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Tuning the electrode activity to expose transformational and electrocatalytic characteristics of individual nanoparticles by nanoimpact electrochemistry

Nanoimpact electrochemistry

(NIE) is a straightforward analytical technique to study at high throughput the reactivity of single Nanoparticles (NPs) colliding with a biased UltraMicroElectrode (UME). As NIE can reveal both NP size and catalytic activity, this strategy can be employed to establish relationships between these two NP descriptors. Herein, it is shown that the electrode material is crucial for visualizing simultaneously electro-catalytic processes and NP transformation, that can size the NPs. UMEs made of gold (Au) or glassy carbon (GC), were employed to study the reduction of AgBr NPs and the electrocatalytic activity of the resulting Ag NPs for the oxygen reduction reaction (ORR). With Au UME, only the transformation process is probed, allowing a quantitative analysis of the overpotential effect on the reduction dynamic of the AgBr NPs. When a GC UME is employed, the AgBr NPs reduction and subsequent ORR activity can be quantified for the very same NPs.

Introduction

Nanoimpact electrochemistry (NIE), which was introduced more than a decade ago, [1,2] constitutes a straightforward analytical technique to study, at high throughput, single nano-objects and particularly nanoparticles (NPs). [3][4][5][6][7][8][9] In most cases, such experiments are carried out using an ultramicroelectrode (UME) immersed in a suspension of colloidal NPs. The analysis of the current spikes (shape and amplitude) arising from the collisions of individual NPs with the biased UME allows extracting valuable information about the colloidal system under investigation. On the one hand, the NIE approach was employed to characterize NP transformation or dissolution processes. In the latter case, the electrochemical transients which are generally current spikes provide dynamic sizing [10] of the different populations [11] of NPs during their contact with the electrode surface. This allows deciphering several mechanistic aspects, [4,12] such as demonstrating the role of the potential applied to the electrode on the transformation rate, [12] the possible occurrence of multistep reactions during NP transformation, [13][14][15][16][17][18][19] as well as the importance of electrostatic forces, [20,21] electrolyte concentration, [22] NPs-electrode interactions [11,23] or NPs motion. [18,19,24] On the other hand, NIE was employed to determine the electrocatalytic activity of individual NPs. Many electrocatalytic reactions have been inspected including the oxygen evolution, [25,26] or reduction, [27,28] hydrogen evolution, [29][30][31][32][33] or oxidation, [34] hydrogen peroxide oxidation [35] and reduction, [36] and hydrazine oxidation reactions. [37][38][39] Besides, these reactions were inspected at a variety of NPs such as metals (Pd, [29] Pt, [27,30,34,36,37,39] Au, [30,31] ), metal oxides (CoFe2O4, [25] IrOx, [35] Pt@TiO2 [28] , Ni(OH)2 [40] ) or carbon materials. [24,41,42] The electrocatalytic activity of a NP is detected by an abrupt increase of the current, the height of which reflects the electrocatalytic efficiency, the dynamics (passivation, etc…) [30] at the single NP level, [29] or the NP active area. [38] Herein, we take advantage of a transformation/electrocatalytic NIE strategy, previously employed to study the transformation of Ag NPs to Ag2O followed by their electrocatalytic activity for the OER. [26] We selected AgBr NPs as a model system that represent easy to use precursors of metal Ag NPs, widely studied by NIE. [4] Indeed, Ag NPs can be readily obtained by the reduction of AgBr NPs (Equation 1) and display a good electrocatalytic activity for the ORR in neutral pH aqueous media (equation 2). [43] In particular, following Sepunaru's recent work, [32] the collisions of NPs were recorded at different electrode materials (catalytically inactive or active). Even if most NIE studies are performed at catalytically inactive electrodes in order to inspect the catalytic activity of the NP, Sepunaru demonstrated that the catalytic activity of the NPs was annihilated at catalytically active electrodes as no electrochemical collisions was detected. By varying the activity of the electrode, deeper mechanistic insights were reached regarding the electrocatalysis at the NP. [32] Herein, we will use a catalytically active electrode (Au UME) to suppress the catalytic response of the NPs and therefore to study their redox transformation (Scheme 1a). Alternatively, a catalytically inactive electrode (C UME) will allow probing both the transformation and the electrocatalytic activity of the NPs (Scheme 1b). 

Results and Discussion

Firstly, the electrocatalytic properties of the electrode materials for the ORR were inspected and compared to that of Ag. Figure 1a shows the linear sweep voltammograms recorded at Au, Ag and C UMEs, in aerated electrolytic solutions. All UMEs show a reductive wave characteristic of the ORR, but with overpotentials increasing in the order Au < Ag < C. Since Ag has intermediate electrocatalytic activity compared to Au and C, it is pertinent investigating the reduction of AgBr NPs on both Au and Glassy carbon (GC) UMEs. Before apprehending the reductive behavior of AgBr NPs at the single level by NIE experiments, a large ensemble of NPs immobilized on an UME was studied. Figure 1b presents the cyclic voltammogram recorded at the Au UME modified with dropcasted AgBr NPs. On the forward reductive scan, a first cathodic peak at -0.32V (associated to a backward reoxidation at -0.20V) is assigned to the reduction of AgBr to Ag (equation 1). The backward reoxidation peak corresponds to the reoxidation of Ag to AgBr, owing to the 0.1M Br -containing electrolyte. This system is followed by the ORR reaction indicating that the AgBr to Ag conversion occurs at potentials ~ 0.3V more positive than the ORR and that both electrochemical reactions (AgBr to Ag conversion and ORR) can be decomposed when analysing the system at different electrode potentials. Then the AgBr NPs electrochemical behaviour is investigated at the single NP level by immersing Au or C UMEs in a freshly prepared colloidal suspension of AgBr NPs (protocol detailed in the experimental section) diluted 10 times.

The current transients recorded at the Au UME at various potentials ranging from -0.6 to -1.5 V vs FcMeOH are shown in Figure 2a. All transients display current spikes, such as the one presented in the inset of Figure 2b which was recorded at -0.9 V vs FcMeOH. Other examples provided in Figure S1 show the same behaviour. According to Figure 1b, within this potential range, those spikes can be confidently attributed to the reduction of AgBr to Ag (equation 1). One can also observe in Figure 2c and 2d an increase of the individual current spikes' amplitude when the UME potential becomes more negative, whereas the spikes' duration decreases. Similar effect reported previsouly while inceasing the overpotential of Ag NPs oxidation, [12] was attributed to the increase of the transformation kinetic of NPs with the overpotential. Applying more negative potentials is also accompanied by a continuous increase of the impact frequency until -1.4 V vs FcMeOH as shown in Figure S2. This could be due to electrochemically driven phoretic processes (favoured at increased electrochemical current, here more negative potentials), resulting in an apparent acceleration and preconcentration of the NPs in the vicinity of the electrode. [44] However, despite changes in characteristic amplitude and duration the total charge of the spikes remains statistically the same in the entire potential range, as shown in Figure 2e, attesting that the same NP population are probed at the different electrode potentials. Considering that the ORR is catalyzed preferentially on the electrocatalytically active Au surface, this likely means that this ORR reaction is prevented at the NPs' surface so that the current spikes observed solely correspond to the reduction of the AgBr NPs to Ag [17] according to equation 1. This is corroborated by the quasi-steady-state background current, ibg Au recorded during the NIE. As the potential applied at the Au UME decreases, ibg Au becomes more negative, following a sigmoidal evolution similar to that of the voltammogram of Figure 1a, with a similar apparent half-wave potential E 0 The current transients recorded at the C UME for the same range of potentials (-0.6 V to -1.5 V vs FcMeOH) are provided in Figure S3. As observed with the Au UME and illustrated in Figures S3 andS4, when the C UME potential becomes more negative the current spikes' amplitude and frequency increase, their duration decrease whereas the global charge remains the same. By analogy, these current spikes can be attributed to the conversion of the AgBr NPs into Ag NPs. However, looking carefully at all the transients of Figure S3, specific features can be observed within a range of EC UME from -0.6 V to -1.0 V vs FcMeOH. As exemplified in the transient of Figure 3b for a potential of -0.9 V, the 'conversion' current spikes (Figure 3c) are eventually followed by current steps (Figure 3d). The upside-down histogram of Figure 3a represents the probability to observe a current step right after a 'conversion' current spike at the C UME with a limit of detection of ~ 10 pA and for a number of analyzed current spikes N>20 for each potential. On one hand, the probability of observing such current step event after the conversion increases from -0.6 V and reaches a maximum of ~85% at -0.9 V. The Figure 3a (Black curve) also displays the evolution with potential of the background current, ibg C at the C UME extracted from Figure S3. It shows that within the range -0.6 V to -0.9 V the background ORR current recorded at the C UME remains very low. However, since Ag is able to catalyse the ORR within this range of potential (based on the voltammogram at the Ag UME, Figure 1a), the current steps are attributed to the electrocatalytic ORR into H2O or H2O2 (Equation 2 or 3, respectively) at the justelectrochemically converted Ag NPs. [27] Interestingly, the 'catalytic' steps probability increase when increasing the overpotential from -0.6 to -0.9 V, following the electrocatalytic activity of the Ag UME: the more negative the potential, the higher the ORR activity at the electrochemically generated Ag NPs. This observation is in line with those reported previously for the oxidation of Ag to Ag2O followed by the OER. [26] For E C UME <-0.9 V the abrupt decrease of the probability is associated to the increase of ibg recorded at the C UME (Figure 3a, black curve) that give an apparent half-wave potential for the ORR of E 0 app C UME ~ -0.95 V vs FcMeOH consistent with the voltammogram of Figure 1a. It ends up with the complete disappearance of the current steps at E C UME < -1.1 V (see for instance in Figure S4 at -1.2 V) a potential corresponding to the current plateau of the ORR at the C UME. At this potential value, the Ag NPs are electrogenerated at the UME in a region devoid of O2, preventing the observation (actually decreasing the extent) of ORR at the catalytic Ag NP. In this potential region, the individual current spikes observed on the chronoamperometric traces are similar to those observed on the Au UME (Figure S1). This suggests that when the ORR is taking place at the C UME, only the AgBr NP reductive conversion to Ag, Equation 1, is detected by the NIE, the C UME acting as a reactive electrode. [32] Since the NIE experiments performed using the Au UME were free of electrocatalytic behavior, they were further employed to investigate the potential dependence of the AgBr NPs' conversion process. A statistical analysis of all the current spikes was performed at each potential. The charge Qp of each spike associated to this conversion is used to estimate the size of the NP colliding the UME. The apparent electrochemical radius, rEC, of the AgBr NP is extracted from equation 4: (4) with M and ρ the molar mass and density of AgBr, respectively, F the Faraday constant. The values of the equivalent radius, rEC Au, for all Au UME potentials are plotted along its corresponding conversion duration, Δt, in Figure 4a. As previously reported for mixtures of AgX NPs (X=Br or Cl) [17] rEC Au varies linearly with Δt. Herein, this holds true for each UME potential (each color in Figure 4a) with an increase of the slope when the potential decreases. Examples of such linear relationships are detailed in Figure S5. This observation is associated with the shortening of the peak duration with decreasing the UME potential. As shown in Figure 2c, Δt decreases from 50-60 ms at -0.6 V down to <20 ms at -1.5 V. This suggests that the kinetics of AgBr reduction depends on its overpotential. This is consistent with previous observations reported for the reverse reaction i.e., the oxidation of Ag NPs to AgCl NPs. [25] Noteworthy, the linear variation of Δt with NP size questions a diffusion-limited transformation process which would predict a parabolic evolution, Δt = rEC 2 /DAg+. [17] Moreover, for a 100 nm diameter AgBr NP with DAg+ ~ 10 -11 cm 2 .s -1 (which is the diffusion coefficient of Ag + within solid AgBr [45] ), the diffusionlimited conversion process would take Δt ≈ 2.5 s. This duration is about two orders of magnitude higher than the ones observed in the present study. Additionally, a limitation by the diffusion of Br - can be ruled out since with a DBr-in AgBr one order of magnitude lower than in solution (DBr-~ 6x10 -7 cm 2 .s -1 ) [46] one would expect Δt in the order of the µs. Altogether, this suggests that for such large NPs, the AgBr conversion is not limited by the sole diffusion of ions in the ionic crystal matrix. It was previously shown that the NP transformation could be modeled as the formation of a new solid (metallic Ag) phase expanding at the expense of the AgBr phase. [17,47] The conversion is suggested to occur at the moving boundary between the Ag and the AgBr phases. The observations in the present study, introduce a new kinetic regime for such interfacial conversion equivalent to the hopping of an electron (eAg -) from reduced Agred sites to adjacent unreduced AgBr sites within the NP. [17,47] Herein, this is schematized by equation 5.

(5) The conversion dynamics is then characterized by both the diffusion of ions in the ionic solid phase and the hopping rate constant kex (in s -1 ) depicting equation 5. A COMSOL model of this situation, previously presented, [17,47] confirmed the linear relationship between the conversion duration, Δt, and the NP radius, rEC and Δt following the analytical expression given by equation 6.

(

) 6 
with rEC expressed in nm, DAg+ in cm 2 .s -1 , kex in s -1 and Δt in s.

The evolution of kex with the UME potential, (Figure 4b) shows that kex increases with the potential up to a limit kex,max ~ 6x10 4 s - 1 at E C UME = -1.3 V vs FcMeOH. This value is one order of magnitude lower than the highest interatomic exchange diffusion limit kex,lim ~ 6x10 5 s -1 determined from the Smoluchovsky theory (Equation 7): (7) with NA the Avogadro number and a = 3.5 Å, the interatomic distance in the AgBr crystal. It is noteworthy that if one assumes that the maximum value estimated experimentally corresponds to the Schmoluchovsky diffusion limit (Equation 7), then equating the expression of kex,lim with that for the evaluation of kex,max, respectively from Equations 6 and 7, yields a diffusion of ions in the AgBr crystal of the order of DAg+ ~3.10 -12 cm².s -1 . This value is in reasonable agreement with the literature one. It further highlights that the high temporal resolution of NIE allows inspecting diffusion-limited hopping mechanism in solid NPs.

Finally, the electrocatalytic activity for the ORR at the reduced AgBr NPs was quantitatively investigated using the C UME. A series of spikes followed by a current step recorded at -0.9 V vs FcMeOH at a GC UME extracted from Figure 3b and others were analyzed. The transients recorded at this specific potential present the highest probability to observe an electrocatalytic current step after a current spike (Figure 3a). Each current step, istep was then related to the charge of the preceding current spike Qp, as illustrated in Figure 3c and 3d, respectively. The current spikes often occur through multiple spike events as shown in Figure 3d, within a < 50 ms range. Such behavior is characteristic of a reduction proceeding through multiple NPelectrode contact events as observed for other Ag-based NPs. [13][14][15][16][17][18][19] In a first approach, the multiple current spikes were considered as a unique transformation process, from which the NP radius rEC C was evaluated using Equation 4, and the current step considered as the electrocatalytic activity for the ORR. This approximation is further supported by the fact that the spike charges are statistically similar to those observed when the electrocatalytic activity of the NPs is hindered i.e., (1) on the catalytically active Au UME whatever its polarization, or (2) at the C UME for EC UME <-1.1 V vs FcMeOH (Figure S3). Figure 4c shows the plot of istep versus rEC for a statistically representative number of events. Assuming that the ORR activity of the NPs is limited by the mass transfer of O2, the current step should be directly proportional to the electrochemical radius, rEC following equation 8: [38,39,48] where n=3.3 is the number of electrons exchanged for the ORR at Ag, [43] F is the Faradaic constant, DO2 ~ 2x10 -5 cm 2 .s -1 is the diffusion coefficient for O2 in water, Δ[O2] = [O2] ∞ -[O2]NP is the concentration difference between the bulk solution and the NP surface, which is at maximum ~0.25 mM in air-saturated aqueous solution.

On the other hand, a kinetic limitation from the ORR, with a rate constant kORR, at the NP surface would be described by a quadratic Butler-Volmer expression:

Combined with the mass transfer arrival of O2 at the NP, from Equation 8, one would expect the ORR electrocatalysis current follows Equation 10: (10) This equation should allow analyzing the ORR kinetic at the single NP and apprehend kinetic vs mass transfer competition with NP size.

Along with the scatter plot in Figure 4d are provided the maximal mass-transfer limited linear trend (Equation 8) and two kinetically-limited trends evaluated, using Equation 10, for kORR = 0.3 and 1 cm s -1 respectively. Noteworthy, the upper-limit mass-transfer regime was evaluated considering that ~ 20% of O2 is consumed by the C UME (extracted from ibg c at -0.9 V vs FcMeOH in Figure 3a). It means that the NP would probe at best an apparent bulk concentration Δ[O2] = ∞ = 0.2 mM. Despite the scatter in the data which might be explained by the disparity of the NPs catalytic efficiency the current steps are within the predicted mass-transfer and kinetic currents. It suggests that the ORR kinetic at the Ag NPs is higher than 0.3 cm s -1 . The scatter in the data could further suggest a size effect on the ORR kinetics with increasing activity when the NP size decreases.

Conclusion

The nanoimpact electrochemistry (NIE) approach was implemented to shed light on the reduction of AgBr NPs to Ag on gold and carbon ultramicroelectrodes. On both electrodes, typical current spikes of AgBr NPs reduction to Ag NP were observed, whereas specifically on the C UME for a potential window between -0.6 V to -1.0 V, the AgBr NPs transformation was accompanied by current steps. The latter, attributed to the electrocatalytic ORR at individual electrogenerated Ag NPs, exhibit the highest probability of occurrence at -0.9 V. Conversely, when the ORR takes place at the surface of the catalytically active Au UME, a gradient of the molecular reactant's concentration is imposed in the vicinity of the UME, hindering the catalytic reaction at the Ag NPs. Hence, for NPs less active than the UME itself (here Ag < Au), electrocatalysis of the ORR at the NP cannot be detected whatever the potential applied at the UME. By hindering the ORR at the NP, the dynamics of the reductive conversion of AgBr NPs to Ag was analyzed. The reduction is characterized by a hopping mechanism, associated to an advancing Ag/AgBr boundary within the NP during its conversion. The hopping electron transfer rate constant within the AgBr NPs increases with a more cathodic potential until it reaches a limit at -1.2 V, suggesting a further limitation of the reduction process. In addition, by employing a C UME, the ORR activity extracted from the current steps was compared to the NPs' size defined from the corresponding current spikes. The trends observed suggest ORR in a mixed control by mass transfer and ORR activity with a lower-bound electrocatalysis rate of 0.3cm s -1 .. This double NIE approach opens the way towards the determination of sizeactivity relationships that was recently reported as a possible explanation for heterogeneous electrocatalytic activities of Pd NPs during NIE experiments. [29] Experimental Section

AgBr NPs synthesis

Analytical grade chemicals were obtained from Sigma-Aldrich and were used without further purification. Solutions were prepared with ultrapure water with a resistivity higher than 18.2 MΩ.cm. AgBr NPs were synthesized according to a previously described procedure [17,47] with minor changes. 1 mL of KBr solution (0.5 M) was mixed with 98 mL of cetyltrimethylammonium bromide solution (2 mM). Then, 1 mL of AgNO3 solution (0.5 M) was added dropwise and under constant stirring to form a 100 mL stock solution. The mixture was further stirred at room temperature for 3 h and became cloudy and white. The colloidal solution was stored under light protection at 4 °C until use in NIE. The AgBr NPs were analysed by SEM-EDX (Figure S6) using a Gemini 360 SEM from Zeiss coupled to an energy-dispersive X-ray detector from Oxford Instruments. The acceleration voltage was equal to 8 kV. For EDX analysis, the microscope aperture size was expanded from 30 to 60 µm. EDX data were processed using the Aztec software. The size distribution of the NPs determined from the SEM images is in fairly good agreement with the one extracted from the NIE experiments performed at the C UME (Figure S6).

UME preparation

Homemade UMEs were designed using borosilicate glass capillaries (Sutter instruments, Novato, California) with outer and inner diameters of 1.0 and 0.5 mm, respectively. 25 µm diameter gold wires or 7µm carbon fiber (99.99%, Goodfellow, Cambridge Ltd, Huntingdon, England) were inserted into the capillaries and sealed with a laser pipette puller (Sutter Instruments, Model PC-10, London, UK). The UMEs were then polished with aluminum oxide tape (3 µm from Precision Surfaces International, Houston, Texas, USA).

NIE experiments

The stochastic EC collisions of NPs were recorded in a 2-electrode system using either the C or the Au UME as the working electrode and a Pt wire as both counter and pseudo-reference electrode. Current transients were recorded at 10 kHz bandwidth with a low noise current amplifier (Element eONE) and the 10 times diluted solution of AgBr NPs freshly synthesized. Noteworthy, the NIE experiments with the Au UME were performed with another batch of slightly larger AgBr NPs synthesized using the same procedure described above. To ensure a reliable comparison between the C and Au UME, all the potential values were referenced versus FcMeOH internal reference by adding into the solution 1mM FcMeOH from Sigma-Aldrich after the NIE experiments (Figure S7).

Scheme 1 .

 1 Scheme 1. NIE mechanism occurring at a) the Au UME and b) the C UME.

Figure 1 .

 1 Figure 1. a) Normalized linear sweep voltammograms on gold (yellow trace), silver (grey line), and carbon (black line) UMEs. b) Cyclic voltammogram of Au UME modified with dropcasted AgBr NPs. All measurements are recorded vs FcMeOH in air saturated aqueous solutions of 0.1 M KBr at 50 mV/s.

  app Au UME ~ -0.75 V vs FcMeOH as shown in Figure 3a. The evolution of ibg Au with the Au UME potential therefore corresponds to the extent of the ORR occurring at the Au UME during the NIE experiments.

Figure 2 .

 2 Figure 2. a) Transients of NIE experiments in a colloidal suspension of AgBr NPs occurring on gold UME in air saturated aqueous mixtures containing 0.1 M KCl, recorded from -0.6 V to -1.5 V vs FcMeOH, every 100 mV and b) zoom of the chronoamperogram recorded at -0.9 V vs FcMeOH. Evolution of the c) duration, d) amplitude and e) charge, Qp, (peak area) for the current spikes extracted from Figure 2a.

Figure 3 .

 3 Figure 3. a) background currents, ibg, recorded at various potential (from -0.6 V to -1.5 V vs FcMeOH) on a 25 µm Au UME (yellow) and a 7 µm GC UME (black) immersed in a solution of AgBr NPs diluted 10 times and histogram showing .the probability to observe current steps after the current spikes at each potential b) Transient recorded at -0.9 V vs FcMeOH at a GC UME in a solution of AgBr NPs diluted 10 times and c) zoom of a single AgBr NP reduction spike and d) its corresponding current step characteristic of the ORR at reduced AgBr to Ag NPs.

Figure 4 . 1 (

 41 Figure 4. a) Electrochemical radius of the NPs, extracted from Qp, plotted versus their duration, with best linear trendline for each potential from which b) hoping rate constant, kex, extracted for each Au UME potential (details in text). c) current steps plotted versus their corresponding electrochemical NP radius (rEC) extracted from transients of Figure3band others recorded at -0.9V at the C UME with the trendlines for the upper-limit mass-transfer regime (blue) and for kinetic limitation from the ORR with kORR = 0.3 cm.s -1 (red) and 1 cm.s -1
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