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Anti-Stokes Photoinduced Electrochemiluminescence at a

Photocathode

Julie Descamps,’ Yiran Zhao,” Jing Yu,® Guobao Xu,® Yoan Léger,’ Gabriel Loget,*® Neso Sojic ***

Anti-Stokes photoinduced electrochemiluminescence (PECL)
converts infrared photons to visible photons and is usually
triggered at a narrow bandgap protected photoanode. Here, we
report the first example of PECL with the model [Ru(bpy)3]2+/
benzoyl peroxide system at a bare p-type Si photocathode. The
reported PECL system, which allows to notably decrease the
cathodic potential required for ECL generation should open new

opportunities for imaging and light-addressable devices.

Photoinduced electrochemiluminescence (PECL) is a research

field that combines absorption and emission
photoelectrochemistry, i.e., photoelectrochemistry  at
illuminated semiconductors (SCs) and

electrochemiluminescence (ECL).[1_3] ECL is the emission of
light caused by the excited state of a luminophore generated
by redox reactions at an electrode surface.”™ Most applications
of ECL rely on the use of model ECL luminophores such as
tris(bipyridine)ruthenium(ll) complex ([Ru(bpy)3]2+), or luminol
(3-aminophthalhydrazide), and their analogs.[5_7] ECL has
become a powerful analytical method, especially for
immunoassays and clinical diagnosis,[8’9] and is promising for
bio-imaging.[lo_m On the other hand, in photoelectrochemistry
at illuminated SCs, a depleted SC absorbs photons to generate
minority charges carriers that participate in redox reactions at
the solid/liquid interface.™™®  pECL couples these two
concepts together by employing absorption at a depleted SC to
emit ECL, which enables Stokes or anti-Stokes-type photon
conversion (depending on the SC bandgap, the excitation
wavelength, and the ECL system employed).m Anti-Stokes
PECL is based on the use of a narrow-bandgap SC as a
photoelectrode, which is challenging due to poor stability in
operation conditions.*”#! However, progress made on
photoelectrode materials and SC protection strategies recently
allowed to promote considerable progress in PECL. For
instance, the infrared (IR)-to-visible conversion of photons by
anti-Stokes PECL was demonstrated with
[Ru(bpy)3]2+/TPrA,[19’ZO] and the luminol/H,0, systems at n-type
Si (n-Si) based photoanodes.m] In this approach, Si is
particularly prone to anodic corrosion processes and requires
the use of protection strategies, i.e., its coverage by an oxide
and a metal thin film™?? or the covalent grafting of an organic
monolayer.m] An anodic ECL system was also investigated
using more stable oxide-based n-type SCs photoanodes (BiVO,
or a-Fe,03), but the higher bandgap value of such materials
only allowed Stokes-type PECL conversion.”>?! Nevertheless,
several narrow bandgap SCs are relatively stable in the

photocathodic regime, which makes their
photocathodes an important and straightforward alternative
for stable anti-Stokes PECL. This strategy has been unexplored
since the mid-seventies when anti-Stokes cathodic PECL was
proposed with a diphenylanthracene derivative through ion
annihilation pathway.[S]

In this communication, we report the cathodic PECL at
hydrogenated p-type Si (p-Si) using a coreactant mechanism
where [Ru(bpy)3]2+ acts as a luminophore and benzoyl
peroxide (BPO) as a sacrificial coreactant, as depicted in Figure
1a. In our experiments, p-Si was selected because of its
availability, its narrow bandgap, and its stability at cathodic
bias.?*28 Indeed, as opposed to anodic bias, no dramatic
degradation is expected for freshly hydrogenated (treated by a
10% HF solution) Si electrodes rapidly immersed in the
electrolyte and used under cathodic bias.”*® si has a
bandgap of 1.12 eV (Figure 1b, blue line), meaning that it can
absorb incident photons with a wavelength shorter than 1.1
p.m.[29] Therefore, we employed an IR light-emitting diode
(LED, Aiep = 850 nm) as an excitation source, as shown in Figure
1b. We selected this incident wavelength because it
corresponds to a high external quantum vyield for Si
photocathodes,[28’30] and it is far enough from the ECL emission
band. Under illumination, free electrons (e’) are
photogenerated within the Si layer and can diffuse towards
the depletion region of the p-Si to participate to the
electrochemical reaction. At the p-Si/electrolyte interface,
they reduce BPO to BPO" and [Ru(bpy)s]** to [Ru(bpy)s]. BPO™
irreversibly decomposes, giving a strongly reactive radical®***?
that oxidizes [Ru(bpy)s]” with a highly exergonic electron
transfer leading to its excited state [Ru(bpy)3]2+*. On Figure 1a,
a stepwise dissociative electron transfer reaction of BPO is
represented but some previous reports described also the
possibility of concerted dissociative electron-transfer reaction
of BPO.B5 The luminophore returns then to the ground
state by emitting a photon at A¢c, = 630 nm (Figure 1b, red
line). During our experiments, the ECL spectra are recorded
continuously with a spectrometer coupled to an optical fiber,
as shown in Figure 1c (see ESI for more details).
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Figure 1. a) Scheme showing the photoinduced charge transfer process and the
reaction mechanism occurring at the Si photocathode, initiated by the absorption of IR
light (Aiep) and leading to the emission of ECL (Agc ). b) Normalized spectra of: emission
of the LED used in this work (brown), PECL emission (red), and bandgap position of p-Si
(blue). c) Scheme of the photoelectrochemical setup employed for the study of PECL.

p-Si was first studied by cyclic voltammetry from 0 to -2 V (all
potentials are referred vs. an Ag wire quasi reference
electrode) under IR irradiation (6.6 mW cm'z) and in the dark.
The cyclic voltammograms (CVs) of Figure 2a show that while a
relatively low current density is recorded in the dark (dark
curve, < -0.69 mA cm'z), a wave with a higher photocurrent
density appears from -0.69 V under illumination (red curve). As
shown in Figure 2b, a strong light emission is detected under
illumination from -1.24 V, demonstrating the PECL activity of
this photocathode. The ECL spectra recorded during the cvs
show an emission band centered at 630 nm typical to the
metal-to-ligand charge transfer excited state [Ru(bpy)3]2+*
(Figure 2c). In order to compare this PECL behavior with that of
ECL, further experiments were performed in the same
conditions except that heavily doped non-photoactive n*-Si
electrodes (essentially behaving as a conductor) were studied
in the dark (blue curve). The blue curves of Figures 2a,b show
that, in this case, a strong cathodic wave associated with ECL
emission can be observed at much more negative potentials. It
is also clearly visible by comparing the ECL spectra collected on
both SCs during the CVs (Figure 2c). This highlights the effect
of the photovoltage generated in the depleted p-Si, which
shifts the emission onset potential. This is clearly illustrated by
the fact that the potential of maximum emission is shifted by a
considerable value of +0.51 V for PECL at the p-Si
photocathode when compared with ECL at the n’-Si cathode. A
comparative study done on a series of 7 p-Si photocathodes
and 5 n'-Si cathodes revealed that the onset potential values
for emission can vary within a relatively large =200 mV
potential range. This behavior is attributed to difference in the

state of the Si surface, which can be altered during its handling

in air between the chemical and the

electrochemical study.
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Figure 2. a) CVs recorded under IR illumination on p-Si (red) and in the dark on p-Si
(black) and on n*-Si (blue). b) Corresponding ECL intensity profiles. Scan rate: 50 mV s ™.
c) ECL spectra recorded as a function of potential recorded in the dark on n*-Si (blue)
and under IR illumination on p-Si (red). d) Chronoamperogram recorded at -1.6 V at p-Si
while imposing successive ON/OFF cycles with the LED. e) Corresponding ECL intensity

profiles. The measurements were performed in 1 mM [Ru(bpy)3]2+ +10 mM BPO + 0.2

M TBAPF¢ in acetonitrile.

The PECL stability was then studied under potentiostatic
control (E,p, = -1.6 V) by alternatively turning the IR LED (P =
6.6 MW cm'z) on for 5 min and off for 1 min for an overall time
of 30 min. We checked the potential heating effect of the LED
and the temperature of the electrolyte solution was constant
for 30 min. under LED illumination. The chronoamperogram
(CA) shows that the photocurrent density (Figure 2d) and the
PECL signals (Figure 2e) are stable for 25 min. and instantly
responds to illumination condition. These results show that
stable PECL emission can be generated for 25 min. at
hydrogenated p-Si-based photocathodes. The ECL instability
observed after 25 minutes may be related to some side-
products generated by the continuous reduction of BPO or to
the accumulation of these side-products that may quench the
ECL emission.

To conclude, we have reported the first example of cathodic
PECL using [Ru(bpy)3]2+as a luminophore. The emission occurs
through a reductive-oxidation pathway with BPO employed as
a sacrificial co-reactant. We have shown that hydrogenated p-
Si can be used for anti-Stokes PECL for converting invisible IR
light (Alegp = 850 nm) to visible light (Agc. = 630 nm) with
satisfying stability in operation. This study demonstrates that
the use of a photocathode represents a relatively simple and
reliable alternative for upconversion PECL when employed



with cathodic ECL systems, which is promising for future
development in PECL.
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