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Local voltammetric analysis with a scanning electrochemical droplet cell
technique, in combination with a new data processing protocol (termed
data binning and trinisation), is used to directly identify previously
unseen regions of elevated electrocatalytic activity on the basal plane
(BP) of molybdenum disulfide (2H-MoS,). This includes BP-like structures
with hydrogen evolution reaction activities approaching that of the edge
plane and rare nanoscale electrocatalytic “hot-spots” present at an areal
density of approximately 0.2-1 pm~2. Understanding the nature of
(sub)microscopic catalytic active sites, such as those identified herein,
is crucial to guide the rational design of next-generation earth-abundant
materials for renewable fuels production.

Molybdenum disulfide (MoS,) and related transition metal
dichalcogenides (TMDs) have attracted significant attention
for their role as promising earth-abundant electrocatalysts
for the hydrogen evolution reaction (HER) in (photo)electro-
chemical water-splitting.’™ Bulk molybdenite (2H-MoS,) has a
layered structure, and many studies have reported that the edge
plane (EP) is solely responsible for HER electrocatalysis, with
some authors going as far as calling the basal plane (BP) “inert”
or “not electroactive”.” More recently, high-resolution electro-
chemical imaging studies have debunked this hypothesis,
demonstrating that while the EP is indeed highly active for
the HER (directly visualised at few- to multi-layer step edge
features), the BP also possesses non-negligible catalytic activity,
with an exchange current density (j,) of ~3 x 107°Acm™ (i.e.,
comparable to polycrystalline Au or Ni).° Since then, it has been
demonstrated”® that the BP activity can vary from surface-to-
surface (or crystal-to-crystal), or even within a single BP on the
um-scale, but still always has relatively low activity relative to
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the EP (j, ~ 10~ * A cm™?, ref. 6). Expanding on these studies,
this work reports on the first direct identification of the
following on the BP of natural molybdenite (2H-MoS,) crystals:
(1) structures with local HER activities approaching that of the
EP and (2) sub-um (single-pixel) electrocatalytic “hot-spots”.

Monocrystalline electrodes of n-type MoS, were prepared by
mechanical exfoliation of a natural molybdenite crystal by the
“scotch tape method”, as previously reported.®'® The freshly
cleaved electrodes are considered to be representative of the
bulk material (i.e., mm-size lateral dimensions, >100 pum
thickness) and were probed for HER electrocatalytic activity
using scanning electrochemical cell microscopy (SECCM).'""?
Full experimental protocols are summarised in the ESLf
Section S1, but are described briefly here to assist with under-
standing. SECCM employs a fluidic nanopipette probe to carry
out local electrochemical measurements (e.g., voltammetry
herein, but can be performed with any electrochemical pertur-
bation in principle'®) within a confined region of an electrode
surface, at a spatial-resolution defined by the dimensions
of droplet contact (tip radius and area of ~0.067 um and
~0.014 um? herein, see ESI,} Fig. S1 and S2).'*'*> Deploying
SECCM in the voltammetric hopping-mode'® allows for the
construction of movies of spatially-resolved electrochemical
activity, an example of which is shown in the ESI,f Movie S1.
The maximum catalytic current (i,,.x) Was extracted from these
data at —1.13 Vvs. SCE (details provided in the ESI, T Section S1)
to construct the electrochemical map shown in Fig. 1a. An
additional electrochemical map of potential required to achieve
10 mA cm ™2 (E @ 10 mA cm ™ %), constructed through exponen-
tial fitting of the i-E data (ESLt Section S2 and Fig. S5), also
reflected the same pattern of HER reactivity.

Comparison of Fig. 1a with the co-located topography map
in Fig. 1b reveals that the scan area is made up of three regions
of BP (labelled BP1-BP3 in Fig. 1b) separated by two multi-layer
step edge features (labelled SE in Fig. 1b) of similar height
(40-50 nm, see line scan data in the ESL,T Fig. S6). Note that the
SECCM topography maps reported herein have a z-resolution
on the order of the SECCM probe size (i.e., ~10 nm) and thus
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Fig. 1 Spatially-resolved maps of (a) imax (extracted at —1.13 V vs. SCE, full
i—E data available in ESI,# Movie S1) and (b) topography, obtained from the
surface of bulk 2H-MoS.. (c) Mean LSVs (voltammetric scan rate, v = 1V 573
and (d) normalised histograms of ima. extracted from the corresponding
regions marked in (b). Inset in (c) is a zoomed-in view of the LSVs obtained
from BP1, BP2 and BP3. The SECCM probe contained 0.1 M HCIO,. Tip radius,
tip area and hopping distance were ~0.067 um, ~0.014 um? and 0.5 um,
respectively. BP = basal plane; SE = step edge.

cannot indicate on the relative surface roughness of the BP
areas, which are expected to be atomically smooth based on
previous correlative AFM imaging.®

BP1 and BP2 both appear to possess relatively uniform electro-
catalytic activities, while BP3 possesses significantly higher and
more spatially-heterogeneous activity. Mean linear-sweep voltam-
mograms (LSVs) extracted from the different regions, shown in
Fig. 1c (pixel selection is detailed in the ESIL 7 Fig. S7), also further
demonstrate the relatively high activity of BP3, with i, values of
—2.8, —2.8 and —11 pA measured at BP1, BP2 and BP3, respec-
tively (cf —71 pA from the SEs). The abnormally high and
spatially-heterogeneous activity of BP3 is further illustrated by
constructing histograms of i,,y, as shown in Fig. 1d. BP1, BP2 and
the SEs all exhibit unimodal log-normal distributions, with
mean =+ standard deviation values of —11.57 + 0.07, —11.55 +
0.05 and —10.17 + 0.08, respectively. On the other hand, BP3
exhibits a more complex 10g;¢|imax| distribution, with a low activity
domain centred around —11.6 (akin to BP1 and BP2) and a broader,
more drawn out (multi-modal) domain spanning the values of —11.5
to —10.2, with the upper limit corresponding to a catalytic current of
—70 pA, comparable to what was measured on the SEs.

To understand the nature of the structure that is giving rise
to the elevated and spatially-heterogeneous activity on BP3,
scanning electron microscopy (SEM) was performed on
the SECCM scan area (shown in the ESI,f Section S3 and
Fig. S12). The feature of interest is shown in Fig. 2a, alongside
co-located maps of topography (Fig. 2b) and electrochemical
activity (Fig. 2c). Evidently, BP3 does appear to be different
to BP1 and BP2 under SEM, showing prominent regions of
light and dark contrast (Fig. 2a), which do not necessarily
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Fig. 2 Co-located (a) SEM image and zoomed-in maps of (b) topography
and (c) imax, Obtained from the surface of 2H-MoS,. (d) Trinarised image of
limaxl, Where white, grey and black pixels represent: |imax] < [1.5 x

imax,medianlr |15 X imax,medianl < |imax| < |15 X imax,medianl and |imax| >
|15 X imaxmedianl. respectively. (€) Mean LSVs (v = 1V s~ extracted from
white (green trace) and grey (red trace) pixels of BP3, indicated in (d).

correspond to specific regions of low/high topography
(Fig. 2b) or activity (Fig. 2c¢). Although the exact cause of the
surface contrast in SEM is not known (seen in both secondary
electron and backscatter electron detector modes, see ESI,t
Fig. S12), it is likely attributable to local differences in electro-
nic structure,'” possibly induced by spatial variations in com-
position (e.g., non-stoichiometric Mo : S ratios'®) and/or surface
topology (e.g., mechanical straining of the BP'®>°) on the sub-
10 nm scale (i.e., beyond the limit of detection for SECCM,
herein). Changes in the local electronic structure may influence
the free energy for adsorbed atomic hydrogen (AGy+), which is a
widely-accepted descriptor for understanding the performance
and further predicting the activity of HER electrocatalysts (i.e.,
AGy« =~ 0 eV for an “ideal” HER electrocatalyst)." >

To separate the “low” and “high” activity regions (pixels) of
BP3, the dataset were trinarised into three bins with respect to the
median imay (fmaxmedian = —2.88 PA) in Fig. 1a. |ima| < |1.5 X
imax,median|9 |1-5 X imax,median| < |lmax| < |15 X imax,median| and
limax] > |15 X iImaxmedian| Were represented by white, grey
and black pixels, respectively, as shown in Fig. 2d. Note that the
lower and upper bin limits correspond to i, values of
—4.32 and —43.2 pA, respectively. In this simplified activity
map (further details on this approach and justification of the
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imax boundary values are available in the ESILT Section S1), it is
quite evident that the regions of “low” (white pixels) and “mod-
erate” (grey pixels) activity on BP3 are relatively localised and form
contiguous, interweaved structures that are superficially similar in
appearance to the contrasted structures observed in SEM (Fig. 2a).
Separating the mean LSVs from these two regions (pixel selection
shown in the ESL T Fig. S8), shown in Fig. 2e, it is clear that the
“low” activity region possesses a comparable activity to BP1 and
BP2 (imax = —2.6 pA), whereas the “moderate” activity region
possesses an activity that is intermediate between the BP and EP
(fmax = —15.3 pA). Also note that four pixels on the left of BP3
considered to be “high” activity (black in colour, Fig. 2d), indicat-
ing an EP-like ability to catalyse the HER at these sites.

In Fig. 2d, it is interesting to note that there are “moderate”
activity pixels (grey in colour) located on BP2, well away from
BP3 and the SE. Trinarising the entire scan area reveals clusters
of these local electrocatalytic “hot spots” distributed over the
entire surface of BP2, as shown in Fig. 3a. The two small
clusters of red- and cyan-labelled pixels (bottom-right of
Fig. 3a) coincide with distinct structures found on the MoS,
surface with SEM (images shown in the ESI,T Fig. S12) that are
too small to be identified in the SECCM topography map with a
probe of this size (note that few-layer SEs on the order of
2-3 nm have previously been identified using probes of
~30 nm diameter®'®). As shown in Fig. 3b, the red- and
cyan-labelled features produce mean LSVs with iy« values of
—8.2 and —6.1 pA, respectively (c.f —2.8 pA over the entire
surface of BP2). On the other hand, the green-labelled pixels
scattered over the surface of BP2 (middle, top-left and top-right
of Fig. 3a) do not correspond to any obvious features in the
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Fig. 3 (a) Trinarised image of |imayl. (b) Mean LSVs (v = 1V s7%) extracted
from the corresponding green, red and cyan pixels, labelled in (a). The
mean LSV extracted from the entire BP is also shown (black dashed line).
Note that this is the same scan area that was reported in Fig. 1.
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topography or SEM image and produce a mean in,x value of
—4.8 pA (ca. double that of the pristine BP). This suggests that
these electrocatalytic “hot spots”, present at pixel and areal
densities of ~1.3% (& active pixels on BP2/total pixels on BP2)
and ~1 um~? [~ active pixels on BP2/(total pixels on BP2 x tip
area)], respectively, may correspond to individual defect sites in
the pristine BP that happen to be present within the probed
area of the SECCM droplet cell. Note that these “hot spots”
remain more active for the duration of meniscus-surface con-
tact (e.g., during retract, see ESI,T Fig. S9), demonstrating that
they are persistent on at least the ms to s timescale.

Single-defect sensitivity has previously been shown in
SECCM, which has been used to probe nm-sized defects in
chemical vapour deposition (CVD) graphene and MoS,,**??
although this is the first time such an observation has been
made in the context of HER electrocatalysis. The estimated
areal density of electrocatalytic “hot spots”, estimated above, is
consistent with a previous scanning tunnelling microscopy
study on natural molybdenite crystals, which reported areal
defect densities that varied significantly from area-to-area (or
crystal-to-crystal), within an estimated range of ~0.1 to 10%,
and corresponding to imperfections ranging in size from
single-point defects (e.g., sulfur vacancies) to gross structural
defects (e.g., pits).>* It is also worth noting that introducing
sulfur vacancies'®?® and other gross defects® (e.g., through
introducing surface roughening®® or porosity””) are well-known
to enhance the macroscopic electrocatalytic activity of MoS,
and related amorphous molybdenum sulfides, underpinning
the important role of such structures as HER active sites.

To confirm the generality of this observation and experi-
mental approach, additional SECCM scans were performed on
entirely new bulk 2H-MoS, electrodes. An example of an
electrochemical movie produced from one of the new scan
areas is shown in ESLf Movie S2. Consulting the i,.x map
produced from these data, Fig. 4a, the scan area is predomi-
nantly BP with a section of a large, multi-pixel SE feature
captured in the bottom-left. Extracting the mean LSVs,
Fig. 4b, the BP and SE possess similar activities to the scan
area discussed above (Fig. 1-3), with 7;,,,x values of —2.7 pA and
—72 pA, respectively. Trinarising the data, Fig. 4c, reveals two
additional types of surface feature on the BP, which have been
labelled with green (bottom-left) and magenta (distributed
throughout) markers. The green-labelled pixels (Fig. 4c) are
associated with the SE feature and produce a mean i, value of
—12.2 pA, as shown in Fig. 4d (comparable to the “active”
pixels of BP3 in Fig. 1-3, discussed above). The magenta-
labelled pixels (Fig. 4c) are distributed throughout the BP and
produce a mean i, value of —4.7 pA, as shown in Fig. 4d
(c.f, —4.8 pA for analogous sites in Fig. 3, above). These
electrocatalytic “hot spots” are present at pixel and areal
densities of ~0.3% and ~0.2 um 2, respectively, which is
again within the range of defect densities previously reported
for natural molybdenite crystals.>* Also note that similar den-
sities of electrocatalytic “hot spots” were also observed
on an additional two 2H-MoS, crystals herein (ESLt Fig. S10),
as well as with previously published SECCM datasets”°
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Fig. 4 (a) Spatially-resolved map of inax (full i—E data available in ESI,+ Movie
S2), obtained from the surface of 2H-MoS,. (b) Mean LSVs (v = 1 V s7%)
extracted from the corresponding regions marked in (a). (c) Trinarised image
Of limaxl- (d) Mean LSVs (v = 1V s7%) extracted from the corresponding green
and magenta pixels, labelled in (c). The mean LSV extracted from the entire BP
is also shown (black dashed line).

(ESL Fig. S11) when subjected to the new data processing
protocols (i.e., data binning and trinarisation), reported herein.
In summary, SECCM has been employed to directly visualise
previously unseen regions of high electrocatalytic activity on
the BP of natural molybdenite (2H-MoS,) crystals. Contiguous,
um-scale structures with local HER activities approaching that
of the EP were shown to correspond to regions of contrast from
co-located SEM imaging, and were attributed to variations in
the electronic structure of the BP caused by local compositional
and/or topological differences. Sub-um electrocatalytic ‘“hot-
spots” were revealed through trinarising the spatially-resolved
electrochemical data taken on four different MoS, crystals, and
were attributed to the presence of individual defect sites pre-
sent on the pristine BP surface. To further understand the
nature of these electrochemical “hot spots”, future studies
will focus on employing different redox mediators (e.g.,
[Ru(NH;)**"** and [Fe(CN)e]*"*~, as in ref. 28) or passivating
agents that target (passivate) specific types of defect (e.g., sulfur
vacancies®®). Overall, this work further illustrates the strong
potential of SECCM for structure—activity studies in electro-
materials science, directly revealing the unique electrochemical
activities of microscopic surface regions and rarer nanoscopic
surface sites that may otherwise be overlooked when employing
conventional “bulk” electrochemistry techniques alone.
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