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Bulk defects are appealing design targets for heterogeneous 
catalysis because they are stable under many catalytically rel-
evant conditions1–8 and they can create substantial perturba-

tions when they intersect with the surface9–16. The ability to utilize 
defects to improve catalysts hinges on establishing specific defect–
activity relationships and, ultimately, understanding how these rela-
tionships manifest in surface structures. CO2 electroreduction is an 
important testing ground for catalyst design elements because it is 
a major source of energy loss in many strategies to convert renew-
able energy to carbon-based fuels17. Au materials are the most active 
and selective known catalysts for CO2 electroreduction to CO and 
therefore provide a useful model system to investigate the impact of 
defects on state-of-the-art activity18.

The combination of electron backscatter diffraction (EBSD) and 
scanning electrochemical cell microscopy (SECCM) is a compelling 
strategy to directly correlate surface grain structure and electrocata-
lytic activity on polycrystalline electrodes19–21. EBSD creates a grain 
map that details the microstructure of a polycrystalline material, 
while SECCM provides spatially resolved current–potential mea-
surements, which can be presented as maps, videos and nanoscale 
voltammograms, to reveal how activity depends on local micro-
structure22. We previously used EBSD and SECCM to study the CO2 
electroreduction and H2 evolution reactions across grain bound-
aries (GBs) on Au electrodes3. This study showed that GBs can 
support micrometre-wide catalytic ‘footprints’ on Au, where CO2 
electroreduction is enhanced while H2 evolution is not. However, it 
remained unclear whether the physical origin of this enhancement 
was locally altered lattice strain in the vicinity of the GBs or a local 
increase in undercoordinated site density.

Here, we employ high-resolution SECCM (diameter of drop-
let ≈ 200 nm) with environmental control23 to produce spatially 
resolved electrochemical videos of CO2 electroreduction and 
H2 evolution in the vicinity of GBs. We find that H2 evolution is 
largely insensitive to microstructure for the samples studied here, 
while CO2 electroreduction shows a pronounced microstructure 
dependence. Using high-resolution EBSD (HR-EBSD), we show 

that regions of enhanced CO2 electroreduction activity are not cor-
related with lattice strain but instead map directly onto sites with 
high geometrically necessary dislocation (GND) content induced 
by lattice rotation gradients. These findings support a model in 
which dislocations enhance CO2 electroreduction by creating per-
manent steps at the electrode surface, which increases the density 
of undercoordinated sites. The accumulation of dislocations in the 
vicinity of the GB is the likely origin of GB-localized enhancements 
observed previously, but dislocations can also accumulate at other 
features such as slip bands (SBs).

Experimental set-up for SECCM
SECCM uses a mobile, nanoscale electrochemical half-cell com-
posed of a nanopipette (tip diameter ≈ 200 nm; Supplementary Fig. 
1a). The nanopipette is filled with electrolyte, forming a nanodro-
plet with a diameter approximately equal to the tip aperture (Fig. 
1), and equipped with a quasi-reference counter electrode (QRCE, 
an Ag/AgCl wire) distal to the tip24,25. In SECCM, the nanodroplet 
(rather than the nanopipette itself) makes contact with the surface 
of interest. Thus, when a potential is applied between the surface 
and the QRCE, the electrochemical current is measured only from 
the surface area contacted by the nanodroplet26. An SECCM scan is 
composed of an array of ‘hops’ with sub-micrometre spacing over 
a targeted area, using the current that flowed upon meniscus con-
tact as feedback to control tip movement (Supplementary Fig. 1). A 
linear sweep voltammogram (LSV) is collected at each hop, and the 
resulting dataset comprises a series of equipotential electrochemical 
images, constituting an electrochemical video with ~750 frames27. 
The tip position is recorded synchronously, also allowing the con-
struction of a colocated topography map (Fig. 1b).

The choice of electrolyte is important for maintaining a uniform 
meniscus contact size in an SECCM scan. We found that 10 mM 
sodium citrate, pH 5.5, yielded stable droplets over timescales that 
permitted SECCM scans comprising >1,000 points. To understand 
mass-transport rates in the SECCM configuration, we performed 
finite element method calculations (Supplementary Note 1). Under 
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an Ar atmosphere, H2 evolution is the only possible cathodic reac-
tion in this electrolyte; the mass-transport-limited current density 
for H2 evolution with H3O+ and citric acid as the proton donors 
is ~60 mA cm–2 (Supplementary Note 1 and Supplementary Fig. 
2b,c). The participation of H2O as a proton donor removes this 
limit. Under a CO2 atmosphere, a very high mass-transport limit of 
58 A cm–2 for CO2 electroreduction is obtained, which reflects the 
rapid diffusion of CO2 through the nanodroplet to the electrode 
surface (Supplementary Fig. 2a).

Product distributions cannot be quantified in SECCM mea-
surements because the absolute currents are very low (<1 nA). We 
therefore independently evaluated a Au catalyst in citrate electrolyte 
using a gas diffusion electrode to mimic the CO2 transport proper-
ties of SECCM (Methods)28. Under CO2 atmosphere, the faradaic 
efficiency for CO2 electroreduction to CO was essentially quantita-
tive from –0.9 to –1.1 V versus Ag/AgCl (Supplementary Figs. 3 and 
4). Although the architecture of the catalyst layer in the gas diffu-
sion electrode may enhance citrate and pH gradients that contribute 
to suppressing H2 evolution, these results indicate that CO2 reduc-
tion is the dominant reaction in this electrolyte within the potential 
range studied here. Prior studies at similar potentials have shown 
that CO2 reduction to CO is independent of pH across a broad pH 
range and proceeds with near-unity selectivity in poorly buffering 
electrolytes29–34.

The substrates used during SECCM mapping were prepared by 
pressing small polycrystalline Au nuggets against a flat Si surface 
prior to annealing at 900 °C. This procedure resulted in a surface 
with large grains (>100 µm) and GBs visible to an optical camera, 
allowing for positioning of the nanopipette in the vicinity of GBs. 
The samples were imaged by EBSD to provide a grain orientation 
map, from which the regions for SECCM mapping were selected 
(Fig. 1c).

High-resolution electrochemical mapping of H2 evolution 
and CO2 electroreduction
To probe the effects of surface microstructure on H2 evolution and 
CO2 electroreduction, we first performed a set of SECCM scans 
under Ar and CO2 atmospheres, respectively, using the same sample 
(designated as Sample A). Figure 2 shows the results of a scan under 

Ar. The scanned region contained one low-angle GB (GB1, with a 
misorientation of 4°) that bisected two grains with a z-direction ori-
entation close to the [101] direction (Grains B and C; precise Euler 
angles for all grains studied are detailed in Supplementary Table 
1), and a high-angle GB (GB2, with a misorientation of 42°) that 
bisected Grain B and a grain with a z-direction orientation close to 
the [111] direction (Grain A, Fig. 2a). Using a 0.7 µm step size, we 
collected a 49 µm × 7.7 µm SECCM map (770 points). Scanning elec-
tron microscopy (SEM) imaging after SECCM allowed us to observe 
the footprint of electrolyte residue left behind by each meniscus 
contact (dark features in Fig. 2c), the size of which (~200 nm) was 
approximately equal to the tip aperture. The topographical map 
obtained from the SECCM scans (from the nanopipette z position 
at each meniscus contact) indicated an elevated region in Grain A, 
adjacent to GB2 (Fig. 2e). The electrolyte footprint was consistent 
across the entire scan range, even as the nanopipette traversed the 
topographical feature and crossed the GBs, which indicates that the 
size of each region of contact (electrochemical cell) was consistent 
throughout the scan.

Each pixel in the SECCM map is a LSV from −0.30 to −1.05 V. 
The combination of all the LSVs is an electrochemical ‘video’ 
showing the spatial distribution of activity as a function of poten-
tial (Supplementary Video 1). A snapshot at –1.05 V is shown in 
Fig. 2d. To quantify the current distribution, we subdivided the 
SECCM map into six regions corresponding to the individual 
grains, GBs and topographical features (Fig. 2e) and extracted his-
tograms of the current densities in each region at selected poten-
tials (Fig. 2f). The H2 evolution activity was slightly lower in Grain 
A (62 ± 2 mA cm–2 at –1.05 V) compared to Grain B (65 ± 5 mA cm–

2 at –1.05 V; Fig. 2f). No enhancement in current was observed 
around either GB1 or GB2 (which have very different GB angles), 
compared to their adjacent regions, which indicates that H2 evo-
lution is not dependent on local defect structure on Au. This 
observation is consistent with recent electrochemical studies of H2 
evolution on Au single crystals35.

In contrast to H2 evolution, SECCM under CO2 revealed micro-
structural sensitivity. Figure 3 shows the results of a 30.5 µm × 9.5 µm 
SECCM scan with 0.5 µm spacing (1,159 points). Viewed along the z 
direction, the scanned region contained two grains oriented close to 
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Fig. 1 | Experimental approach for investigating microstructure effects in electrocatalysis at Au electrodes. a, Cartoon of the regions of interest 
probed by correlative SECCM and HR-EBSD measurements. b, Illustration of voltammetric SECCM deployed in a hopping mode (dashed arrows) on a 
polycrystalline Au surface under environmental control. The SECCM probe is brought into meniscus contact with the Au substrate at a series of points 
(image pixels), and a voltammogram is measured at each point, simultaneously generating a topography map and activity maps. Scale bars in the maps 
are 5 µm. c, Schematic of HR-EBSD grain mapping in a colocated region of the Au electrode, performed after SECCM experiments. The blue and red 
surfaces correspond to two grains with different orientations indicated by the inverse pole figure legend. The dislocation density schematic shows a 
variation in dislocation density across the grain surfaces, including a high-density region next to the GB.
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the [111] (Grain A) and [100] (Grain D) directions joined by a Σ3 
GB (Fig. 3a and Supplementary Table 1). SEM imaging performed 
after the SECCM scans showed consistent electrolyte footprints of 
~200 nm diameter (Fig. 3c), with no systematic variation observed 
across the grains or the GB. No prominent features were evident in 
the topographical map (Fig. 3e). As seen in Supplementary Video 
2 and in the snapshot taken at –1.05 V (Fig. 3d), Grain A exhibited 
higher activity than Grain D. In addition, the highest activity was 
obtained in a feature 1 to 3 pixels wide (0.5–1.5 µm) within Grain A 
that runs parallel to the Σ3 GB, along a <1�10

I
> direction. This align-

ment suggests that the parallel feature is a SB, which is generated 
by the migration of dislocations in Au{111} planes (Supplementary 
Fig. 5)36. The SB is also evident in the SEM image in Fig. 3c.

The current distribution in the two grains and the SB was quan-
titatively compared by analysing all of the pixels in these three 
regions. The pixels corresponding to the SB were extracted from 
the region of 1 to 3 pixel width that corresponds to the feature in 
the SEM image (marked SB, Fig. 3c). Figure 3b shows an overlay 
of LSVs from three representative pixels residing in the two grains 
and the SB, while Fig. 3f shows histograms of the currents in all of 
the pixels of each region at selected potentials. The largest differ-
ences were observed at −1.05 V, where the average current densities 
were 74 ± 4 mA cm–2 for Grain D, 84 ± 5 mA cm–2 for Grain A and 
94 ± 5 mA cm–2 for the SB. The top 10% of the most active pixels in 
the SB and Grain A exhibited currents of at least 100 mA cm–2 and 
90 mA cm–2, respectively.

A second pair of SECCM scans of Sample A under Ar and CO2 
was obtained over regions contained within Grain C. The grain con-
tained a prominent topographical feature. For both the Ar and CO2 
scans, the resulting electrochemical map at −1.05 V versus Ag/AgCl 
showed very homogeneous activity throughout the entire scanned 
region (Supplementary Figs. 7 and 8 and Supplementary Videos 3 

and 4). Together, the four SECCM scans of Sample A demonstrate 
that H2 evolution has essentially no structural dependence, while 
CO2 electroreduction depends on grain orientation and the pres-
ence of a defect such as a SB. This dependence does not arise from 
topography as the current shows no dependence on topography 
under either Ar or CO2.

Structural origin of enhanced activity at the SB
To investigate how the SB enhanced CO2 electroreduction catalysis, 
we employed HR-EBSD to map the deformation around the Σ3 GB 
region at a resolution of ~170 nm. HR-EBSD enables measurement 
of both strain and lattice rotations by cross-correlating subpixel 
shifts in the diffraction patterns at each pixel to a reference pixel 
distal from highly deformed regions37–40, and has been previously 
used to measure strain and lattice rotation in a variety of materi-
als41–45. The lattice rotations in the vicinity of the Σ3 GB of Sample 
A were found to be less than ~0.2°, which permitted the analysis 
of the HR-EBSD data without additional remapping corrections 
(Supplementary Fig. 9)37,46.

We first investigated the role of lattice strain on electrocatalytic 
activity. The normal strains in the x (ε11), y (ε22) and z (ε33) direc-
tions were calculated from the HR-EBSD data to construct strain 
maps (Fig. 4a–c). The SB region exhibited an inversion of the ε11 
and ε22 strains, supporting the assignment of this feature as a SB and 
indicating the presence of dislocations47–49. If strain is predictive of 
electrocatalytic activity, the SECCM current should exhibit spatial 
variations corresponding to the local lattice strain. However, there 
was no correlation between electrochemical activity (Fig. 4d) and 
any of the normal strains.

Figure 4e shows a map of the lattice rotation gradients obtained 
from the HR-EBSD data. We observed large lattice rotation gradients 
in a continuous line within the SB region, which indicates the presence  

Pi
xe

l c
ou

nt

300 µm

a
–1.05 V
–0.95 V

–0.90 V
–0.85 V

0 –50 –100
Current density (mA cm–2)

f

[100]

[110]

Ar

0 50 100
Surface height (nm)

1 2 4 6

[111]

80

40

0

40

0
20
10

0
80
40

0

5

0
100

50

0
–60 –40 –20 0

Current density (mA cm–2)

1: Grain A

2: Topography in Grain A

3: GB2

4: Grain B

5: GB1

6: Grain C

–1.0 –0.8 –0.6 –0.4
Potential (V) versus Ag/AgCl

–60

–40

–20

0

C
ur

re
nt

 d
en

si
ty

 (m
A 

cm
–2

)

b

c

d

e
1
2
3
4

Grain A 

5
6

Grain B Grain C

3 5
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video at −1.05 V versus Ag/AgCl. e, Topographic map of the scanned region. Inset numbers indicate the origin of pixels used to build the histogram in f. f, 
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of lattice curvature and GNDs to accommodate such curvature 
(Supplementary Fig. 10)36. The lattice rotation gradients can be 
used to compute a lower-bound estimate of the GND density (ρGND) 
as described in detail elsewhere37,38,41,43,44,49,50. We found a large ρGND 
(~30–50 µm–2) in a continuous line in the SB region coinciding with 
the large rotation gradients (Fig. 4f). While the observed ρGND cor-
responded to a volume fraction of less than 0.001% (Supplementary 
Note 2), these minority features can have an outsized influence on 
the surface structure. Several high-resolution scanning tunnelling 
microscopy studies have shown that surface-terminating dislocations 
nucleate ~0.1-µm-long to 1-µm-long atomic step ridges observed 
on Au(111) single crystals9,12,13. The ~10 mA cm–2 difference in cur-
rent density at –1.05 V observed between the SB and Grain A could 
be explained by a higher coverage of highly active undercoordinated 
sites35 in the SB region arising from these dislocation-associated 
steps. For example, if the dislocation-associated sites were operating 
at 10% of the SECCM mass-transport limit (5.8 A cm–2), a ~0.17% 
coverage would be required to account for 10 mA cm–2. If at least 
half of the observed GNDs terminate on the surface (~25 µm–2), 
this coverage corresponds to an average ~70 nm2 footprint of highly 
active sites associated with each dislocation-associated step ridge.

SECCM across a GB in a defect-rich sample
A second sample (Sample B) was prepared in the same way as 
Sample A except that it was pressed against the Si substrate with 
greater pressure using a vice prior to annealing at 900 °C in order to 
generate more bulk defects. EBSD mapping indicated large orienta-
tion gradients within the individual grains of Sample B, which indi-
cates residual deformation (Supplementary Fig. 11a). A two-grain 

region composed of one grain oriented 5.7° from the [101] direction 
(Grain E) and another grain oriented 13.6° from the [100] direction 
(Grain F) bisected by a 42° GB was selected for SECCM mapping 
(Fig. 5a; orientations in Supplementary Table 1 and Supplementary 
Fig. 11d). Orientation line profiles extracted from the EBSD maps 
indicated large misorientations of up to 4° within Grain E, and 
smaller, but still substantial, misorientations of up to 1° within 
Grain F (Fig. 5b). By comparison, misorientations in the vicinity of 
the Σ3 GB in Sample A were less than ~0.2° (Supplementary Fig. 5c) 
and within the angular resolution of Hough-based EBSD indexing51. 
Because lattice curvature must be accommodated by dislocations36, 
the results in Fig. 5b indicate that Sample B likely has a large ρGND. It 
is difficult to accurately quantify ρGND from HR-EBSD in this highly 
deformed sample without advanced remapping corrections37,46, but 
the disparity in misorientation gradients implies that Sample B has 
a substantially larger ρGND than Sample A.

A 13.5 µm × 14 µm SECCM scan (756 points) under CO2 was 
collected over the entire region in Fig. 5a, again with consis-
tent electrolyte footprints (~200 nm diameter) throughout the 
scan (Supplementary Fig. 11c). As seen in Supplementary Video 
5, the SECCM map showed three distinct regions with electro-
chemical activity in the order GB > Grain E > Grain F (Fig. 5c 
and Supplementary Video 5), which was not topography depen-
dent (Supplementary Fig. 12c). The enhancement of activity at the 
GB was evident even at low driving forces (as early as −0.8 V in 
Supplementary Video 5). An analysis of all the pixels in the three 
regions at selected potentials is shown in Fig. 5e. At −1.05 V, the 
average current densities were −185 ± 21 mA cm–2 for Grain E, 
−156 ± 14 mA cm–2 for Grain F and −210 ± 24 mA cm–2 for the 42° GB,  
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corresponding to a ~15–37% increase at the GB site relative to the 
grains. The top 10% of the most active pixels in the GB and Grain 
E exhibited currents of at least −245 mA cm–2 and −213 mA cm–2, 
respectively.

The enhanced current density at the 42° GB in Sample B dem-
onstrates that some GBs are highly active for CO2 electrocatalysis, 
as we have observed previously3. We attribute this enhanced activ-
ity to increased step coverage on the surface in the 42° GB region, 
resulting from dislocations that accumulated in this region because 
their migration was blocked during the deformation and annealing 
process. It is important to note that since the dislocation ‘pile up’ 
depends on the sample history and GB character, the presence of 
a GB itself is not a guarantee of a high-ρGND region. The Σ3 GB of 
Sample A showed no increase in ρGND measured by HR-EBSD and 
no enhancement in current density for CO2 electroreduction.

A broader comparison of the SECCM maps under CO2 for 
Sample A and Sample B provides further insights into the micro-
structural sensitivity of CO2 electroreduction on Au. Overall, the 
current densities observed for Sample B are ×1.5–2.5 larger than 
Sample A (compare with Figs. 3f and 5e and Supplementary Fig. 8j). 
Some, but not all, of this difference can be attributed to grain orien-
tation. The most active grain, Grain E in Sample B, is oriented close 
to [101], which has previously been observed to have higher activity 
than other low index facets35. However, Grain F in Sample B exhibits 
mostly (100) character, which is a low-activity facet, yet it shows 
higher activity than all the regions (three grains, Σ3 GB and SB) 
probed under CO2 in Sample A. In addition, the histograms in Fig. 
5e versus Fig. 3f indicate a much wider spread of current densities 
in Sample B. The combination of higher overall activity and greater 
heterogeneity in the activity on Sample B reflects the heterogeneous 
deformation of the sample that is evident in the grain misorienta-
tions, further highlighting the contribution of dislocations to CO2 
electroreduction activity.

Our measurements have provided high-resolution, potential- 
dependent maps over relatively large areas of a Au electrode to 
enable a broad investigation of the role of defects and lattice defor-
mation on CO2 electroreduction. The results show that CO2 elec-
troreduction on Au is not sensitive to lattice strain per se. Instead, 
CO2 electroreduction depends on dislocation density, which can be 
enhanced at GBs that have arrested dislocation migration or at other 
defects such as SBs. This phenomenon is attributed to the nucle-
ation of steps at dislocation surface terminations, which change the 
population of undercoordinated sites that have been implicated as 
the most active sites for CO2 electroreduction35. By contrast, H2 evo-
lution does not depend on undercoordinated sites, and shows no 
such enhancement in rate at these locations, providing further evi-
dence for the structural basis for selective enhancement of CO2 elec-
troreduction. These studies provide a road map for understanding 
microscopic structure–activity relationships in electrocatalysis, and 
motivate the broader exploration of GB and dislocation engineering 
to improve the performance of electrocatalytic materials.
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Methods
Materials. Nafion 117, Nafion 520D dispersion, platinum black, Sigracet 35BC 
and Sigracet 39BC were purchased from Fuel Cell Store. Sodium perchlorate, 
sodium citrate tribasic dihydrate (>99.0%), Au foil, Au wire (>99.99+%) and 
gold(iii) chloride trihydrate (HAuCl4, 99.9%) were purchased from Sigma-Aldrich. 
Isopropanol (high-performance liquid chromatography grade) and HCl (certified 
American Chemical Society Plus) were purchased from Fischer Scientific. Ag/
AgCl reference electrodes filled with 3.0 M KCl were purchased from World 
Precision Instruments. LF-2 leakless Ag/AgCl reference electrodes were purchased 
from Warner Instruments. The 4932 ppm H2, 520 ppm CO, N2 (99.99%) and CO2 
(99.99%) gases were purchased from Praxair.

Sample and electrode preparation. Au nanoneedles on carbon fibre  
electrodes were prepared by a modified electrodeposition method.  
A single-compartment electrochemical cell was filled with 0.5 M HCl and 0.09 M 
HAuCl4 electrolyte. A Au foil counter electrode and a Ag/AgCl reference electrode 
were used. A thin layer of Au was deposited by subjecting the hydrophobic side of 
a Sigracet 39BC electrode to a pulse electrodeposition protocol (0.03 s at −0.4 V 
versus Ag/AgCl, followed by 2 s at open circuit potential) for 400 cycles52,53. 
Additional Au dendrite growth was induced by holding the working electrode 
at −0.4 V versus Ag/AgCl for 300 s. The electrode was then thoroughly rinsed 
with deionized water. The total surface area of the electrode was determined after 
electrolysis to be 8.8 cm2 via the gold-oxide stripping method, corresponding to a 
roughness factor of 11.7 (ref. 54).

Pt on C membrane–electrode assembly anodes were prepared by drop  
drying a 2.5 mg ml−1 solution of Pt black in isopropanol with 0.08 wt% Nafion 
520D onto Sigracet 35BC. The mass loading of each electrode was approximately 
660 µg cm–2. Nafion 117 was hot-pressed onto the Pt/C electrode by compressing 
the electrode at 2,000 psi for 90 s between two Teflon-lined brass plates held  
at 130 °C.

Au nuggets (Samples A and B) were prepared from Au wire (>99.99%) with a 
diameter of 0.5 mm. The wire was melted with a butane torch (RS Components), 
resulting in a small Au sphere (diameter of 1–1.5 mm) at the end of the wire, 
and quenched in cooled deionized water (18.2 MΩ cm; <10 °C). The Au sphere 
was then gently compressed with atomically flat Si wafers (Inseto) attached to 
a custom-made toolmaker vice. The flattened Au nuggets were subsequently 
annealed at ~900 °C and slowly cooled in air. The prepared Au nuggets were 
characterized with EBSD using a field emission SEM instrument (JSM-7800F, 
JEOL) equipped with Symmetry electron backscatter detectors and running the 
Oxford Aztec software in order to identify the crystal indices of the individual 
grains. The flattened area on the Au nugget was typically 1–2 mm2 and typically 
contained between 15 and 20 grains with different crystal indices. Prior to SECCM 
experiments, the Au nugget was placed in a furnace at 270 °C for 80 minutes and 
cooled in air.

Gas diffusion electrolyses in citrate electrolyte. A CH Instruments 660D 
potentiostat was used for gas diffusion electrolysis measurements. An LF-2 Ag/
AgCl electrode and a Pt/C Nafion membrane–electrode assembly were used as 
the reference and counter electrodes, respectively. The cathode consisted of an 
Au layer electrodeposited onto Sigracet 39BC (preparation described above). A 
370 µl custom electrochemical cell (described in depth elsewhere)28 with a 0.75 cm2 
electrode contact area was filled with 10 mM sodium citrate and 490 mM NaClO4 
(pH, 5.5). CO2 flow into the cell was set at 10 sccm using an Alicat mass flow 
controller, while a New Era 1000 syringe pump was used to flow electrolyte into 
the cell at 150 µl min–1. Potentiostatic electrolyses (~550 s each) were conducted by 
stepping the potential in −100 mV increments from −0.8 to −1.1 V versus  
Ag/AgCl.

The product stream directly flowed into the sampling loop of a gas 
chromatograph (SRI Instruments) equipped with a packed MolSieve 13X column 
and a packed HaySep D column. The amount of CO and H2 (the only products) 
produced were quantified by comparing the chromatograph peak integral to 
standard calibration gas mixtures. Molar amounts were converted to charge to 
obtain faradaic efficiency.

Nanopipette preparation and SECCM procedure. Nanopipettes were fabricated 
from borosilicate capillaries (GC120F-10, Harvard Apparatus; capillary 
dimensions: outer diameter, 1.2 mm; inner diameter, 0.69 mm; length, 100 mm) 
with a CO2-laser puller (Sutter Instruments P-2000; pulling parameters, line 
1 with HEAT 330, FIL 3, VEL 30, DEL 220 and PUL−; and line 2 with HEAT 
330, FIL 3, VEL 40, DEL 180 and PUL 120). The nanopipettes possessed a tip 
opening of ~200 nm, characterized with field emission SEM (GeminiSEM 500 
system, Zeiss); a representative SEM image can be found in Supplementary Fig. 
1. The nanopipette was filled with 10 mM citrate buffer (pH, 5.5), equipped with 
a QRCE (AgCl-coated Ag wire) and mounted on a z-piezoelectric stage (P-753.2 
LISA, Physik Instrumente) with a custom-made pipette holder. A thin layer of 
silicone oil was added on top to minimize electrolyte evaporation during the 
experiment27. The QRCE was calibrated routinely (for example, before and after 
the SECCM measurements) in 10 mM citrate solution (pH, 5.5) with respect to a 
commercial leakless Ag/AgCl electrode (3.4 M KCl, ET072, eDAQ), resulting in a 

stable potential of +184 ± 3 mV. Initial attempts to use 10 mM KHCO3 electrolyte 
with pH = 8 led to droplet instability after collecting more than 150–180 pixels in 
SECCM. By contrast, the 10 mM citrate, pH = 5.5 electrolyte allowed for long-term 
stability and the collection of 1,000 s of pixels. All electrochemical results in this 
work are presented versus Ag/AgCl (3.4 M KCl).

A prepared Au nugget sample was glued onto a standard SEM pin stub 
(diameter, 12.5 mm; Agar) with conductive Ag paint (RS Components) and fixed 
at the centre of a homemade environmental cell23. The sample was then electrically 
connected to an external (home-built) electrometer head using a copper wire. 
The environmental cell was manufactured by modifying a commercially available 
airtight polypropylene container (Lock & Lock). A part of the container lid was 
cut and sealed with standard cover glasses, enabling visualization of the Au surface 
with a high-resolution optical camera (Pixelink; CompactTL ×8 telecentric 
lens, Edmund Optics). A two-way Omnifit connector (Kinesis), drilled in and 
fixed in place with epoxy resin (Sigma-Aldrich) at the side of the cell, served as 
a CO2 or Ar inlet port. The gas was humidified with a threaded midget bubbler 
(Sigma-Aldrich) and supplied into the environmental cell with a consistent 
flow of 80 ml min–1. The entire environmental cell was fixed onto a sample 
holder, which was mounted on an xy-piezoelectric stage (P-733.2 XY, Physik 
Instrumente). The nanopipette was positioned above the surface of interest using 
xyz micropositioners (M-461-XYZ-M, Newport) and translated close to the Au 
surface with a stepper motor (8303 Picomotor Actuator, Newport). All instruments 
for tip positioning and current amplification were placed on a vibration isolator 
(BM-8, Minus K) and encapsulated within a Faraday cage, which was equipped 
with vacuum-sealed panels (Kevothermal) and aluminium heat sinks, in order 
to minimize electrical and mechanical noise and maintain thermal equilibrium 
during SECCM scanning.

The QRCE potential was controlled with respect to ground, and the  
current flowing at the Au working electrode (isurf, held at a common  
ground) was measured using a home-built current amplifier at a bandwidth of 
5 kHz. The isurf was measured every 4 μs, and these data averaged 512 times to 
result in a data acquisition rate of 2.052 ms (0.004 × (512 + 1) = 2.052 ms, where 
one extra iteration is used to transfer the data to the host computer). In rare cases 
during an SECCM scan (<1% of the pixels), electronic noise results in the droplet 
missing contact with the surface during a hop. These pixels are represented as 
the average of adjacent pixels in an SECCM image, but are not included in the 
reported statistics in the histograms or in Supplementary Table 2. Data acquisition 
and instrumental control was carried out using a field programmable gate array 
(FPGA) card (PCIe-7852R, National Instruments) controlled by a LabVIEW 2016 
(National Instruments) interface running the Warwick Electrochemical Scanning 
Probe Microscopy (http://www.warwick.ac.uk/electrochemistry/wec-spm) 
software.

Voltammetric SECCM with a hopping scanning mode was utilized herein25,55. 
At each position (that is, pixel in maps), the nanopipette initially approached the 
surface at the applied potential (Eapp, calibrated to the commercial leakless Ag/
AgCl electrode) of 0.92 V until the meniscus at the end of the nanopipette tip 
contacted the Au surface, satisfying a threshold of 1.21 pA in isurf. Subsequently, Eapp 
was switched to –0.33 V and held for 0.1 s, prior to measuring a LSV at a scan rate 
of 0.5 V s–1 for CO2 electroreduction or the hydrogen evolution reaction. Once the 
LSV measurement was complete, the nanopipette was retracted from the surface 
before proceeding to the next pixel. Overall, the entire procedure resulted in a 
pixel acquisition time of around 2.5 s pixel–1. Typical scanning time ranged from 15 
to 55 minutes (that is, for 369 to 1,281 pixels, respectively). Each individual pixel 
constituted an LSV carried out over a potential range of −0.33 V to −1.08 V, which 
could be represented as over 730 equipotential images (1 mV separation between 
images) in a single scan.

SEM imaging and HR-EBSD strain mapping. SEM and EBSD images  
were acquired with a TFS Apreo S SEM system equipped with a Bruker  
Quantax EBSD 400i system or a Zeiss SUPRA field emission SEM system  
equipped with a Nordlys EBSD detector (Oxford Instruments). HR-EBSD  
data were collected using a TFS Apreo S SEM system equipped with a Bruker 
Quantax EBSD 400i system. The sample stage was tilted 70° during acquisition. 
HR-EBSD patterns were collected using a pattern resolution of 1,600 × 1,200, 
exposure time of 80 ms and 2 × 2 binning. HR-EBSD maps were collected at ×2,500 
magnification and a step size of ~170 nm. Cross-correlation and strain analysis 
was performed with CrossCourt 3.2 from BLG Productions, correcting for beam 
position effects with an effective camera pixel size of 37.5 µm. Pattern analysis was 
performed using 74 256 × 256 regions of interest designated within the patterns. 
Filtering in the Fourier domain was performed with the following settings: high 
frequency cut-off, 39; high frequency width, 36; low frequency cut-off, 2; and low 
frequency width, 1. All HR-EBSD data are referenced to a pixel distal to the GB of 
interest. Strains reported correspond to the normal strains in the x, y  
and z directions.

Data availability
The authors declare that all data supporting the findings of this study are included 
within the paper and its Supplementary Information files. Source data are available 
from the corresponding authors upon reasonable request.
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