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1 The electrocatalytic properties of nanoparticles depend on
2 their size, shape and composition1,2. These properties are
3 typically probed by measuring the total electrocatalytic
4 reaction current of a large number of nanoparticles, but this
5 approach is time-consuming and can only measure the
6 average catalytic activity of the nanoparticles under study.
7 However, the identification of new catalysts requires the
8 ability to rapidly measure the properties of nanoparticles
9 synthesized under various conditions and, ideally, to measure

10 the electrocatalytic activity of individual nanoparticles. Here,
11 we show that a plasmonic-based electrochemical current-
12 imaging technique3 can simultaneously image and quantify
13 the electrocatalytic reactions of an array of 1.6 3 105 platinum
14 nanoparticles printed on an electrode surface, which could
15 facilitate high-throughput screening of the catalytic activities
16 of nanoparticles. We also show that the approach can be used
17 to image the electrocatalytic reaction current and measure
18 the cyclic voltammograms of single nanoparticles.
19 Scanning electrochemical microscopy (SECM) can be used to
20 rapidly screen the electrocatalyticQ2 of nanoparticles4. However,
21 SECM relies on mechanical scanning of a microelectrode across a
22 sample surface, which limits the imaging speed and can interfere
23 with the electrocatalytic reactions of the nanoparticles5. Methods
24 that can probe the catalytic reactions of individual nanoparticles
25 have also been developed6–9, including nanoelectrodes8 and super-
26 resolution fluorescence microscopy9. In particular, ultramicroelec-
27 trodes have been used to monitor current spikes associated with
28 individual collision events of nanoparticles dissolved in an electro-
29 lyte6,7. However, this non-imaging method cannot assign spikes to a
30 specific nanoparticle and it is difficult to measure the entire cyclic
31 voltammogram (CV) of each nanoparticle.
32 Unlike conventional electrochemical techniques (including
33 SECM), which measure the electrical current associated with chemi-
34 cal reactions taking place on an electrode surface, our plasmonic-
35 based electrochemical current imaging (P-ECi) approach measures
36 the conversion between oxidized and reduced species near the elec-
37 trode3,10–12. We have shown3 that the plasmonic signal in P-ECi is
38 directly related to the electrical current, allowing us to determine
39 the current optically and to image the local current density of the
40 entire electrode surface quickly (microsecond to millisecond) and
41 non-invasively. This capability allows us to image and measure
42 the electrocatalytic current of multiple individual nanoparticles
43 versus time or potential, simultaneously.
44 Platinum nanoparticles are well known for their electrocatalytic
45 activities.Q3 An important example is the electrocatalytic reduction
46 of protons to generate hydrogen. To demonstrate the capability of

47P-ECi for high-throughput screening of the electrocatalytic reac-
48tions of platinum nanoparticles, we synthesized nanoparticles and
49printed them into a microarray on a gold thin-film electrode. The
50electrocatalytic reaction of the entire array was carried out in
510.5 M H2SO4 solution by scanning the potential of the gold elec-
52trode from þ0.3 V to 20.53 V (versus Ag/AgCl). At negative
53potentials, protons in the solution are reduced to hydrogen,
54forming dihydrogen. The reduction process decreases the refractive
55index near the electrode surface, which changes the surface plasmon
56resonance (SPR) signal and allows us to image the local electroche-
57mical current of the platinum nanoparticle microarrays as a func-
58tion of applied potential.
59Using P-ECi, we have recorded videos showing the electrocataly-
60tic reduction current of the microarray during repeated cycling of
61the potential (see Supplementary Section S5 for details). One such
62video for a microarray of 5 nm platinum nanoparticles is presented
63in Supplementary Section S6 and Movie S1, and provides detailed
64information about the electrocatalytic reaction of each spot in the
65microarray. Figure 1a–f presents several snapshots of the video at
66different potentials. At 0.3 V (Fig. 1a), the current density is close
67to zero everywhere on the electrode, and the entire electrode
68surface is uniform, showing no contrast of the printed platinum
69nanoparticle microarray. As the potential is scanned to more nega-
70tive values, the individual spots in the microarray begin to show up
71(for example, Fig. 1b). Q4The image contrast is negative, corresponding
72to negative current, which is expected as a result of the electrocata-
73lytic reduction of protons. In contrast, the current in the surround-
74ing regions remains close to zero. The diameter of each spot is
75�200 mm, but P-ECi has a spatial resolution of a few micrometres
76in the present set-up, so high-density microarrays can be screened
77and studied with the technique. Q5By lowering the potential to
7820.53 V, for example, the magnitude of the electrocatalytic
79current density increases in the platinum nanoparticle spots,
80while the current density outside the spots remains small, leading
81to a large negative contrast (Fig. 1c). When scanning the potential
82positively, the image contrast of the microarray decreases again as
83the electrocatalytic reaction decreases (for example, Fig. 1d). On
84increasing the potential to 20.3 V (Fig. 1e), the image shows a
85small positive contrast, which is due to the re-oxidation of hydro-
86gen. Finally, scanning the potential back to 0.3 V, the image contrast
87diminishes (Fig. 1f ) as the electrocatalytic reaction halts.
88 Q6It is clear that P-ECi can image the electrocatalytic reaction of the
89entire electrode simultaneously, which is ideal for high-throughput
90screening of the catalytic activities of nanoparticles. The current
91densities are not identical for different spots in the nanoparticle
92microarray because of variability in the printing density of platinum
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1 nanoparticles. For example, as shown in Fig. 1c, the spot at the
2 upper left has a larger contrast than the one at the lower right of
3 the microarray. Additionally, P-ECi provides quantitative infor-
4 mation about the electrocatalytic activities of the individual nano-
5 particle spots in the microarray. Figure 1g presents CVs from one
6 of the nanoparticle spots in the microarray. Compared to the CV
7 measured using the conventional electrochemical method
8 (Supplementary Fig. S1), the local CVs obtained by P-ECi have a
9 similar shape but detect much higher current densities. This is

10 because the conventional method measures the current averaged
11 over the entire surface, including regions with and without platinum
12 nanoparticles.Q7 To explore this, a P-ECi CV of a bare gold area is also
13 plotted in Fig. 1g (black curve). Because of the catalytic effect of the
14 platinum nanoparticle, the current for the platinum nanoparticle
15 microarray is much greater than that for the bare gold area.
16 The capability of P-ECi in the quantitative analysis of local
17 electrocatalytic reactions allows us to screen the nanoparticle micro-
18 arrays printed onto the electrode under different conditions. To
19 demonstrate this, we created a microarray of platinum nanoparticle
20 spots with various surface densities of platinum nanoparticles, using
21 printing solutions containing different concentrations of nanoparticles.

22The variation in microarray surface density is shown in Fig. 2a, with
23the nanoparticle concentration diluted by a factor of 2, column by
24column, from left to right. Figure 2b presents an SPR image and
25Fig. 2c the corresponding electrocatalytic current density image of
26the platinum nanoparticle microarray at 20.5 V. It is difficult to
27visualize the platinum nanoparticle microarrays in the SPR
28images, especially those with low nanoparticle surface densities
29(last two columns). However, P-ECi can easily resolve all the
30spots in the microarray because of the large electrocatalytic
31current at negative potentials. This observation is useful by itself,
32because it offers a way to enhance the imaging contrast of small
33nanoparticles. Orrit and colleagues13,14 have shown that local
34heating of nanoparticles changes the refractive index of the sur-
35rounding medium, leading to enhanced image contrast of the
36nanoparticles. Q8The present work demonstrates an alternative
37method to also enhance the optical image contrast.
38From the P-ECi images, we obtained CVs from spots in individ-
39ual columns with different nanoparticle surface densities (Fig. 2d).
40The CVs show similar shapes, but the electrocatalytic current at a
41given potential increases proportionally with nanoparticle density.
42We also constructed histograms of the electrocatalytic reduction
43current at 20.5 V (Fig. 2e), which show the dependence of the cat-
44alytic current on the surface density of platinum nanoparticles, and
45the variability in catalytic current for different spots with the same
46surface density.
47Having shown that P-ECi is capable of fast and quantitative
48screening of the electrocatalytic properties of nanoparticles in a
49microarray format, we then turned to the imaging of single-nano-
50particle electrocatalytic current. Figure 3a,b presents the SPR
51images of platinum nanoparticles with 80 nm and 40 nm diameters,
52respectively, where the long tails pointing in the direction of the
53surface plasmonic wave are due to the scattering of the plasmonic
54waves by nanoparticles (Supplementary Section S2). The tail
55shape shows little dependence on the size of the nanoparticle, but
56its image contrast increases with size. This result is reasonable,
57because the nanoparticle is much smaller than the wavelength of
58the plasmonic wave, such that it acts as a point scatterer with its
59scattering strength increasing with nanoparticle size. We simulated
60single-nanoparticle plasmonic images by calculating the local near-
61field electric field associated with the scattering of each nanoparticle.
62Details of the simulation are described in the Methods. The simu-
63lated images for 80 nm and 40 nm platinum nanoparticles are
64shown in Fig. 3d,e, which are in excellent agreement with the corre-
65sponding experimental images in Fig. 3a,b.
66We imaged the electrocatalytic current of single platinum nano-
67particles by cycling the elecrode potential between 20.05 V and
6820.5 V. A P-ECi video showing the CV of a single nanoparticle is
69given in Supplementary Section S7 and Movie S2. Figure 4a–f pre-
70sents a few snapshots of the video at different potentials. At
7120.05 V, no electrocatalytic reaction takes place and the current is
72zero everywhere (Fig. 4a). Decreasing the potential to 20.36 V,
73the image begins to show contrast near the centre of the frame,
74where a nanoparticle is located. The image contrast is negative, as
75expected for a reduction process. The contrast increases as the
76potential decreases, and reaches a maximum at the lowest potential,
7720.5 V (Fig. 4b–d). Sweeping the potential positively, the contrast
78decreases and eventually disappears, as the electrocatalytic reduction
79of protons diminishes at positive potentials (Fig. 4e,f). It is interesting
80to note the electrocatalytic current image of a single platinum
81nanoparticle has the same pattern as that of the regular plasmonic
82image, including the long tail. This is because the pattern is produced
83by the scattering (or diffraction) of the platinum nanoparticle, which
84represents the diffraction limit of P-ECi, and it does not reflect the
85actual geometric distribution of the current density.
86To compare the P-ECi of single platinum nanoparticles with
87conventional electrochemical methods that measure current,
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Figure 1 | P-ECi current image of a platinum nanoparticle microarray. a–f,

P-ECi current density images of the platinum nanoparticle microarray at 0.3,

20.4, 20.53, 20.45, 20.3 and 0.3 V, respectively. Scale bars, 300 mm.

g, CVs obtained by P-ECi from a single spot of the platinum nanoparticle

microarray and from a bare gold region. For comparison, see Supplementary

Fig. S1 for a CV of the entire surface but measured using the

conventional method.
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1 rather than current densityQ9 , we determined the total electrocatalytic
2 current of the single platinum nanoparticle by integrating the region
3 of the scattering pattern (including the tail). The details are
4 described in Supplementary Section S5. The CVs for the single
5 nanoparticle are displayed in Fig. 4g, which shows a maximum
6 current of �5 nA at 20.5 V. From the noise level (�20 pA), the
7 estimated detection limit is �60 pA (three times the noise level),
8 which is close to the steady-state current (40–80 pA) generated by
9 an irreversible collision of 4 nm platinum nanoparticles reported

10 by Bard and colleagues6,7.
11 The current images shown in Fig. 4a–f were obtained using the
12 formalism developed in ref. 3 (Supplementary Section S5). The
13 essence of the formalismQ10 is that the plasmonic signal is related to

14the local concentration of reaction species3. To validate this basic
15assumption for a single nanoparticle whose plasmonic image has
16a long scattering tail, we measured and simulated the concentration
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Figure 2 | Platinum nanoparticle microarray with different surface densities. a, Schematic of platinum nanoparticle spots with different surface densities.

b, SPR image of the microarray, in which the platinum nanoparticle spots printed on the surface cannot be resolved. c, P-ECi image of the microarray at

V¼20.5 V. d, CVs obtained by P-ECi from spots at the four different surface densities shown in a. e, Current density distribution of different spots at
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1 effect on the plasmonic images. The measured effect, as shown in
2 Fig. 3c, was determined by subtracting the image of a nanoparticle
3 at 20.05 V from that at 20.45 V. At 20.05 V, no hydrogen is
4 generated, so the image is entirely due to the nanoparticle. In
5 contrast, the image at 20.45 V contains contributions from both
6 the nanoparticle and the hydrogen generated by the electrocatalytic
7 reaction. The simulated concentration effect was obtained by
8 subtracting the image of a bare platinum nanoparticle from the
9 image of the platinum nanoparticle with a thin layer (several tens

10 to a hundred nanometres) of hydrogen-rich medium (Fig. 3f ).
11 The measured and calculated results are in excellent agreement,
12 thus validating that the basic assumption of the formalism holds,
13 at least approximately, even at the single nanoparticle level.
14 This conclusion is further confirmed by the observation that the
15 CVs of single platinum nanoparticles obtained with the formalism
16 developed in ref. 3 are in excellent agreement with the CVs
17 measured with the conventional electrochemcial method
18 (Supplementary Fig. S1).
19Q11 In contrast to the method that measures nanoparticle collision
20 events by detecting transient electrocatalytic current with a micro-
21 electrode6,7, the present approach can not only measure the CV of
22 a single nanoparticle, but can also simultaneously study multiple
23 nanoparticles on a surface. This latter capability makes it possible
24 to study individual nanoparticles and measure statistics regarding
25 their electrocatalytic properties.Q12 Figure 5a presents an SPR image
26 of platinum nanoparticles, and Fig. 5b plots the corresponding
27 CVs of the same platinum nanoparticles, which are marked by
28 circles in Fig. 5a. Although the overall shapes of the CVs are
29 similar for the different nanoparticles, the current magnitudes
30 differ. To evaluate the variability in the electrocatalytic activity of
31 different platinum nanoparticles, a histogram was plotted showing
32 the distribution of electrocatalytic reduction current at 20.55 V
33 (Fig. 5c). The large variability demonstrates the need for single-
34 nanoparticle electrocatalytic characterization.
35 We characterized the platinum nanoparticle samples with SPR
36 microscopy, atomic force microscopy (AFM) and transmission
37 electron microscopy (TEM), giving the results shown in Fig. 5d–f.
38 Additional images and line profiles of the platinum nanoparticle

39obtained from AFM and TEM are given in Supplementary Section
40S3.1 and Fig. S4. These high-resolution imaging techniques verify
41single-nanoparticle imaging by P-ECi. From the SPR images, we con-
42structed a size distribution histogram of the platinum nanoparticles
43(Supplementary Section S3.2). The size distribution is relatively
44narrow (�10%), which further indicates that aggregation is negligible.
45In summary, we have demonstrated a plasmonic method to
46image the electrocatalytic current of a microarray of nanoparticles
47and a single nanoparticle. Q13The method is rapid, non-invasive and
48quantitative, making it uniquely suited for the rapid screening of
49the catalytic activities of nanoparticles prepared under different
50conditions. Q14Because electrochemical reactions are associated with
51changes in the electronic states of species, which are almost
52always accompanied by changes in optical properties (refractive
53index), this method is expected to be general and suitable for the
54study of other electrocatalytic reactions.

55Methods
56Nanoparticle synthesis and characterization. Citrate-stabilized platinum
57nanoparticles were synthesized using a procedure reported in the literature15. Briefly,
581 ml of 1% H2PtCl6 aqueous solution was added to 100 ml of deionized water and
59heated to boiling point. A volume of 3 ml of 1% sodium citrate aqueous solution was
60quickly added into the boiling solution. The mixture was kept boiling for 30 min
61until the solution turned dark15. AFM and TEM were used to characterize the size of
62the synthesized platinum nanoparticles.

63Nanoparticle microarray preparation. All the P-ECi experiments described here
64used 47-nm-thick gold films thermally evaporated onto microscope cover slides with
651.6 nm chromium adhesion layers in high vacuum (3 × 1026 torr). Before each
66experiment, a gold film was annealed with a H2 flame for 10 s to remove possible
67contaminations. The flame-annealed gold film was then immediately soaked in a
681 mM 1,3-propanedithiol ethanol solution for �8 h. The dithiol layer helped
69immobilize the platinum nanoparticles on the surface. Different concentrations of
70platinum nanoparticle solutions were printed onto the gold film with a piezoelectric
71microprinter to form a microarray of platinum nanoparticle spots with various
72nanoparticle surface densities. The spot size was controlled in the range 50–350 mm.
73After printing, the surface was allowed to dry and then rinsed with deionized water
74for 10 s to remove salt residues from the platinum nanoparticle solutions and
75unbound nanoparticles. After drying with N2 gas, the nanoparticle microarray was
76mounted onto the P-ECi set-up with a Teflon electrochemical cell.

77Electrochemical measurement. The Teflon electrochemical cell mentioned above
78was filled with 0.5 M H2SO4 solution. The gold film served as the working electrode
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1 and a platinum wire as the counter-electrode. The potential of the gold film was
2 controlled with respect to either a silver wire quasi-reference electrode or Ag/AgCl
3 reference electrode with an Autolab potentiostat.

4 Optical set-up and data analysis. The P-ECi experiments were performed using two
5 set-ups—prism-based and microscope-based16,17—to cover both low- and high-
6 spatial-resolution imaging needs for the microarray and single nanoparticle studies.
7 In the prism set-up, p-polarized light from a 670 nm light-emitting diode (LED) was
8 directed through a prism onto the gold film placed on the prism. The reflected beam
9 produced an SPR image, which was captured by a Pike camera and converted into an

10 electrochemical current image using the formalism described in Supplementary
11 Section S5 (ref. 3). The microscope set-up was based on an inverted total internal
12 reflection fluorescence image set-up18. The prism-based set-up had a large view (but
13 limited spatial resolution), and was used for microarray studies. The microscope-
14 based set-up, in contrast, had a small view but high spatial resolution, and was used
15 to image single-nanoparticle electrocatalytic reactions.The light source used for the
16 microscope set-up was a 1 mW super LED (wavelength, 680 nm). The power at the
17 sample surface was reduced to �30 mW after passing through a polarizer,
18 beamsplitters and other optical components. Note that to remove background
19 interference in the SPR images (for example, Fig. 3a,b), the substrate was moved
20 laterally by 500 nm; one image was captured before the lateral movement, and one
21 after.Q15 Subtracting one image from the other removed the background
22 interference patterns.

23 Numerical simulation. Three-dimensional numerical simulations of the
24 nanoparticle SPR images were performed with the radiofrequencyQ16 module of
25 COMSOL multiphysics software. Surface plasmons at the interface between a gold
26 film and water were excited by a p-polarized incident plane wave (wavelength,
27 680 nm), and a platinum nanoparticle located above the gold film served as a
28 scatterer. The dimensions of the gold film were 16 mm × 12 mm × 47 nm, which
29 was set to be periodic to produce uniform simulations. The refractive indices used in
30 the simulations were 1.51391, 1.331, 0.16146þ 3.6420i and 2.47848þ 4.3888i for
31 glass, water, gold and platinum, respectively. The asymmetric three-layer planar
32 structure (glass, gold film and water) supported two surface modes as a result of
33 mode coupling, and the indices of two modes were found to be 1.7043 and 1.4283,
34 respectively, according to the two-dimensional dispersion relation19. The latter mode
35 has a longer propagation length and stronger fields on the water side, which was the
36 central focus of the simulations. The three-dimensional simulations were carried out
37 by varying the incident angle from 68.68 to 73.78, and the result showed that the
38 reflection reached a minimum at 70.68, which corresponds to the excitation of
39 the long-range mode with a surface plasmon wavelength of 476 nm (ref. 14).
40 The scattering of the long-range mode by the nanoparticle was simulated with an
41 incident angle of 708. The scattering pattern featured stripes �230 nm wide,
42 corresponding to the half-wavelength of the surface plasmons20.
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