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The electrodeposition of metal-based nanostructures is paramount in various applications (next-generation transistors, or preparation of active electrodes). [1,2] This is because the control of the electrode current or potential enables to predict the nature of the electrodeposits (composition, size, etc...). However, such prediction is more complex for earth-abundant iron group elements whose electrochemical reduction competes with inhibiting reactions such as water reduction. This is the case of nickel, Ni, whose nanoparticles, NPs, in their metal or hydroxide form, afford promising electroactivity in energy conversion and storage systems. [3,4] They are indeed good electrocatalysts for water splitting or oxygen reduction, [5,6] and can even outperform platinum in borohydride fuel cells. [7] Typically, the electrodeposition of Ni-based materials yields a variety of electrochemical responses, depending on the electrolyte composition (pH, buffer strength,…) and electrode (nature and preparation). Owing to its competition with water reduction, the signature of Ni 2+ reduction may be absent from the electrochemical curve. [8][9][10][11][12] Such competition produces either Ni or Ni-hydroxides, and the diversity of electrochemical responses makes the composition and electroactivity of the deposited material quite challenging to anticipate. [12] To apprehend the contributions of such competing chemical pathways, a complementary in situ signature is needed. [2,[13][14][15][16][17] E.g. coupling electrochemistry to high resolution label-free optical microscopy [15][16][17] has proved to be effective to monitor metal deposition at single NPs with high temporal resolution and sensitivity, [18][19][20][21] as well as to differentiate metallic NPs from other nanoobjects (e.g. dielectric NPs, [22][23][24][25] gas nanobubbles [26,27] ).

Herein the cathodic nucleation and growth of individual Ni-based

NPs on ITO, used as optical sensor and electrode, was scrutinized by interference reflection microscopy, IRM. The experimental configuration is depicted in Fig. 1 (experimental details in supporting information, SI, section SI1). To capture the reported diversity in electrochemical signatures, we leverage the capability of scanning electrochemical cell microscopy, SECCM, [28] to screen, electrochemically, at high throughput multiple areas of an electrode. Coupling SECCM to a correlated optical microscopy monitoring, [29,30] grants a complementary screening of the behavior of these different areas, here through the super-localization identification of many individual NPs. This is performed by confining a droplet of a 1 to 5mM NiCl2 + 0.1M KCl electrolyte on the ITO with the tip end of a micropipette, and imaging this microelectrochemical cell during linear sweep voltammetry (LSV), in reflection mode, by IRM. The optical signal, Iopt, collected by the camera accounts for the interference between the light reflected by the ITO|droplet interface and the light backscattered by potential NPs (details in section SI2), enabling their operando individual optical visualization inside the microelectrochemical cell. andS2). These experiments differ, respectively, from the presence or absence of a sharp reduction peak at -1.45V, and the formation of either the two populations of bright-and dark-contrasted features or of only one population of dark-contrasted features. This difference of behavior is most likely due to the surface heterogeneities of the ITO surface that affect its electroactivity. [30] According to Moffat et al., [9,10] the reduction peak in Fig. 2a1 (≈70% incidence from 20 LSVs), is related to Ni 2+ reduction and deposition of a Ni film. However it is also concomitant to water reduction resulting in the precipitation of a Ni(OH)2 layer, which is a better catalyst than bare Ni [31,32] for water reduction, until it completely blocks further charge transfer. The sharp current decay then supports an overall self-terminating deposition encountered in Ni and other metal electrodepositions. [10,33] If the electrodeposition of a Ni film was confirmed when it was conducted in a pH≈6 phosphate buffer (Fig. SI4), in the absence of pH buffer, the optical images (Fig. 1c2) suggest the formation of NPs. The ensemble-average Iopt transient in Fig. 2a2 for each NPs population, respectively bright-and dark-contrasted, suggest that, in average, they evolve, until an optimum value of is reached, in a very narrow potential range confirming a fast-terminated growth correlated to the electrochemical peak, in line with a self-terminated growth mechanism. Identical-location SEM imaging of the ITO electrode was performed at the end of the LSV (Fig. 1d). Unfortunately, the dimmer bright-contrasted NPs and many more dark-contrasted ones were lost or moved during the surface rinsing process. The bright-contrasted NPs are spherical (Fig. 2a2, top; additional images in section SI5) with a 110±50nm size distribution (Fig. 2c). Their size roughly increases with the final value of their optical intensity, (r 2 =0.88, see section SI6), providing a ≈20nm l.o.d. From both their regular spherical shape and optical simulations 2b1, present smaller diameters (40±15nm) than their brightcontrasted counterparts and have a more fractal shape (Fig. 2a2, bottom and Fig. 2b2; additional images in section SI5) similar to those obtained by cathodic electrosynthesis of Ni(OH)2 NPs. [11,34] The absence of the Ni 2+ reduction signature in the second type of LSV (Fig. 2b1) and the concomitant appearance of NPs with the water reduction wave (Fig. 2b2), suggest that they result from the precipitation of Ni(OH)2. Despite the lack of sizecorrelation (Fig. 2c) the IRM l.o.d. for Ni(OH)2 NPs is again <25nm. Unlike in Fig. 2, even if water reduction is easier than Ni 2+ reduction on this particular area, metallic Ni NPs are still able to nucleate without showing the Ni 2+ reduction signature. This agrees with Penner et al. [8] who demonstrated, by ex situ SEM, the indirect electrodeposition of pure Ni NPs on carbon electrodes even though water reduction was predominant. The same indirect Ni NP growth is demonstrated here with a wider diversity of phenomena observed thanks to the in situ complementary optical monitoring. It further allows discussing the change from direct to indirect Ni NPs growth. This is first evidenced from the difference in the ensemble-averaged Iopt transients (Fig. 2a2 vs Fig. 3a2): the fast limited growth at 1mM becomes more gradual at 5mM. Interestingly, at the single NP level, the Iopt transients (Fig. 3a3) still present a sharp intensity rise, suggesting, again, the self-terminating growth of individual NPs. As pointed out for galvanic replacement at single Ag NPs, [17,19] such individual behavior is totally obscured in the ensemble response, which then reflects the difference in the onset of appearance (nucleation) of each NP. The latter nucleation was evaluated from the onset potential of individual NPs presented, along with their value, i.e. equivalently their final size, in Fig. 4 for both Ni 2+ concentrations. For 1mM Ni 2+ (Fig. 4a) the onset potential distribution presents a narrow peak, mimicking the sharp self-terminating Ni 2+ reduction peak in LSV (Fig. 2a1). The sudden drop in nucleation events highlights the increased predominance of water reduction at potentials below -1.5V. Moreover, the final NP size decreases as its onset potential becomes more negative: the earlier a NP nucleates, the larger it is at the end of the LSV, as time and reduction goes on. This situation is generally encountered in progressive electrochemical nucleation processes, e.g. NPs electrodeposition [20] or gas nanobubbles generation. [27] If it is also detected during the self-limited Ni growth, it is likely because the pH increases homogeneously over the NPs ensemble. Overall, water reduction limits Ni 2+ reduction not only by limiting the growth of already nucleated Ni NPs, but also by limiting the formation of new nuclei. Contrarily, for 5mM Ni 2+ (Fig. 4b) the nucleation frequency of new NPs is rather constant over the explored potential range. As mentioned above, the growth of individuals is still selfterminating (Fig. 3a3), the sum of all the sharp (<0.3s) individual events at a constant frequency of nucleation event rationalizes the observed ensemble-averaged optical response of Fig. 3a2. the final size of the NPs increases as their onset potential becomes more negative. This seemingly counterintuitive behavior shows the influence of the electrode potential on the competition between water and Ni 2+ reduction. If the initial formation of Ni(OH)2 NPs suggests water reduction dominates, the competition turns in favor of Ni 2+ reduction at more negative potentials, the growth rate of Ni NPs increasing with overpotential. Moreover, during the first 100mV of the overall indirect deposition (Fig. 4b), NPs with a rather narrow size distribution ( ) are produced, at least much narrower than for their direct deposition (Fig. 4a), in agreement with Penner et al. [8] In conclusion, high resolution optical microscopy coupled to electrochemistry and complemented with correlative SEM helps elucidating complex mechanisms associated to the electrodeposition of Ni-based NPs. The growth of metallic Ni and/or Ni(OH)2 NPs are identified based on in situ optical differentiation with sub-25nm l.o.d. The preferential direct formation of both materials is usually rationalized based on the identification of either Ni 2+ or water reduction signature in the electrochemical trace. In situ optical microscopy shows this is generally more complex. In particular, metallic Ni NPs can still nucleate and grow, indirectly, below the water reduction wave, although the Ni 2+ reduction signature is invisible. Investigating these direct and indirect mechanisms at the single entity level highlights that individual NPs always experience a fast selfterminating growth, in agreement with the shape of the direct Ni 2+ reduction signature. Contrarily, the indirect mechanism is characterized, from an ensemble-averaged examination, by a gradual growth. This difference reflects the change in nucleation dynamics, which is related to the competition between Ni 2+ and water reduction. Overall, the proposed methodology allows probing, and in turn predicting in situ and in real time the size and surface density of Ni NPs. The methodology can be extended to the electrodeposition of the many NPs whose electrochemical signature lacks reproducibility or is difficult to identify. Particularly, the visualization of hydroxides should apply to electrocrystallization processes.

Figure 1 .

 1 Figure 1. Experimental set-up (a) used for probing in individual microelectrochemical cells (dashed circle) the variability in Ni electrodeposition mechanisms (b) by operando optical monitoring (c1) and identical-location ex situ SEM (d). Scheme of the differentiation of NPs populations by splitting the color-channels (c3) of each raw RGB-image (c2) extracted from movies (c1) recorded over a 55x39 μm 2 region of each droplet submitted to a LSV.

Figure 2 .

 2 Figure 2. Examples of (a1, b1) LSVs of 1mM NiCl2 + 0.1M KCl (scan rate: 50mV/s, vs a Pt quasi-reference electrode, QRE) and (a2, b2) ensembleaveraged optical intensity transients of the two different NPs populations (orange: bright-contrasted NPs, N=170 in (a2); light blue: dark-contrasted NPs, N=31 in (a2) and 430 in (b2)). c) Identical location IRM-SEM: , defined in (a2), vs size distribution for bright-contrasted (a) and dark-contrasted NPs (b); dashed line provides a linear regression ( ) for the brightcontrasted NPs. Scale bars: 100nm.

  (section SI2), these bright-contrasted NPs are mostly composed of metallic Ni. According to Moffat, Ni should be covered by a Ni(OH)2 passivating layer. If this cannot be ascertained during the fast NP growth step (Iopt rise), a slight Iopt decrease is observed after this growth step, attributed to Ni(OH)2 layer formation (section SI2, Figures SI2-2 and SI2-3). The dark-contrasted NPs that could be co-localized by SEM after the LSVs resembling either to Fig 2a1 or to Fig.

Figure 3 .

 3 Figure 3. (a1) LSV at 50mV/s of 5mM NiCl2 + 0.1M KCl, (a2) ensembleaveraged optical intensity of both NPs populations (orange: bright-contrasted NPs, N=354; blue: dark-contrasted NPs, N=427), (a3) single NP optical transients of the median, first and third quartile of the Ni NP population. (b) Optical images during LSV (scale bars: 5μm).

Figure 4 .

 4 Figure 4. Onset potential distribution of Ni NPs and corresponding maximum optical intensity for 1mM (a, N=170) and 5mM Ni 2+ (b, N=334).
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