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5 ABSTRACT: The tunneling mode of scanning electrochemical microscopy
6 (SECM) was developed recently and applied to studies of charge-transfer
7 reactions at single metal nanoparticles (NPs). When an scanning electrochemical
s microscope tip is brought within the tunneling distance from a conductive NP, the
9 particle begins to act as a part of the nanoelectrode. Herein, we demonstrate the

10 possibility of using carbon nanoelectrodes with a very thin insulating sheath for
n electrochemical tunneling experiments at flat samples. In this way, electrocatalytic
12 activity, conductivity, and charging properties of and faradaic processes in layered
13 nanomaterials can be characterized by single-nanoflake voltammetry without
14 making direct ohmic contact with them. A broad applicability of tunneling SECM experiments is demonstrated by probing
15 nanomaterials with different size, geometry, and electrocatalytic properties, including metallic/pseudo-metallic (1T/1T') and
16 semiconducting (2H) MoS2 nanoflakes, N-doped porous carbon catalyst, and MXene nanosheets. The Tafel plots for the hydrogen
17 evolution reaction (HER) and oxygen evolution reaction (OER) at individual nanoflakes are compared to analogous measurements
is for an ensemble of flakes attached to the surface of a macroscopic electrode. Moreover, we observed variations in catalytic activities
19 of individual MXene flakes toward HER and OER caused by non-uniform doping.

Ilil Article Recommendations

20 ■ INTRODUCTION

21 Scanning electrochemical microscopy (SECM) is a powerful
22 tool for studying heterogeneous charge-transfer processes and
23 mapping surface reactivity at the nanoscale.1-3 Two widely
24 used classical modes of the SECM operation—feedback mode
25 and generation/collection mode—are based on diffusion of
26 redox species between the tip and sample surface.4 These
27 modes of SECM are applicable when reactants, products, and/
28 or intermediates of an investigated process are electroactive
29 and can be oxidized or reduced at the tip nanoelectrode. Many
30 electrocatalytic reactions do not belong to this category and
31 cannot be studied by either feedback or generation/collection
32 mode of SECM. For example, electrochemical mapping of
33 catalytic reduction of CO, could only be performed by
34 scanning electrochemical cell microscopy (SECCM5) that
35 employs a nanopipette to read the local substrate current.6 7 * 9
36 However, SECCM may not be suitable for probing some of the
37 samples discussed in the present article (see below).
38 In addition to the abovementioned limitation, the diffusion
39 of electroactive species in the tip/substrate gap limits the
40 attainable lateral resolution of SECM imaging to the value
41 comparable to the tip radius (for discussion, see ref 7). A much
42 higher resolution can be obtained by eliminating diffusion in
43 the tip/substrate gap. We have recently introduced the
44 tunneling mode of SECM and showed that it can be used
45 for probing heterogeneous reactions at single nanoparticles8,9

and electrochemical imaging with extremely high lateral 46 
resolution (ca. 1 nm10). In these experiments, an SECM tip 47 
is brought within a <2—3 nm distance from the surface of a 48 
conductive nanoscale sample (eg., a metal NP, Scheme 1A) 49 si 

attached to a macroscopic insulating support, and the source of 50 
the tip current (iT) is electron tunneling between the tip and 51 
the nano-sample rather than the diffusion of redox species in 52 
the gap between them. Unlike conventional tunneling 53 
experiments (eg., STM junctions11 12 13 14 15 16 17 * 19 and electrochemical 54 
STM12-14), in the tunneling mode of SECM, no voltage is 55 
applied between the tip and the substrate, and the tip current 56 
at short separation distances is due to the electrochemical 57 
reaction occurring at the nano-sample surface (Scheme 1A). As 5s 
an SECM tip approaches a conductive particle attached to an 59 
insulating support, the tunneling resistance decreases exponen- 60 
dally with decreasing separation distance (d), and the tip 61 
potential begins to drive the charge-transfer process at the NP/ 62 
solution interface.8,9 The particle potential changes over ~2 63 
nm tip displacement from the open circuit value to the tip 64
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Scheme 1. Schematic Representation of the Tunneling 
Mode SECM Experiment with a Polished Metal Tip at a 
Single NP (A) and an Attempt to do a Similar Experiment at 
a Flat Sample (B). The figure is not drawn to scale

SECM tip

65 potential (Et) value, and the metal NP begins to act as a part
66 of the nanoelectrode. In tunneling regime, the tip current is
67 due to the electrochemical reaction at the NP surface (e.g.,
68 oxidation of the reduced species, R, present in solution;
69 Scheme 1A), and its magnitude is determined by the diffusion
70 flux of R molecules to the nano-specimen. In this way,
71 voltammograms at a single NP can be recorded without
72 attaching it to the electrode surface.
73 In previous tunneling SECM experiments, a glass-sealed
74 disk-type tip was brought within the tunneling distance from a
75 spherical8,9 or cubic10 NP whose top was a few nm above the
76 underlying flat surface (Scheme 1A). By contrast, electro-
77 chemical tunneling experiments at a flat sample (or a nanorod)
78 are challenging because any deviation from the perfect tip/
79 substrate alignment results in the relatively thick glass insulator 
so touching the sample surface before the conductive disk comes 
si sufficiently close to it (Scheme IB). Here, we show that carbon 
82 nanoelectrode (CNE) tips, having a thin glass insulator,15 can 
S3 be employed for electrochemical tunneling experiments at flat
84 samples. In this way, the tunneling mode of SECM can be used
85 to investigate a wide range of layered nanomaterials and 2D
86 electrocatalysts.

87 ■ METHODS
ss Chemicals and Materials. Ferrocyanide (99%), KC1
89 (99%), HC104 (70%), and NaC104 (99%) were purchased
90 from Sigma-Aldrich. Ferrocenemethanol (Fc; 99%, Sigma-
91 Aldrich) was sublimed before use. All aqueous solutions were
92 prepared using deionized water from the Milli-Q_ Advantage
93 A10 system (Millipore Corp.) equipped with Q_-Gard T2 Pak,
94 a Quantum TEX cartridge, and a VOC Pak with total organic
95 carbon < 1 ppb. A 3 mm glassy carbon disk electrode was
96 purchased from Bioanalytical Systems.
97 Fabrication of Carbon Nanotips. CNEs were prepared
98 by chemical vapor deposition of carbon inside pre-pulled
99 quartz nanopipettes, as described previously.1 ,x Briefly,

100 nanopipettes were prepared by pulling quartz capillaries (l.O
101 mm o.d., 0.5 mm i.d.; Sutter Instrument Company) with a
102 laser pipette puller (P-2000, Sutter Instruments). The
103 following pulling parameters have been used:
104 heat filament velocity delay pull
105 step 1 720 3 22 135 90
106 step 2 705 2 47 128 110

107 Carbon was deposited onto the inner pipette wall by 
10s chemical vapor deposition (CVD) at 950 °C, using methane as
109 a carbon source and argon as a protector (argon/methane: 1/
110 1, 180/300 SLPM). A 1 h deposition time was sufficient to
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nearly completely fill the nanopipettes with carbon. The 111 
electrostatic discharge (ESD) protection was used during all 112 
steps of the electrode preparation to prevent nanometer-scale 113 
damage to the tip.18 The a value was validated and the 114 
electrode geometry checked by transmission electron micros- 115 
copy (TEM), using a JEOL JEM-2100 instrument. 116

SECM Instrumentation and Procedures. SECM experi- 117 
ments were carried out using a home-built instrument, which 11s 
was similar to that described previously.19 Briefly, the actuation 119 
for imaging and fine positioning was through a P-621 PI Hera 120 
3D nanopositioning stage (Physik Instrumente) driven by an 121 
E-725.3CDA multi-axis piezo controller (Physik Instrumente) 122 
and controlled by home-written Lab View software. A CHI-760 123 
bipotentiostat was used to control the potentials to the tip and 124 
substrate and record current during surface approach, scanning 125 
and voltammetric experiments. The SECM was mounted on an 126 
AVI-200S active vibration isolation platform placed inside a 127 
NanoVault acoustic enclosure (Herzan). 12s

To locate a nanoflake, the CNE tip was brought within 1—2 129 
tip radii from the substrate surface as described previously7,20 130 
and then scanned laterally in the x—y plane above it. All 131 
nanomaterials used in this study are sufficiently conductive to 132 
produce an SECM feedback current significantly higher than 133 
that measured over the insulating glass support. A coarse 134 
electrochemical image based on the higher feedback response 135 
was used to locate the center or a nanoflake and position the 136 
tip over it. Then, an approach curve was recorded by moving 137 
the tip vertically toward the sample. Because the tip radius was 13s 
always significantly smaller than that of the flake, this protocol 139 
ensured that the approach curves were recorded over the 140 
nanoobject and not over its edge or the support. 141

Preparation of Nanoflake Samples. The procedures for 142 
synthesis and exfoliation of 2H and 1T/1T' MoS2 nanoflakes 143 
were adapted from the previous studies.20,21 The prepared bulk 144 
(2H) MoS2 was solution-exfoliated via intercalation with n- 145 
butyl lithium (2.5 M, Sigma-Aldrich), and the subsequent 146 
reaction with water produced nanosheets that were primarily in 147 
the IT MoS, phase. To convert 1T/1T' MoS, to 2H phase, it 14s 
was annealed on glass at 300 °C for 60 min in an inert 149 
atmosphere. MoS, nanosheets were immobilized on glass 150 
slides (Fisher Finest Premium Slides, 25 X 75 X 1 mm) for 151 
SECM experiments by a membrane filtration deposition 152 
method 22 Briefly, the exfoliated MoS, solution was vacuum- 153 
filtrated through a 50 nm pore size polycarbonate membrane, 154 
and MoS, nanosheets were collected on the membrane. The 155 
wet membrane was placed onto a glass slide with MoS, side 156 
facing the glass. After drying, the polycarbonate membrane was 157 
dissolved in chloroform, leaving the MoS, nanosheets on the iss 
glass surface. 159

N-doped carbon was synthesized by a dissolution-and- ieo 
carbonization method, as described previously.23,24 Briefly, 144 161 
mg of anhydrous glucose and 690 mg of hydroxylammonium 162 
chloride were ultrasonically dissolved in 80 mL of deionized 163 
water—ethanol solution with a volume ratio of 1:1. Then, the 164 
solution was dried at 70 °C overnight, and the obtained 165 
powder was calcinated at 600 °C. During the calcination, the 166 
glucose was carbonized and then etched by NH3 produced via 167 
the decomposition of hydroxylamine hydrochloride precursor 16S 
to form a N-doped 3-dimensional porous carbon framework. 169 

Ti3C,T^ MXene nanosheets with anchored single atomic Ru 170 
sites were prepared according to the previously described 171 
synthetic procedures.25 Their structure was confirmed by high- 172 
angle annular dark field scanning TEM (HAADF-STEM) 173
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174 imaging and energy dispersive spectroscopy (EDS) mapping.
175 To immobilize N-doped carbon and Ti3C2Tx MXene on glass
176 slides, the sample solutions were sonicated for 1 h, and the
177 flakes were deposited onto the glass slide surface by spin
178 coating (Headway Research, Inc.) at 6000 rpm and dried using
179 an IR light source.

iso ■ RESULTS AND DISCUSSION
181 Electrochemical Tunneling at Electroactive and Inert
182 Nanoflakes. Tunneling mode current—distance curves
183 obtained with a ~100 nm CNE tip approaching flat samples
184 are shown in Figure 1. Two kinds of MoS2 nanoflakes were

150

100 -

750 -

500 -

250 -

Figure 1. iT vs d curves obtained with a CNE tip approaching (A) IT 
and (B) 2H MoS2 flake attached to the glass surface in 10 mM KCl 
solution containing 1 mM Fc. Inset: a longer portion of the approach 
curve showing negative SECM feedback. ET = 0.4 V vs Ag/AgCl; the 
substrate was unbiased.

185 used as specimens: a IT MoS2 flake (Figure 1A) was metallic/
186 pseudo-metallic, whereas a 2H flake (Figure IB) was
187 semiconducting and electro chemically inert. Accordingly,
188 positive SECM feedback response at longer separation
189 distances (i.e., d > 2—3 nm) in Figure 1A is due to the
190 regeneration of the ferrocenemethanol (Fc) mediator at the
191 1T/1T' flake acting as an unbiased conductive substrate, and
192 negative feedback in Figure IB (inset) indicates that the 2H
193 flake does not reduce Fc+ produced at the tip.20 * * * * * A sharp
194 increase in iT occurs in both Figure 1A,B when the tip comes
195 within the tunneling distance (~3 nm) from the flake surface.
196 The source of the current, however, is totally different. Similar
197 to tunneling experiments at metal NPs,8,9 the potential of the
198 IT/IT' flake changes from the open circuit to the Ex value,
199 and it begins to act as a part of the tip. The high current in
200 Figure 1A is due diffusion of Fc to and its oxidation at the
201 conductive nanoflake whose surface area is much larger than
202 that of the CNE tip; its maximum value is determined by the
203 diffusion current of the redox mediator to the entire flake.
204 The high tunneling current in Figure IB flows despite
205 electrochemical inertness of the 2H MoS2 surface. This current
206 can be attributed to faradaic processes involving the flake
207 material and double layer charging. Because of the transient
208 nature of these processes, the tunneling current drops sharply
209 when the tip continues to slowly push against the flake after
210 making the hard contact with its surface (d < 0 in Figure IB).
211 By contrast, the current in Figure 1A produced by the steady-
212 state diffusion of Fc levels off after the initial contact (d < 0 in
213 Figure 1A). These data suggest that tunneling mode SECM
214 can be used for probing factors responsible for the apparent
215 electrochemical activity of layered materials other than surface
216 reactivity, for example, lateral and normal (i.e., perpendicular to
217 the flake surface) conductivity. The importance of these factors

is well documented, and the high electrical resistance in the 218 
normal direction due to low interlayer conductivity has been 219 
shown, for example, in MXene flakes.26 220

After bringing a CNF within the tunneling distance from the 221 
substrate, single-flake voltammograms were recorded by 222 
scanning the tip potential (Figure 2). The steady-state 223 £2

750 -
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550 -
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0.2
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1000 -1
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0
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Figure 2. Tunneling mode voltammograms of 1T/1T' (A) and 2H 
[(B); two consecutive potential cycles] MoS2 flakes obtained with 
CNE tips. The insets show the tip voltammograms in the bulk 
solution containing 1 mM Fc before [inset i in (A,B)] and after [inset 
ii in (A)] SECM tunneling experiment. Potential sweep rate, v = 0.1 
V/s.

voltammogram Figure 2A is sigmoidal and retraceable due to 224 
the convergent diffusion of Fc to the submicrometer-sized IT 225 
MoS2 flake. Because the lateral dimensions of the flake are 226 
significantly larger that the tip diameter, the diffusion limiting 227 
current is much higher than it was either before (inset i) or 228 
after (inset ii) the tunneling experiment. Very similar diffusion- 229 
limited currents in insets i and ii suggest that the high 230 
tunneling current was not caused by CNF damage. 231

The tunneling mode voltammogram of a 2H MoS2 flake 232 
(Figure 2B) is very different from that in Figure 2A. A pair of 233 
non-steady-state voltametric peaks occurs at more positive 234 
potentials than the half-wave potential of Fc oxidation. The 235 
anodic and cathodic peaks are essentially symmetrical, and 236 
their shape is indicative of thin-layer electrochemistry.27 In 237 
contrast to the sigmoidal steady-state voltammogram of Fc 238 
oxidation recorded with the same tip far away from the 239 
substrate (the inset in Figure 2B), this curve is due to 240 
oxidation/reduction of the flake material and double-layer 241 
charging. By integrating the current under the anodic and 242 
cathodic waves, one can obtain the charge corresponding to 243 
these processes. A significant amount of charge passed in 244 
Figure 2B suggests sufficiently high lateral and normal 245 
conductivity of a 2H MoS2 flake, whereas its low electro- 246 
chemical surface reactivity results in slow oxidation of Fc 247 
(Figure 2B) and reduction of Fc+ (Figure IB). 248

Probing N-Doped Porous Carbon Catalyst by Tunnel- 249 
ing Mode of SECM. N-doped carbon has been widely 250 
reported to have high hydrogen evolution reaction (HER) and 251 
oxygen evolution reaction (OER) activities.28-31 Particularly, 252

C https://doi.org/10.1021/acs.jpcc.1 C07309
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253 the doped nitrogen atoms have been reported to be the HER
254 active sties.28,29 Probing the catalytic activity of micrometer-
255 sized sheets of N-doped porous carbon catalyst by either
256 feedback or generation/collection mode of SECM or SECCM
257 is challenging because of their porosity, significant roughness,
258 and irregular shape (Figure 3).

Figure 3. Characterization of N-doped porous carbon. (A) Scanning 
electron microscopy image. (B) HAADF-STEM image and (C,D) 
corresponding energy-dispersive X-ray spectroscopy (EDS) mapping 
of C and N elements.

259 Electrochemical tunneling experiments provide a relatively
260 straightforward way to probe the activity of a single porous
261 carbon nanosheet. The approach curve in Figure 4A was
262 obtained with a ~70 nm carbon tip and 1 mM ferrocyanide
263 mediator, which unlike ferrocenemethanol is stable in an acidic
264 solution (l mM HC104). The sharp transition from the
265 positive feedback response to tunneling occurred over a ~2 nm
266 distance when the tip approached an N-doped porous carbon
267 flake attached the glass surface.
268 The steady-state voltammogram obtained in the tunneling
269 regime shows oxidation of Fe(CN)64_ at positive potentials
270 and hydrogen evolution at cathodic potentials (Figure 4B).
271 While a moderate increase in the anodic current (in Figure 4A,
272 the limiting current in the tunneling regime is ~4 times the tip
273 current in solution) corresponds to the ratio of the effective
274 radius of the carbon flake to that of the SECM tip, a very large
275 (orders of magnitude) increase in the cathodic current points
276 to a significant activity of this catalyst toward HER unlike
277 catalytically inert CNF. The slope of the Tafel plot calculated
278 from that voltammogram (286 mV/decade; Figure 4C) is
279 significantly larger than the values typically measured at metal 
2so electrodes.
2si The HER voltammograms measured at an individual N-
282 doped carbon flake can be compared to the ensemble averaged
283 results obtained for a number of flakes immobilized on the
284 surface of a 3 mm glassy carbon electrode (Figure 5A). The
285 background current at the underlying carbon surface and
286 double layer charging as well as the averaging of the responses
287 of different N-doped carbon nanosheets resulted in significant
288 deviations from linearity in the corresponding Tafel plot
289 (Figure SB). Nevertheless, the cathodic current in Figure 5A is

150
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_ -0.7 1

-0.8 -
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y = -0.2861X - 3.6604

log I i (A) I

Figure 4. iT vs d curve (A), tunneling mode voltammogram (B), and 
Tafel plot (C) obtained with a CNE tip approaching an N-doped 
porous carbon flake attached to the glass surface. Solution contained 
10 mM KC1, 1 mM K4Fe(CN)3, and 1 mM HC104. (A) ET = 0.6 V vs 
Ag/AgCI; approach rate was S nm/s. (B) v = SO mV/s.

E, V vs Ag/AgCI 
-1 -0.5 o

-250 J

-0.8 -1

y = -0.281x - 2.05
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log I i (A) I

Figure 5. Voltammogram (A) and corresponding Tafel plot (B) of 
HER at multiple N-doped porous carbon flakes attached to the 
surface of the 3 mm glassy carbon disk electrode. Solution contained 
100 mM KC1 and 1 mM HC104. v = SO mV/s.

largely due to the HER at the N-doped carbon surface (the 290 
current of Fe(CN)64_ oxidation occurring at the entire glassy 291 
carbon surface is several orders of magnitude higher; not 292 
shown), and both the HER onset potential (about —0.6 V) and 293 
the Tafel slope (281 mV/decade) in Figure 5 are similar to 294 
those in Figure 4. 295

Comparing Catalytic Activities of Individual MXene 296 
Nanoflakes. MXene samples used in our experiments contain 297 
single atomic Ru sites anchored onto Ti3C2T;t MXene 29s 
nanosheets (Figure 6) that have been reported to have high 29916

D https://d0i.0rg/l 0.1021 /acs.jpcc.1 c07309
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Figure 6. Characterization of single atomic Ru sites anchored onto Ti3C2Tx MXene nanosheets. (A) Low-magnification HAADF-STEM image. (B) 
HAADF-STEM image and (C—E) corresponding EDS mapping of Ru, C, and Ti elements.
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Figure 7. Probing a Ti3C2Tv MXene flake with anchored single atomic Ru sites by tunneling mode SECM. (A) Tip voltammogram in the bulk 
solution and SECM approach curve over glass surface (inset; the experimental current—distance curve is fitted to the negative feedback theory33). 
(B) ;t vs d curve obtained with a CNE tip approaching the flake surface. (C,D) Tunneling mode voltammogram of OER at the same flake and 
corresponding Tafel plot. (E,F) Tunneling mode voltammogram of HER at the same flake and corresponding Tafel plot. Solution contained 1 mM 
K4Fe(CN)6, 10 mM KC1, and 1 mM HC104. (B) ET = 0.6 V vs Ag/AgCI, the substrate was unbiased; S nm/s approach velocity.

300 activity and good stability toward both HER and OER in acidic
301 environments.25
302 A recent study showed that the metal loading and processing
303 conditions can have profound impacts on the electrochemical
304 response of mixed transition metal nitride MXene flakes,
305 modulating the material from semiconducting to metallic.32
306 Evaluating the activity of individual MXene flakes from SECM
307 reactivity maps was labor intensive and not quantitative. A
308 single-flake voltammetry can be more efficient for evaluating
309 catalytic activities of individual nanosheets and screening of
310 multiple specimens to optimize their composition and

processing conditions. The data shown below address two 311 

issues—comparing the catalytic activities of single MXene 312 

flakes and reproducibility of the catalytic activity measure- 313 

ments at different locations within the same nanoflake. 314

We used Ti3C2T;t MXene flakes with anchored single atomic 315 

Ru sites from two different batches to measure the differences 316 

in their catalytic activities for HER and OER. A set of data 317 

obtained for a flake from the first batch is shown in Figure 7. 31s f7 
The steady-state voltammogram obtained at the carbon tip in 319 

the bulk solution containing 1 mM K4Fe(CN)6 and 1 mM 320 

HCIO4 over a wide potential range (from —1 to +2 V rs Ag/ 321

E https://d0i.0rg/l 0.1021 /acs.jpcc.1 c07309
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322 AgCl; Figure 7A) shows the wave of ferrocyanide oxidation
323 and the onset of OER at ~1.5 V. The TIER current at E > — 1
324 V is very low. The tip radius found from the fit of the SECM
325 current—distance curve recorded over the glass surface to the
326 negative feedback theory (the inset in Figure 7A) is a = 44 nm.
327 In Figure 7B, the same tip biased at +0.6 V approaches a
328 Ti3C2T;t MXene flake, showing small positive feedback
329 followed by the onset of tunneling. The maximum tunneling
330 current, 71 pA, is only four times the iT value in the bulk
331 solution, indicating that the MXene flake is relatively small
332 (~400 to 500 nm effective diameter). The voltammogram
333 obtained at the same tip in the tunnelling regime (Figure 7C)
334 shows the limiting current of ferrocyanide close to 71 pA and
335 the OER current ~5 times that in Figure 7A measured at the
336 corresponding potentials. This small increase suggests modest
337 activity of the investigated flake for OER in agreement with a
338 large Tafel slop (450 mV/decade) in Figure 7D. By contrast,
339 the HER current at the flake (Figure 7E) is orders of
340 magnitude higher than that at the carbon tip (Figure 7A), and
341 the Tafel slope (150 mV/decade; Figure 7F) is significantly
342 smaller.
343 The reproducibility of tunneling mode measurements can be
344 evaluated by comparing the above results to those shown in
345 Figure 8 in which the same carbon SECM tip approached the
346 same Ti3C2T^ MXene flake surface at a different spot, about
347 100 nm from that probed in Figure 7. The maximum tunneling

80 i

■e-4------1------- 1---------1------- 1----- 1
0 10 20 30 40 50

d, nm

r1.95 -600 -
y = 0.46x + 6.267

< 400 -
log I i (A) I
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0.5 1
E, V vs Ag/AgCI

E, V vs Ag/AgCI
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log I / (A) I

y = -0.1523% - 2.583
-0.98 -

Figure 8. Tunneling mode SECM measurements at a different 
location of the Ti3C2Tv MXene flake probed in Figure 7 using the 
same CNE tip. (A) iT vs d curve obtained with a CNE tip approaching 
the flake surface. (B) Tunneling mode voltammogram of OER and 
corresponding Tafel plot (the inset). (C) Tunneling mode 
voltammogram of HER and corresponding Tafel plot (the inset). 
For experimental parameters, see Figure 7.
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current is Figure 8A (71 pA) is the same as the value in Figure 348 

7B. 349

This value represents the steady-state diffusion-limited 350 
current of ferrocyanide ions to the entire flake surface (the 351 
blocking effect of the tip body is similar in both cases). The 352 
OER and HER voltammograms (Figure 8B,C) and Tafel plots 353 
(insets in Figure 8B,C) are also very similar to the 354 
corresponding data in Figure 7. The high reproducibility of 355 
the data measured at different locations is apparently related to 356 

the uniform catalytic activity of the MXene flake surface 357 
inferred previously from SECM reactivity maps.32 358

The data obtained with a Ti3C2T^ MXene sample from the 359 
second batch are shown in Figure 9. From the voltammogram 360 & 
in Figure 9A and the fit of the experimental approach curve to 36i 

the theory (the inset), the tip radius is 61 nm. The MXene 362 

flake is significantly larger than that probed in Figures 7 and 8. 363 

From the maximum tunneling current in Figure 9B, the 364 

effective flake diameter is ~1.2 fim, that is, 2—3 times that in 365 

Figures 7 and 8. Thus, the current density of OER (Figure 9B) 366 
is comparable to that in Figures 7C and 8, and the overall OER 367 

activity of this flake is comparable to (or slightly lower than) 368 

that of a flake from the first batch. 369

Unlike OER, the current density of HER in Figure 9D is at 370 
least one order of magnitude higher than that measured at the 371 
corresponding potentials in Figures 7E and 8C. The overall 372 
activity of this flake to HER is much higher, suggesting that 373 
different active sites on the surface of the same Ti3C2T^ 374 
MXene flake are responsible for OER and HER catalysis. 375

■ CONCLUSIONS 376

We demonstrated the possibility of electrochemical tunneling 377 
experiments at flat nanoflakes and used this technique to probe 37s 
nanosheet specimens with different size, geometry, conductiv- 379 
ity, and surface reactivity. A small physical size of a CNE 3so 
(including a very thin insulating sheath) allows for its 381 

conductive core to be brought within the tunneling distance 382 

(<3 nm) from the flat surface, which would be hard to do with 383 

a glass-sealed metal tip surrounded by a thicker insulating 384 

sheath. Another important advantage of the needle-like CNE 385 

geometry is a relatively minor blocking of redox species 386 

diffusion to the nanoflake surface by the tip body. 387

Tunneling mode voltammetry allows one to characterize 388 

activity, conductivity, and charging properties of a single flake 389 

and faradaic processes in layered nanomaterials without 390 
making direct ohmic contact with them. This single entity 391 
electrochemical technique, which measures the properties of 392 
single nanomaterials without ensemble averaging, provides 393 

relatively straightforward means for comparing electrocatalytic 394 

activities of individual nanoflakes. Our finding that two 395 
Ti3C2T^ MXene flakes with anchored single atomic Ru sites 396 

have comparable activities toward OER and completely 397 
different activities for HER provides a strong evidence that 39s 
these processes occur on different active sites. 399

Single-flake voltammetry is conceptually somewhat like 400 
SECCM5 because both techniques measure the current flowing 401 
at a nanoscale sample area. An advantage of tunneling SECM 402 
experiments is in a very small (atomic scale) contact area that 403 
enables probing both small and relatively large and rough 404 
samples that do not have to be attached to a conductive 405 
support. The signal is produced by the entire nanoflake 406 
without the uncertainty of the liquid meniscus contact area and 407 
the need to discriminate between the contributions of the 40s
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Figure 9. Tunneling mode SECM measurements at a different Ti3C2Tv MXene flake with anchored single atomic Ru sites. (A) Tip voltammogram 
in the bulk solution and SECM approach curve over glass surface (inset; the experimental current— distance curve is fitted to the negative feedback 
theory33). (B) jT vs d curve obtained with a CNE tip approaching the flake surface. Tunneling mode voltammograms of OER (C) and HER (D) 
recorded at the same tip electrode touching the same flake. For experimental parameters, see Figure 7.

409 specimen and the underlying conductive surface to the
410 measured current.
411 Tunneling mode voltammetry addresses the entire nanoflake
412 as a single entity without probing possible heterogeneity of its
413 surface reactivity. When the nanoflake properties are essentially
414 uniform, electrochemical tunneling experiments at different
415 spots of the same flake produce very similar results (cf. Figures
416 7 and 8). If the flake reactivity and/or conductivity are
417 substantially non-uniform, the tunneling barrier and measured 
4is tunneling current may vary over its surface. The possibility of
419 using tunneling mode of SECM for high-resolution reactivity
420 mapping is currently explored in our laboratories.
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