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a plasmonic electrode: the importance of the Ti/
TiO2 adhesion layer†
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Sorin Melinte, b Palaniappan Subramanian,c Rabah Boukherrouba

and Sabine Szunerits *a

The electrochemical production of hydrogen is enjoying renewed vigor due to its great promise as an

environmentally friendly energy alternative. Herein, we demonstrate the capacity of nanoperforated gold

films deposited on flexible substrates coated with nanometer thick Ti/TiO2 adhesion layers for

electrochemical water splitting under light irradiation. The strong plasmonic induced electromagnetic

field enhancement, which occurs under the illumination of plasmonic electrodes, facilitates the

dissociation of water into hydrogen and improves the electrocatalytic hydrogen evolution activity

beyond that of platinum. Under illumination at 980 nm at 2 W cm�2, a current density of �10 mA cm�2

was recorded at a low overpotential of h z �0.045 V (vs. RHE); under the same conditions, a Pt

electrode achieved �10 mA cm�2 at h z �0.048 V (vs. RHE). Mechanistic investigations revealed that

plasmon-excited perforated gold thin layers are an efficient source of hot electrons, contributing to their

injection into the underlying TiO2-based adhesion layer. Direct electrochemical reduction of water

appears to be a parallel reaction pathway to sustain the hydrogen evolution reaction on the interface.

Both reaction pathways decrease the activation energy for the hydrogen evolution reaction similar to the

benchmark Pt electrocatalyst.
1. Introduction

Identication of efficient electrocatalysts other than platinum
for the hydrogen evolution reaction (HER) is timely and repre-
sents a growing eld of research and development. The clean
and potentially cost-effective pathway for hydrogen (H2)
production via electro-reductive water splitting makes H2 the
ultimate fuel of the future.1,2 The energy required to drive the
reductive water-splitting reaction (4H+ + 4e� / 2H2(g)) neces-
sitates the use of catalysts, with platinum being at present the
most active catalyst for the HER in acidic solutions.3,4 Polished
polycrystalline Pt or platinized electrodes can achieve �10 mA
cm�2 at an overpotential of h z �0.040 V.5 The large scale
application of Pt catalysts is yet limited by their high cost and
low abundance, motivating researchers to discover cost-
effective alternatives achieving �10 mA cm�2 at h z
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�0.100 V. Yet, only some catalysts such as electrodeposited
NiMo and NiMoCo lms,4 amorphous molybdenum sulphide
lms deposited on F-doped tin oxide (FTO) electrodes,6 and
ternary pyrite-type cobalt phosphosulphide (CoPS)7 showed
comparable activities attaining �10 mA cm�2 at hz �0.050 V,4

�15 mA cm�2 at h ¼ �0.200 V,6 and �10 mA cm�2 at h ¼
�0.048 V,7 respectively. The search for electrocatalytic systems
with efficiencies comparable to or even better than that of
platinum remains a demanding task up to now. Nanoporous
graphene with single-atom nickel dopants was proposed by Qiu
et al. and it achieved a current density of �10 mA cm�2 at h ¼
�0.050 V in 0.5 M H2SO4 with excellent cycling stability.8 Tan
et al. demonstrated the potential of 3D nanoporous cobalt
phosphide (np-Co2P) with a pore size of 30 nm for the HER with
a current density of �10 mA cm�2 at h ¼ �0.080 V.9

Although substantial progress has been made in this eld,
the search for HER catalysts is focused mainly only on
designing platinum-free electrocatalysts, neglecting the inte-
gration of other driving sources, especially plasmonic
phenomena.10–19 Plasmonic enhancement is mainly achieved
through three mechanisms, namely, far-eld scattering, near-
eld enhancement and charge carrier or resonant energy
transfer.20 While plasmon-enhanced photocatalytic water split-
ting has been demonstrated by several research groups,10,12,21–23

plasmon-mediated electrochemical water reduction has been
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Characteristics of the plasmonic electrodes. (a) UV/Vis
absorption spectra of the different interfaces: S1: K/Au NHs (50 nm)
(black), S2: K/Ti/TiO2/Au NHs (50 nm) (red), S3: K/Ti/TiO2 (30 nm)
(grey), the vertical lines correspond to the two laser wavelengths used
for HER investigation. (b) HER polarization curves of S1, S2, S3 and Pt in
0.1 M H2SO4 at a scan rate of 50 mV s�1 without illumination. (c) HER
polarization curves of S1, S2, S3 and Pt under 980 nm light irradiation at
2 W cm�2 for 10 min. (d) HER polarization curves of S1, S2, S3 and Pt
under 808 nm light irradiation at 2 W cm�2 for 10 min. All measure-
ments were performed at room temperature. (e) Schematics of the
three types of investigated systems.
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described only in a few reports.24–30 These studies were mainly
based on the coupling of plasmonic nanostructures with few-
layered MoS2 materials due to the excellent catalytic activity of
MoS2 for the HER.11,28–31 The work of Shi et al. was based on
drop-coating of Au nanorods/MoS2 nanosheet hybrids onto
glassy carbon electrodes, reaching a current density of �10 mA
cm�2 at h ¼ �0.120 V.11 The catalytic enhancement was attrib-
uted to an increase in carrier density in MoS2 induced by the
injection of hot electrons of the plasmonic nanostructures.
Wang et al. reported recently the possibility of boosting elec-
trocatalytic hydrogen evolution over metal–organic frameworks
by plasmon-induced hot-electron injection via gold nanorods.26

Upon irradiation with an 808 nm laser, a current density of �10
mA cm�2 was recorded at an overpotential of h ¼ �0.135 V.

We report here on plasmon-accelerated electrocatalytic
reduction of water in acid solution and H2 production on
different plasmonic electrodes. These systems comprise several
of the essential components for boosting the electrocatalytic
HER: (i) a plasmonic resonant structure in the form of Au NH
layers with excellent subwavelength light manipulation prop-
erties and electromagnetic eld enhancement; (ii) an electrical
interface working as a heterogeneous electrocatalyst for water
reduction; and in one case, (iii) a Ti/TiO2 adhesion layer form-
ing a Mott–Schottky barrier with the nanopatterned gold layer.

We show that under laser illumination at 980 nm (2 W cm�2)
on an interface comprising a thin Ti/TiO2 layer next to the Au
NHs (denoted as S2 in this work), enabling the injection of
formed hot electrons from the plasmonic interface to absorbed
water molecules, a current density of �10 mA cm�2 can be
attained at an overpotential of h z �0.045 V. The HER activity
of commercial benchmark Pt was not affected by laser illumi-
nation and achieved �10 mA cm�2 at �0.048 V vs. RHE.

2. Results and discussion
2.1 Nanoperforated gold thin lm electrodes

The tunable optical properties of gold nanostructures and their
good electrical conductivity make noble metal ordered archi-
tectures ideally suited for the construction of plasmonic elec-
trodes.32,33 Colloidal lithography was adopted to generate
different types of nanostructured electrodes on Kapton (K)
(Fig. 1).

The samples are structured and labelled as follows: (S1) K/Au
NHs (50 nm), (S2) K/Ti/TiO2/Au NHs (50 nm), and (S3) K/Ti/TiO2

(30 nm). Ultra-thin (<3 nm), disordered adhesion layers of Ti
obtained by physical vapor deposition, as those used here,
typically display a metal–insulator transition and contain
amorphous TiO2.34 Note that when titanium is exposed to air,
a native TiO2 layer is formed spontaneously. The electron
microscopy images of the specimens are displayed in Fig. S1a,†
revealing the characteristics of nanoperforated thin lm
metallic structures.

Electrodes S1 and S2 support different localized surface
plasmon resonance (LSPR) modes (Fig. 1a), while S3 shows no
plasmonic response. Specically, S1 exhibits a plasmon band at
around 657 nm and a broad absorption (857–926 nm), due to
the excitation of surface plasmon waves in the Au NHs, acting as
This journal is © The Royal Society of Chemistry 2020
two-dimensional diffraction gratings that convert incident
photons into SP waves.35 Note that the increase in absorption
below 600 nm is due to the underlying Kapton substrate. The
structure S2 displays, next to the plasmon band at 653 nm, an
intense absorption band centered at around 980 nm with,
however, a large half-wave width. This indicates a certain
distribution of Au NH sizes with different LSPR maxima in the
near infrared region.

The electrochemical behavior of the electrodes using ferro-
cenemethanol as the redox couple in aqueous solution reveals
reversible voltammograms for S1 and S2 with a DE ¼ 62 mV.
Structure S3 displays a quasi-reversible electron transfer
behavior (Fig. S1b†) due to the presence of amorphous TiO2,
with poor electrical conductivity.23
2.2 Electrocatalytic activity towards the HER

The electrocatalytic activity of the samples towards the HER in
acidic solution was investigated in a N2-saturated 0.1 M H2SO4
J. Mater. Chem. A, 2020, 8, 13980–13986 | 13981



Table 1 Overpotentials recorded for samples S1, S2 and S3 in 0.1 M
H2SO4 with and without irradiation at 980 nm (2 W cm�2) or 808 nm
(2 W cm�2) for 600 s in a thermostatted electrolyte (24 �C)

Substrate
Wavelength
(nm)

h

(V) [�10 mA cm�2]
h

(V) [�100 mA cm�2]

S1 — �0.212 �0.601
980 �0.120 �0.395
808 �0.201 �0.579

S2 — �0.183 �0.598
980 �0.045 �0.238
808 �0.163 �0.431

S3 — �0.533 —
980 �0.462 —
808 �0.462 —

Pt foil — �0.069 �0.201
980 �0.043 �0.198
808 �0.043 �0.198
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electrolyte at room temperature. Their behaviour with and
without light illumination is presented in Fig. 1. As shown in
Fig. 1b, S3 (K/Ti/TiO2) demonstrates poor HER activity.23 In
contrast, the surfaces with Au NHs exhibit electrocatalytic
activity towards the HER with onset potentials shiing posi-
tively from �0.102 V (vs. RHE) (S1) to �0.098 V (vs. RHE) (S2).
The small difference between S1 and S2 is most likely due to the
difference in the charge transfer characteristics (see the ESI,
Fig. S2†). For comparison, the onset potential of a Pt foil elec-
trode under the same conditions is �0.025 V (vs. RHE).

Upon illumination with a laser at 980 nm at 2 W cm�2, the
HER activity of S1 and S2 is enhanced, while that of S3 remains
almost unchanged (Fig. 1c). Interestingly, S2 outperforms the
other surfaces and has a behavior close to that of a Pt sheet
electrode under the same conditions. A comparison of the
overpotentials h needed to achieve �10 and �100 mA cm�2

current densities (Table 1) suggests that the required potential
energy for the HER is reduced on S2. With an overpotential of h
Table 2 Comparison of S2 performance to literature valuesc

Interface Conditions

Au@Ag/MoS2 690 nm
25 mW cm�2

MoS2@Au 500 W
UV/Vis lamp

Amorphous MoS2 No light
MoS2@NPG 300 W Xe lamp

100 mW cm�2

Au NRs on CoFe-MOF 808 nm
MoS2@Cu1.75S–Au 650 nm

0.1 W cm�2

N-doped porous carbon@Au 531 nm
3D nanoporous metal phosphides No light
Nanoporous graphene with Ni dopants _
CoPS No light
Au NHs on Ti/TiO2 980 nm

2 W cm�2

a �10 mA cm�2. b �100 mA cm�2. c MOF: metal–organic framework; NPG
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¼�0.045 V at�10mA cm�2, S2 approaches the thermodynamic
potential of the HER (i.e. 0 V). It is also comparable to values
attained on Pt foil electrodes under the same conditions,
recording a current density of �10 mA cm�2 at h ¼ �0.043 V
under light illumination (dotted curves in Fig. 1). This change
in h is most likely linked to the increase in the surface
temperature of the Pt foil under light irradiation. Indeed, the
solution temperature increased by about 5 �C under light irra-
diation. Note that the HER activity of S3 was not affected by light
illumination.

In addition, the HER activities of S1, S2, S3 and Pt under
illumination at 808 nm (2 W cm�2) were assessed (Fig. 1d). The
performance of S1 and S2 decreased compared to that observed
under illumination at 980 nm, while that of S3 and Pt remained
the same. The poor performance of S2 under illumination at
808 nm is related to the UV/Vis characteristics of this interface.
Indeed, S2 exhibits an absorption minimum (Fig. 1a) at 808 nm.
However, S2 displays an intense LSPR band at �980 nm, which
is responsible for the strongly enhanced HER electrocatalytic
activity under this wavelength illumination. These ndings
conrm that the HER enhancement of S2 is related to a plas-
mon-mediated effect. The same is true for S1.

Overall, the HER activity of S2 under 980 nm illumination is
boosted compared to other plasmonic HER systems (Table 2).
The results are competitive with the recently reported 3D
nanoporous plasmonic heterostructures, formed by chemically
dealloying a 700 nm thick Au–Ag alloy and post-coating with
a monolayer of MoS2 by chemical vapor deposition.30 This
electrocatalytic interface exhibits hydrogen production at an
overpotential of �0.167 V (vs. RHE) under visible light illumi-
nation for�10 mA cm�2. In this set up, the electrocatalyst is the
MoS2 monolayer and the HER performance was due to an effi-
cient transfer of hot electrons from the gold nanopores to the
monolayer MoS2. In contrast to these plasmonic enhanced
electrocatalytic systems, S2 formation is easy on the macroscale
ha (V) hb (V)
Tafel slope
(mV dec�1) Ref.

�0.420 �0.55 155 36

�0.300 — 74 28

�0.180 �0.31 40 6
�0.167 �0.27 38 30

�0.135 �0.19 94 26
�0.120 — 39 27

�0.099 — 37 29
�0.080 — 44 9
�0.05 — 45 8
�0.048 — 56 7
�0.045 �0.238 35 This work

: annealed nanoporous plasmonic heterostructures.

This journal is © The Royal Society of Chemistry 2020



Paper Journal of Materials Chemistry A
(>10 cm2) and the use of colloidal lithography makes the
process highly reproducible.

As expected, the acceleration of electrochemical water
reduction depends on the incident laser power density (Fig. 2).
The onset HER potential decreases as the laser power increases
from 500mW cm�2 to 2W cm�2. At laser powers >1W cm�2, the
polarization curves reach a pseudo steady state. Based on the
polarization curves, the corresponding Tafel plots were esti-
mated to evaluate the inuence of light irradiation on the HER
kinetics. The Tafel slopes without light activation are 144 mV
dec�1 (S1) and 119 mV dec�1 (S2). Under 980 nm illumination at
2.0 W cm�2, they decrease, respectively, to 104 mV dec�1 (S1)
and 35 mV dec�1 (S2) (Fig. 2), indicating a good electrocatalytic
activity, approaching the Pt value of 28 mV dec�1. The reduction
in the Tafel slope suggests that the surface adsorption of
hydrogen increases. Under light irradiation, hydrogen bonds
can thus be directly broken with desorption of hydrogen being
the rate-limiting step.11,29

In addition, electrochemical impedance spectroscopy (EIS)
measurements were carried out (Fig. S2†) to see if the charge
transfer resistance (Rct) changes occur under light illumination. In
the case of the S2 electrode, the diameter of the semicircle in the
Nyquist plot is slightly decreased under light illumination at
980 nm (2 W cm�2) from 188 � 6 to 127 � 6 U cm�2, revealing an
enhancement of the electron transfer rate. For S1, the charge
transfer resistance without light illumination is comparable to that
of S2 (198 � 11 U cm�2). It decreases to 167 � 12 U cm�2 upon
light illumination with a 980 nm laser at 2 W cm�2 (Fig. S2†).
2.3 Mechanism

To understand the origin of the current enhancement, the HER
reaction was performed at different solution temperatures up to
Fig. 2 Behavior of nanopatterned gold-based plasmonic electrodes
towards the HER. (a) HER polarization curves of S1 illuminated at
980 nm at different laser power densities, scan rate ¼ 50 mV s�1. (b)
HER polarization curves of S2 and Pt illuminated at 980 nm at different
laser power densities, scan rate¼ 50mV s�1. (c and d) Tafel plots of the
indicated electrodes derived from the initial stage of the HER polari-
zation curves displayed in panels (a and b).

This journal is © The Royal Society of Chemistry 2020
80 �C (Fig. S3†). The temperature corresponds to the surface
temperature as determined with a thermocouple attached to the
sample when immersed in 0.1 M H2SO4 and irradiated with
a 980 nm laser at 2.0 W cm�2 for 10 min. We observe that the
thermal heating effect upon the HER is weaker than the plas-
monic effect.

To gain more evidence of the LSPR enhanced HER activity,
the activation energy (Ea) of the HER (see the ESI†) was deter-
mined under light illumination at 980 nm and compared to that
determined by heating the solution. The plots of ln j vs. 1/T
revealed a linear relationship (Fig. S4†) in both cases. For S2,
using the Arrhenius equation, the value of Ea under light irra-
diation was estimated to be 44 � 5 kJ mol�1, while in the dark it
was 94� 1 kJ mol�1 (Fig. 3a). As observed byWang et al. recently
by investigating hydrogen evolution over metal–organic frame-
works through plasmon-induced hot-electron injection,26 the
slopes of S1 and S2 of Ea vs. overpotential graph (Fig. 3a) under
light are smaller compared to those in the dark. The decreased
slope for S2 originates from direct hot-electron injection into
the substrate due to plasmon activation. Plasmon-induced
processes generate a signicantly higher HER reactivity on S2
due to the formation of hot electrons.13,26 This observation is
adequately supported by the hot-electron-induced H2 dissocia-
tion rate being increased by almost 2 orders of magnitude.13
Fig. 3 Mechanistic considerations for the HER. (a) Activation energy as
a function of overpotential upon 980 nm light irradiation (closed
symbols) and in the dark (open symbols). (b) Schematic presentation of
the mechanism involved in the HER on S2.

J. Mater. Chem. A, 2020, 8, 13980–13986 | 13983
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On the basis of the above results, the expected mechanism of
the enhanced activity toward the HER under laser irradiation is
the following: under laser excitation, surface plasmons are
generated on the nanopatterned gold lms forming electron–
hole pairs (Fig. 3b). The generated hot electrons can then follow
different pathways on S2:

(i) Recombination with the formed holes in the Au NH layer,
being lost for electrocatalysis.

(ii) Direct electrochemical reduction of water to hydrogen gas
on the Au NH surface.

(iii) Injection into the conduction band of the Ti/TiO2

semiconductor adhesion layer followed by water reduction.
In the case of S1, where Au NHs are directly deposited on

Kapton, no injection into the conduction band of the Ti/TiO2

semiconductor adhesion layer occurs and only direct electro-
chemical reduction of water to hydrogen gas will occur. This
results in a less efficient plasmon enhanced HER reaction.
Indeed, for S1, the value of Ea under light irradiation is esti-
mated to be 63 � 3 kJ mol�1, while in the dark it is 104 �
3 kJ mol�1. In this case, only direct electrochemical reduction of
water occurs through the generation of hot electrons.

In S2, both direct electrochemical reduction of water and
injection of hot electrons via the Mott–Schottky barrier into the
thin Ti/TiO2 layer occur, reecting a low Ea under light irradi-
ation of 44� 5 kJ mol�1, assuming that the electron injection is
faster than the electron–hole recombination process.
Fig. 4 Mechanistic considerations for the HER. (a) Current density–
time curves under illumination at 980 nm (red), 808 nm (black) at 2 W
cm�2 and with no illumination (dashed blue) for S2. (b) HER polariza-
tion curves of 10 S2 interfaces in 0.1 M H2SO4 at a scan rate of 50 mV
s�1 in the dark. (c) HER stability tests of S2 at j ¼ �10 mA cm�2 with
(red, 2 W cm�2) and without light (dashed blue) illumination by
following the change of the overpotential with time. (d) H2 production
efficiency catalyzed by S2 at a potential of �0.040 V in 0.1 M H2SO4

with and without light irradiation. The theoretical efficiency (lines) was
calculated according to the cumulative charge, assuming a 100%
faradaic efficiency for H2 production. The current density was j ¼ �10
mA cm�2. Data for Pt are shown as well (black symbols).
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The fast generation and injection of hot electrons affect the
current density prole abruptly upon laser irradiation, as
illustrated in Fig. 4a, when S2 is biased at �0.048 V (vs. RHE).
Interestingly, the surface temperature evolutions of S2 under
808 and 980 nm illumination at 2 W cm�2 are similar (Fig. S3†),
pointing again to the key role of the hot electrons in the process
rather than a solely thermally driven reaction.
2.4 Reproducibility

The HER activities are highly reproducible as seen in the curves
recorded on 10 different S2 specimens (Fig. 4b). As stability is one
of the key factors in determining the usefulness of an electro-
catalyst, the long-term stability of the Au NH plasmonic catalyst
was assessed using overpotential–time transient plots in an acid
environment. Fig. 4c depicts the chronopotentiometric curves of
S2 in 0.1 M H2SO4 aqueous solution at a current density j ¼ �10
mA cm�2. The overpotential–time measurements indicate an
almost steady overpotential without any signicant decay during
35 h of continuous HER, revealing excellent durability of the
interface. The faradaic yields of H2 production were in addition
found to be quantitative within experimental errors (Fig. 4d). Up to
52 mmol cm�2 H2 was formed aer irradiation for 3 h, which
represents a 4-fold enhancement compared to that of S2 without
activation. The faradaic efficiency was determined as 97.2%.
3. Conclusion

In conclusion, nanoperforated gold structures coupled via Ti/TiO2

adhesion layers to underlying Kapton substrates have been con-
structed as plasmonic electrocatalytic electrodes for catalysing the
hydrogen evolution reaction in acidic medium. Upon light irradi-
ation at 980 nm, the overpotential at a current density of �10 mA
cm�2 decreases from �0.183 V to �0.045 V (vs. RHE). This HER
activity of the plasmonic electrodes is comparable to that of Pt
where under the same conditions an overpotential of �0.049 V (vs.
RHE) was required. The interface sustains the hydrogen evolution
reaction for several hours without surface poisoning or electrode
degradation, as evidenced by the stable current density over time.
Mechanistic investigations revealed that fast hot electron injection
into the underlying Ti/TiO2 layer is partially responsible for the
enhanced HER activity. The good light trapping behaviour of the
plasmonic electrodes might in addition allow direct electro-
chemical reduction of water due to a decrease in theHER activation
energy under light irradiation.While TiO2 is indeed one of themost
promising semiconductors at present due to a thorough under-
standing of the role of the TiO2 polymorph, any other semi-
conductor can be used for this application. Our ndings reveal that
nanopatterned gold electrodes, in the presence of metal oxide
semiconductors, display a unique plasmonic enhanced HER.
4. Experimental
4.1 Fabrication of nanoperforated interfaces

Kapton substrates were modied with Au nanoholes according
to our previous work,33 with and without Ti adhesion layers. In
short, a monolayer of 1000 nm polystyrene beads
This journal is © The Royal Society of Chemistry 2020
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(ThermoFisher Scientic) was deposited onto Kapton by self-
assembly, followed by SF6 and oxygen plasma etching for
8 min (gas ow 2 sccm and 30 sccm, respectively, at 10 mTorr
chamber pressure) to reduce the particle size. The samples were
then coated with metal or bi-metal layers at a constant deposi-
tion rate of 0.2 Å s�1 using physical vapor deposition. The beads
on top of Kapton were removed by peeling the surface with Blue
Low Tack tape (Semiconductor Equipment Corp.). The surfaces
were washed with copious amounts of acetone and dried under
nitrogen ow. The arrays display holes of 630 nm average size
and a center-to-center spacing of 980 nm. Precisely, the samples
were coated with either 50 nm Au (S1), z2 nm Ti followed by
50 nm Au (S2) or with only 30 nm Ti (S3).

4.2 Characterization

Scanning electron microscopy (SEM) images were obtained
using an electron microscope, ULTRA 55 (Zeiss), equipped with
a thermal eld emission emitter and three different detectors
(an EsB detector with a lter grid, a high efficiency in-lens SE
detector, and an Everhart-Thornley secondary electron
detector). The UV/Vis absorption spectra were recorded using
a PerkinElmer Lambda UV-Vis 950 spectrophotometer.

4.3 Electrochemical experiments

Electrochemical measurements were performed with a Modu-
Lab-MTS electrochemical test station (Solartron) in a standard
three-electrode system with the plasmonic electrodes (or Pt) as
the working electrode, a carbon plate as the counter electrode
and an Ag/AgCl (3.5 M KCl) electrode as the reference electrode.
The measured potentials were converted to that relative to the
reversible hydrogen electrode (RHE) according to
ERHE ¼ EAg=AgCl þ 0:059pHþ E

�
Ag=AgCl, with

E
�
Ag=AgCl ¼ 0:1976 V ð25 �CÞ.
Cyclic voltammetry (CV) and linear sweep voltammetry (LSV)

measurements were performed in 0.1 M H2SO4 solution at
a scan rate of 50 mV s�1. Electrochemical impedance data were
acquired over a frequency range of 100 kHz to 0.01 Hz.

The electrochemically active surface area (A) in the electro-
chemical cell was derived from the linear plot of the peak current
as a function of the square root of the scan rate according to the
equation A ¼ s/(268 600 � n3/2 � Df

1/2 � cf), where n is the
number of electrons transferred in the redox event (n ¼ 1), Df is
the diffusion coefficient of ferrocenemethanol (7.5 � 10�6 cm2

s�1), cf is the concentration of ferrocenemethanol (0.0001 mol
cm�3), and s is the slope of the linear t to the data. The exposed
area of the working electrode was 0.28 cm2.

For plasmon-enhanced electrocatalysis, the electrode was
illuminated with light from a continuous wave laser (980 and
808 nm, Gbox model, Fournier Medical Solution) with a laser
power output between 0.5 and 2 W cm�2. The temperature
changes were captured using an infrared camera (Thermovision
A40) and treated using ThermaCam Researcher Pro 2.9 soware.

4.4 Faradaic efficiency

The faradaic efficiency (FE) of H2 evolution was calculated by
comparing the amount of volumetrically formed hydrogen to
This journal is © The Royal Society of Chemistry 2020
that calculated from potentiostatic cathodic electrolysis
(assuming 100% FE). Assuming a one electron redox process,
the number of moles (n) of H2 formed during electrolysis can be
calculated according to n ¼ Q/2F, with F being the Faraday
constant (96 485 C mol�1) and Q the charge passed during the
experiment. To determine the volume of H2 formed, the outlet
of the tightly closed electrolytic cell was connected to a tube that
has been inserted into a beaker of 1 mL capacity lled with
water. When H2 gas is generated, the gas will ow into the tube
and start displacing the water in the beaker.
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