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A scanning electrochemical droplet cell technique has been employed
to screen the intrinsic electrocatalytic hydrogen evolution reaction
(HER) activity of hexagonal boron nitride (h-BN) nanosheets supported
on different metal substrates (Cu and Au). Local (spatially-resolved)
voltammetry and Tafel analysis reveal that electronic interaction with
the underlying metal substrate plays a significant role in modulating
the electrocatalytic activity of h-BN, with Au-supported h-BN exhibiting
significantly enhanced HER charge-transfer kinetics (exchange current is
ca. two orders of magnitude larger) compared to Cu-supported h-BN,
making the former material the superior support in a catalytic sense.

Electrochemical water splitting is widely recognized as the most
sustainable method for generating hydrogen (H,), a fuel that is
in growing demand" for use in green energy technologies (e.g.,
fuel cells) as the world moves towards a decarbonized future.”
Noble metal based materials (e.g., Pt) are the most efficient
HER electrocatalysts in aqueous acid media, with fast electrode
reaction kinetics resulting in low overpotentials.> However, due
to the high cost and relative scarcity of these materials, there is an
ongoing search for cheap, earth-abundant HER electrocatalysts,
for example, two-dimensional (2D) materials such as transition
metal dichalcogenides,* carbon nitride,” and sandwich structures
based on 2D crystals,® which in recent years have shown great
promise, with certain classes exhibiting considerable catalytic
activity and high (electro)chemical stability.” Although it is
intrinsically insulating (i.e., band gap of 3.6 to 7.1 eV),® hexagonal
boron nitride (h-BN) has attracted considerable attention in
oxygen reduction reaction (ORR)*'® and hydrogen evolution
reaction (HER) catalysis."’ This is because the band gap of
monolayer h-BN can be considerably reduced by introducing

“ Department of Chemistry, University of Warwick, Gibbet Hill Road, Coventry, UK.
E-mail: c.bentley.1@warwick.ac.uk, p.r.unwin@warwick.ac.uk

b School of Information and Safety Engineering, Zhongnan University of Economics
and Law, Wuhan 430073, China

1 Electronic supplementary information (ESI) available: Materials and methods

(S1), LSVs obtained in the presence and absence of air (S2) and LSVs obtained on

the metal (Cu and Au) support surfaces (S3). See DOI: 10.1039/c8cc08517j

1 These authors contributed equally to this work.

628 | Chem. Commun., 2019, 55, 628-631

' ROYAL SOCIETY
OF CHEMISTRY

Metal support effects in electrocatalysis
at hexagonal boron nitridef

#° Binglin Tao,+* Hong-Cheng Ruan,® Cameron L. Bentley (2 *@

defects such as B/N vacancies and impurities,** and tuned to an
extent through decoration with hydrogen atoms."* Moreover, as
electron tunneling through ultrathin h-BN layers is possible,'*
electronic interaction with the underlying metal support substrate
(i.e., through mixing of the d,» metal orbitals with the N-p, and B-p,
orbitals of h-BN) can tune electrochemical (electrocatalytic)
activity."®

In this study, we explore the tunable electronic properties of
h-BN in the context of (electro)catalysis by considering the HER
activity of as-grown h-BN nanosheets supported on Cu (denoted
as h-BN/Cu) and Au (denoted as h-BN/Au) substrates. The
intrinsic electrocatalytic properties of h-BN have been probed
using scanning electrochemical cell microscopy (SECCM, see
Fig. 1a),'®" a scanning droplet cell technique that allows
characteristic surface sites (e.g., h-BN vs. metal substrate sur-
face, herein) to be targeted and electrochemically characterized
at the ‘single-entity’ level."*"® SECCM has been deployed in the
voltammetric hopping mode,'®?° where the droplet (meniscus)
cell formed at the end of an electrolyte-filled (0.1 M HCIO,,
herein) nanopipet (tip diameter, d, = 150 to 300 nm, herein) is
approached to (contacted with) the sample (working electrode)
surface sequentially at a series of predefined locations, and
upon each landing a spatially-resolved linear-sweep voltammo-
gram (LSV) is recorded (further detail available in the ESI,{
Section S1). In other words, in a single SECCM experiment,
hundreds of spatially-independent nano-electrochemical cells
are formed, with the probed area defined by the footprint of the
meniscus (droplet) cell, allowing the HER activity of individual h-BN
nanosheets to be compared and visualized directly, providing
new insights into the catalytic properties of these promising
non-precious metal electrocatalysts.

As detailed in Section S1 of the ESI,{ the h-BN nanosheets
were grown on polycrystalline Cu foils (h-BN/Cu) by an atmo-
spheric pressure chemical vapour deposition (CVD) method.*!
The as-grown h-BN was subsequently transferred onto the Au
substrate (h-BN/Au) by a polymethyl-methacrylate (PMMA)
method.” The morphologies of as-grown h-BN/Cu and transferred
h-BN/Au were observed directly by field emission scanning electron
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(a)

Ag/AgCl QRCE

Fig.1 (a) Schematic showing the scanning electrochemical cell micro-
scopy (SECCM) set up used to screen the catalytic activity of h-BN at the
nanoscale. Potential, —E,pp, is applied to the Ag/AgCl quasi-reference
counter electrode (QRCE) in the nanopipet probe and current, igyy is
measured at the substrate (working electrode). Inset is an enlarged diagram
of the probed h-BN interface during a single ‘hop’ of a scanning experiment.
FE-SEM images of (b) as-grown h-BN/Cu and (c) transferred h-BN/Au.

microscopy (FE-SEM), as depicted in Fig. 1b and c. Considering
Fig. 1b, the h-BN nanosheets are triangular in shape and show a
much darker contrast compared to the underlying Cu support, with
sizes ranging from ca. 5 to 12 pum, in agreement with previous
reports.>* It should be noted that the white particles on the h-BN/Cu
surface are comprised of borazine, arising from the decomposition
of the ammonium borane precursors.>* Considering Fig. 1c, the
morphology of transferred h-BN/Au is quite similar with that of
h-BN/Cu, with h-BN nanosheets (dark regions in Fig. 1c) of
approximately ca. 5 pm in size dispersed on the underlying Au
support (light regions in Fig. 1c).

The electrocatalytic activity of h-BN/Cu towards the HER was
screened using voltammetric SECCM, where hundreds of local
(spatial resolution or ‘hopping distance’ of 500 nm) LSV measure-
ments were performed with a nanopipet probe of d; & 300 nm
(see Fig. S1a of the ESIT). Note that the ORR was found to make a
negligible contribution to the electrocatalytic current measured
on the basal surface of h-BN/Cu during cathodic polarization,
revealed by performing point measurements in an environmental
chamber under an inert (argon) atmosphere (i.e., in the presence
and absence of air),**?® as explored in the ESIL,} Section S2. For
this reason, all SECCM experiments were carried out without
environmental control (ie, in the presence of air), and the
electrocatalytic current can be attributed to the HER alone. An
FE-SEM image of the area scanned with SECCM is shown in
Fig. 2a; the individual droplet ‘footprints’ are visible on the h-BN
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Fig. 2 (a) FE-SEM image of an area of the h-BN/Cu scanned using SECCM

(individual droplet footprints are visible). (b) Representative LSVs (transparent)
obtained from 45 points across the surface of h-BN/Cu and average LSV
(blue) obtained from all points on h-BN/Cu (684 individual measurements).
(c) Histogram (N = 684) showing the distribution in j values measured at the
surface of h-BN/Cu at an applied potential of —0.688 V vs. RHE. (d) FE-SEM
image of an area of the h-BN/Au scanned using SECCM (individual droplet
footprints are visible). (e) Representative LSVs (transparent) obtained from
35 points across the surface of h-BN/Au and average LSV (green) obtained
from all points on h-BN/Au (515 individual measurements). (f) Histogram
(N = 515) showing the distribution in j values measured at the surface of
h-BN/Au at an applied potential of —0.688 V vs. RHE. All LSVs were obtained
from a 0.1 M HCIO,4 solution at a voltammetric scan rate (1) of 1V st

surface (light regions), as are exposed regions of the underlying
Cu support (dark regions with sharp outlines). Representative
LSVs, taken from 45 points across the h-BN surface and normalized
by the area of individual footprints (Fig. 2a), as well as the average
LSV recorded from all points on the surface of the h-BN nanosheets
(684 individual measurements) are shown in Fig. 2b. The LSVs
measured at h-BN/Cu are highly reproducible, reflected in the
histogram constructed from the current density (j) measured at
—0.688 V vs. the reversible hydrogen electrode (RHE), shown in
Fig. 2¢, which is Gaussian in shape (N = 684), with a peak (mean)
value of 10 (+2) mA cm ™2,

The overpotential () required to achieve a j of 20 mA cm™
(termed 1750) at h-BN/Cu is ca. —0.77 V, indicating that the HER
is kinetically sluggish on this material. Although this value is
much larger than literature values for HER nanocatalysts such
as metallic WS, nanosheets on graphite*” and nanocrystalline
MoS, on Au,* such measurements were performed exclusively
by bulk (macroscopic) measurements on ensembles of material,
where the number (ie., surface area) and type (ie., basal plane vs.
edge plane) of exposed surface site is not known, making normal-
ization to the true electrochemical surface area (ECSA) impossible.

2
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This is an important advantage of SECCM over macroscopic (bulk)
voltammetry, as particular surface sites can be targeted (i.e., the
basal surface of h-BN), with the exposed surface area accurately
known from the droplet ‘footprint’ (Fig. 2a), allowing the true
intrinsic catalytic activity to be extracted by semi-quantitative
Tafel analysis (vide infra)."® In any case, it is worth noting that
the 7, value measured at h-BN/Cu (—0.77 V) is much lower
than the reported value of a BN-modified graphite electrode
(—1.15V),*® indicating the underlying Cu substrate can promote
the HER performance of h-BN, which is usually considered to be
an insulator.

The electrocatalytic activity of h-BN/Au towards the HER was
also screened using voltammetric SECCM (d, ~ 150 nm, see
Fig. S1b of the ESIY); an FE-SEM image of the scan area is
shown in Fig. 2d. The dark regions represent the surface of the
individual h-BN nanosheets, while the light regions correspond to
exposed Au substrate (droplet ‘footprints’ also seen in the image).
Representative LSVs, taken from 35 points across the surface of the
h-BN nanosheets, as well as the average LSV recorded from all
points on the surface of h-BN/Au (515 individual measurements)
are shown in Fig. 2e. Evidently, the electrocatalytic activity of h-BN/
Au for the HER is much higher than that of h-BN/Cu (albeit, still
lower than the underlying Au support, see Section S3 in the ESIT),
with an #,, value of —0.47 V for the former, compared to —0.77 V
for the latter (vide supra). This is also reflected in the histogram
constructed from the j values measured on h-BN/Au at —0.688 V vs.
RHE, shown in Fig. 2f, which is also Gaussian in shape (N = 515),
with a peak (mean) value of 900 (£200) mA ¢cm ™2, approximately
two orders of magnitude larger than that measured at h-BN/Cu.
These results unequivocally demonstrate that interaction with the
underlying metal support can have a significant effect on the
electronic properties of h-BN, evident from the vastly different
HER catalytic activities measured when supported on Au and Cu.

A direct comparison of the average area normalized LSVs
measured on h-BN/Cu, h-BN/Au and the Au support substrate is
shown in Fig. 3a. Evidently, while the measured j at a given
potential is ca. 2 orders of magnitude larger on h-BN/Au compared
to h-BN/Cu (e.g., j = 10 and 900 mA cm™? at —0.688 V vs. RHE on
h-BN/Cu and h-BN/Au, respectively), the former material is still less
active than the underlying Au substrate (i.e.,j ~ 1600 mA cm > at
0.688 V vs. RHE on Au). This was confirmed by semi-quantitative
Tafel analysis, as shown in Fig. 3b. All materials possess similar
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Fig. 3 (a) LSVs (area normalized) and (b) corresponding Tafel plots
obtained from the HER on h-BN/Cu (blue curve), h-BN/Au (green curve)
and Au substrate (red curve). These data were obtained from a 0.1 M
HClO, solution at v = 1V s~ Linear least-squares fit (black traces, slope
indicated on plot) is also shown in (b).
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Tafel slopes of ca. 120 mV per decade (136, 108 and 130 mV per
decade at h-BN/Cu, h-BN/Au and Au, respectively), which is
consistent with the rate determining step being the initial
discharge of H' at the electrode surface (termed the Volmer
step in the classical Volmer-Tafel-Heyrovsky mechanism of
hydrogen evolution), although this conclusion should be treated
cum grano salis, as the specific mechanism of the HER cannot be
unambiguously determined from the Tafel slope alone."”

The exchange current density (j,), estimated directly by
extrapolation of the linear Tafel region, reflects the relative
catalytic activity of the materials, with values of ca. 4 x 10"® Acm™?,
1x 10 °Acm 2 and 4 x 10 ° Acm™ %2 measured at h-BN/Cu, h-BN/
Au and Au, respectively. As noted above, making a meaningful
comparison between these data and literature data on h-BN is
difficult, as the quantity and type of exposed surface site is often
not known in macroscopic ensemble-type studies. Nevertheless,
the Tafel slope and j, values measured in this study are far less
favorable (in the catalytic sense) compared to those previously
measured at macroscopic h-BN/Au ensembles, where optimal
values of ca. 30 mV per decade and 4.6 x 10> A cm 2
respectively were reported.'’ This suggests that the edges of
h-BN, which would be exposed in the bulk measurements (as in
ref. 11) but not the local ones (as carried out here), are likely to
be predominantly responsible for the observed macroscopic
activity in h-BN/Au ensembles. In any case, the j, of h-BN/Au
is orders of magnitude lower than polycrystalline Pt (j, = 3 X
107 A cm™?),>® but is comparable to that measured on the basal
plane of bulk (natural crystal) MoS, (jo = 2.5 x 107° A cm™%)"°
and a monolayer MoS, film supported on glassy carbon (j, =
1.1 x 107 % A em™?).*°

As a wide band gap semiconductor, h-BN in its native form
is assumed to be electrochemically (and electrocatalytically)
inert.*" In this study, h-BN supported on either Cu or Au substrates
exhibits moderate catalytic activity towards the HER, with the
enhancement effect of Au being much more pronounced than
that of Cu. From this, we conclude that the substrate-dependent
HER activity of h-BN is attributable to the interaction with the
underlying metal support, which tunes molecular processes such
as surface diffusion, adsorption and on-surface (interfacial)
reactions.®? As alluded to above, it has been reported that the
strength of chemical bonding at the interface of h-BN and transition
metal substrates is determined mainly by the strength of the d and
 orbital hybridization.*>** On Cu(111), h-BN has previously been
shown to be only weakly chemisorbed,® evidenced by scanning
tunneling microscopy and spectroscopy experiments.*® On the other
hand, theoretical calculations have predicted a perturbation of the
electronic states of h-BN when interacting with an Au substrate.’
This is consistent with the fact that various forms of BN (nanotubes,
nanosheets and sputter deposited BN) have been shown to
significantly lower the overpotential associated with ORR at
Au substrates, but have either no or a hindering effect at glassy
carbon and Pt electrodes, respectively.’’ It is generally accepted
that the ideal HER electrocatalyst should possess a near thermo-
neutral free energy of adsorbed atomic hydrogen, that is,
AGy* ~ 0 eV.*® We postulate that the significantly different
HER activities of h-BN/Cu and h-BN/Au likely arise from different

This journal is © The Royal Society of Chemistry 2019
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AGy* values at these two substrates. In other words, electronic
coupling of h-BN and Au might result in more optimal adsorption—
desorption processes (i.e., AGy* — 0), greatly facilitating the
HER. On this basis, we propose that further theoretical studies
of metal-support effects on AGy* at h-BN could be very inter-
esting and usefully aid understanding in HER electrocatalysis at
this type of nanomaterial.

In summary, SECCM has been employed to screen the
intrinsic electrochemical activity (i.e., HER electrocatalysis) of
h-BN supported on Cu and Au substrates. Local voltammetric
measurements revealed that the HER charge-transfer kinetics
are ca. two orders of magnitude larger at the basal surface of
h-BN when it is supported at Au (i.e., h-BN/Au) compared to Cu
(i.e., h-BN/Cu). This significant enhancement was attributed to
differences in the substrate effect between h-BN and Au/Cu,
opening up the possibility of tuning reactivity (e.g., catalytic
activity) through the underlying metal support. Overall, these
findings pave the way towards rational design of h-BN based
electromaterials, with the ultimate goal being the replacement
of noble metals with inexpensive and (electro)chemically stable
metal-free counterparts in HER electrocatalysis.
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