O6
2- + mOH-    (R12), and 318 

AuOn/2  + n S2O3
2- + nH+ → Au + n/2 S4O6

2- +n/2 H2O  (R13). 319 

However, we should say that different NDR regions corresponds to individual surface 320 

passivated states, which need detailed investigation in the future. 321 

 322 

4. Conclusions  323 

The electrocatalytic oxidation of thiosulfate on gold electrode in buffered solution of 324 

pH 6.0 was investigated. The initial aspect to be pointed out is the very rich dynamics, 325 

including highly periodic oscillations and series of mixed-mode states, observed under both 326 

galvanostatic and potentiostatic regimes. The system displays supercritical Hopf, period-327 

doubling, homoclinic and bursting bifurcations, especially the period-doubling of mixed-328 

mode oscillation when adjusting the relevant parameters, distributed along two unstable  329 

regions. EIS, ohmic resistance compensation, linear sweep curves, as well as the 330 

potentiostatic and galvanostatic dynamics indicated that the system displayed HN-NDR 331 

oscillations. Capillary Electrophoresis analysis detected  S3O6
2- and S4O6

2-, which indicate 332 



14 

that competitive processes between sulfide formation (R1-R2) and gold-oxide (or OH 333 

adsorption) and reduction (R12 and R13) of gold-oxide (or OH adsorption) as the two 334 

negative feedbacks of HN-NDR oscillations. SnO6
2-(n = 5-7) was obtained from the reaction 335 

between Sn-1O6
2- and S2O3

2-. 336 

    Mixed-mode sequences observed here evidences a much more robust and intricate 337 

dynamics than other comparable systems (see for instance refs. [37-38] for comparison). 338 

Besides the sophisticated and presently unknown chemistry of the overall process and also 339 

that underlying the feedback loops, the resulting complexity can be attributed to the 340 

occurrence of two well-defined consecutive HN-NDR regions. The rich dynamics observed 341 

here widens the dynamic complexity in complex structures anticipated for HN-NDR 342 

electrochemical systems [39]. From the surface chemistry perspective, this is, for the best of 343 

our knowledge, the first report on the oscillatory dynamics during an electro-oxidation 344 

reaction on a gold surface. The presented results illustrated the complexity associated to 345 

processes such as the degradation of sulfur-containing compounds and also oriented synthesis 346 

of sulfur oxides. 347 
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 456 

 457 

 458 

Figure captions  459 

Figure 1. Schematic diagram of the electrochemical apparatus: (1) WE; (2) CE; (3) cycling 460 

water; (4) RE; (5) gas tube; (6) reactor; (7) quartz window; (8) CCD camera. 461 

Figure 2. Cyclic voltammogram of 1.000 mol dm-3 phosphate buffer (pH 6.0) with gold 462 

electrode at a scan rate of 0.01 V s-1. The scan range is between 0 V and 2.000 V. 463 

Figure 3. Potential (a) and current (b) linear sweep curves in 0.400 mol dm-3 Na2S2O3 with 464 

1.000 mol dm-3 phosphate buffer (pH = 6.0). Scan rate is (a) 0.10 mV s-1, and (b) 0.05 mA s-1. 465 

The potential and current was scanned from 0 V to 2.000 V(a), and from 0 mA cm-2 to 27.00 466 

mA cm-2, respectively. 467 

Figure 4. Current density oscillations of of 0.400 mol dm-3 Na2S2O3 with buffer (pH 6.0) on 468 

gold electrode under potentiostatic control from 0 V to 2.000V. (a) 1.010 V; (b) 1.100 V; (c) 469 

1.155 V; (d) 1.160 V; (e) 1.185 V; (f) 1.230 V; (g) 1.235 V; (h) 1.240 V; (i) 1.320 V; (j) 1.322 470 

V; (k) 1.325 V; (l) 1.328 V; (m) 1.330 V; (n) 1.335 V; (o) 1.345 V; (p) 1.350 V; (q) 1.370 V; (r) 471 

1.375 V; (s) 1.380 V; (t) 1.600 V. 472 

Figure 5. Schematic bifurcation diagram for the electro-oxidation of thiosulfate on gold under 473 

potentiostatic control. SSSI-SSIII: stable steady states, SO: simple oscillations, MMO: mixed-474 

mode oscillations, and DO: damped oscillations. 475 

Figure 6. Potential oscillations of 0.400 mol dm-3 Na2S2O3 with buffer (pH 6.0) on gold 476 

electrode under galvanostatic control from 0 to 27.00 mA cm-2. (a) 0.29 mA cm-2; (b) 0.35 mA 477 

cm-2; (c) 0.38 mA cm-2; (d) 0.41 mA cm-2; (e) 0.45 mA cm-2; (f) 0.48 mA cm-2; (g) 0.54 mA 478 

cm-2; (h) 1.72 mA cm-2; (i) 1.85 mA cm-2; (j) 1.88 mA cm-2; (k) 2.90 mA cm-2; (l) 3.18 mA 479 

cm-2; (m) 4.30 mA cm-2; (n) 4.33 mA cm-2; (o) 7.90 mA cm-2. 480 
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Figure 7. Schematic bifurcation diagram for the electro-oxidation of thiosulfate on gold  481 

under galvanostatic control. SSSI-SSSIII: stable steady states, SO: simple oscillations, MMO: 482 

mixed-mode oscillations, DO: damped oscillations and BO: bursting oscillations. 483 

Figure 8. Slow potentiodynamic sweep for the electro-oxidation of 0.400 mol dm-3 Na2S2O3 484 

with buffer  (pH 6.0) on gold electrode at 0.1 mVs-1. (a) without resistance compensation; (b) 485 

with 2.20 Ω resistance compensation. (A) 0.950 V, (B) 1.300 V, (C) 1.425V, and (D) 1.600 V. 486 

Figure 9. Electrochemical impedance spectra for the electro-oxidation of 0.400 mol dm-3 487 

Na2S2O3 with buffer (pH 6.0) on gold electrode at different potentials with compensated 488 

resistance 2.20� Ω, (a) 0.700 V, (b) 1.300 V, (c) 1.425 V, and (d) 1.600 V. 489 

Figure 10. Species distribution as the function of the applied potential for the electrochemical 490 

oxidation of thiosulfate on gold. Initial concentration of Na2S2O3 is 0.40 mol dm-3.  491 
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