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SUMMARY

The photoelectrochemical charge-transfer process occurring at
semiconductor surfaces has important implications in the fields of
solar fuels and biodetection. Usually, physical light sources located
outside the liquid phase, such as a solar simulator, a light-emitting
diode (LED), or a laser, are used for photoelectrochemical studies.
Here, we report inducing photoelectrochemistry using an electro-
chemical source of light, that is, the electrochemiluminescence
(ECL) emitted by a model co-reactant system. Results reveal that
the ECL illumination can activate several semiconductor (SC) photo-
electrodes based on n-type Si, n-type GaAs, and p-type Si. We
demonstrate that this emitter-receiver concept, based on dual-light
conversion, enables photoelectrochemical charge transfer at the
solid/liquid interface, which correlates with the ECL intensity. The
singularities of this concept lie in the fact that light emission and
collection both occur in the liquid phase, that ECL is an easily minia-
turizable photon source, and that the SC/liquid junction can be
easily implemented. This approach may open perspectives for
remote ECL detection strategies and original photoelectrochemical
analytical systems.

INTRODUCTION

Semiconductor (SC) photoelectrochemistry is a field of physical chemistry that is

concerned with the interaction between a depleted SC and a liquid phase.1,2

Upon illumination of the SC surface with photons of an energy higher than the SC

bandgap (Eg), photogenerated minority carriers (holes [h+] in the case of an n-type

SC) are driven at the SC/liquid interface, creating a photovoltage (Voc) in the deple-

tion region. Typically, the Voc is employed as an extra driving force for triggering

redox reactions at reduced-input electrical energy. Promising applications of SC

photoelectrochemistry are the conversion of solar energy into solar fuels3–10 and

the photoelectrochemical detection of molecular species.11–15

Another field of research that combines light and electrochemistry is electrochemi-

luminescence (ECL),16–19 which is a very sensitive analytical technique widely used

for bioassays. ECL intensity is proportional to the concentrations of the luminophore

and the co-reactant.19,20 Herein, the application of potential at a conducting elec-

trode generates the excited state of a dissolved luminophore, which emits light

when relaxing to its ground state. It is interesting to note that, in ECL, light is emitted

at an electrode interface, and it can be considered as a light generator, whereas, in

SC photoelectrochemistry, the electrode is a light absorber or receiver. These two

phenomena have been merged in a few studies, leading to the concept of photoin-

duced electrochemiluminescence (PECL),21–23 in which ECL is emitted at an illumi-

nated SC photoelectrode. This concept has been explored using various SCs to
Cell Reports Physical Science 2, 100670, December 22, 2021 ª 2021 The Author(s).
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create electrochemical systems allowing for emission at very low potentials,24 Stokes

and anti-Stokes light conversion,23 localized emission,25 and luminescence amplifi-

cation.26 SC photoelectrochemistry is almost always induced and studied at surfaces

illuminated with conventional light sources, such as a solar simulator, a light-emitting

diode (LED), or a laser located in the air outside the liquid phase. Therefore, the

question is whether it would be possible to trigger SC photoelectrochemistry from

a chemical light source, i.e., with solution-generated, excited states. In addition to

being intriguing from a purely fundamental point of view with an emitter-receiver

concept based on light conversion combined with redox reactions (i.e., electrogen-

erated light and photogenerated charge carriers), this could also be beneficial prac-

tically. First, the use of SC/liquid junctions could be useful for photon detection in

the liquid phase with respect to conventional solid-state photodiodes because of

their simple design based on an immersed SC as well as their cheap fabrication

and implementation. In addition, using ECL as a light source may be beneficial

because of the flexibility that it provides in terms of emission patterns, which are

controlled by the electrode geometry. In addition, conventional monochromatic

and polychromatic light sources have some disadvantages, such as their size, power

consumption, excessive heat generation, as well as that they are designed to be

used in air. Thus, photoelectrochemical detection triggered via illumination with

solvated, excited molecules may open opportunities in the design of compact mo-

lecular-sensing devices.11–15 In this regard, a few research reports have studied

photocurrent generation at semiconducting assemblies of CdS quantum dots trig-

gered by the chemiluminescence27–29 and the ECL30 of luminol analogs for bio-

sensing applications.

In this article, we investigate the photogeneration of minority carriers at the surface

of various n- and p-type photoelectrodes without a standard light source but via

photons emitted during the concomitant electro-oxidation of tris(bipyridine)ruthe-

nium(II) [Ru(bpy)3]
2+ and tri-n-propylamine (TPrA) (Figure 1). This co-reactant model

ECL system was chosen because (1) it is highly efficient and widely employed in

commercial immunoassays and clinical diagnosis, and (2) ECL emission of this lumi-

nophore (620 nm, equivalent to 2 eV; lifetime of [Ru(bpy)3]
2+*z 0.6 ms at room tem-

perature in water)31 is greater than the Eg value of several SCs.19,32–34 Conceptually,

this system presents some similarities with the electrochemical generator-collector

configuration in which electrochemical information is transferred between two elec-

trodes.35–37 Our results show, for the first time, that photoelectrochemistry is

possible with this system on properly selected SC surfaces.

RESULTS AND DISCUSSION

Description of the photoelectrochemical setup

Herein, we introduce an original photoelectrochemical design comprising an

emitter/receiver dual-working-electrode (WE) system, depicted in the inset of

Figure 1. In this configuration, photons of controlled energy (set by the selected

luminophore) are generated through an anodic ECL reaction when an appropriate

potential is applied to the emitter electrode. On the other side, a receiver electrode,

composed of a depleted SC immersed into an electrolyte (in Figure 1, an n-type SC),

is located in front of the emitter to absorb the electrogenerated light. If the energy of

the produced photons is greater than the SC bandgap, minority carriers are ex-

pected to be generated (in Figure 1, the valence band holes [h+]) and driven to

the solid/liquid interface. In this out-of-equilibrium configuration, the energy of pho-

togenerated carriers and that of the bulk SC are conceptually expressed by the

quasi-Fermi-levels of the minority and the majority carriers, respectively. The Voc,

which is essentially the difference between the quasi-Fermi-level of minority carriers
2 Cell Reports Physical Science 2, 100670, December 22, 2021



Figure 1. Photoelectrochemistry triggered by ECL

Scheme showing the operating principle of the emitter/receiver concept presented, based on

dual-light conversion. An ECL reaction is triggered at the emitter electrode and generates a

photovoltage (Voc) at the receiver electrode (here, an n-type semiconductor). Ef,n is the electron

quasi-fermi level, and Ef,p is the hole quasi-fermi level. Inset: Scheme depicting the cell that was

used in this study. It comprises two electrochemical cells containing different electrolytes that are

separated by a glass window.
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(Ef,p in Figure 1) on the outermost part of the SC surface and that of the majority car-

riers (Ef,n in Figure 1), can be measured experimentally.1,38,39

The emitter/receiver dual-WE system was designed, as shown schematically in Fig-

ure 1 (a detailed view of the cell is provided in Figure S1). We used a cell comprising

two closed compartments in which are arranged two independent, three-electrode

setups, which are individually addressed via a two-channel potentiostat. Each

compartment comprises an Ag/AgCl reference electrode and a Pt counter elec-

trode. The emitter compartment is filled with the ECL electrolyte (a pH-7.4-buffered

solution containing 10 mM [Ru(bpy)3]
2+ and 0.2 M TPrA) and a 1 cm2 Pt-plate WE,

which serves as the emitter. The ECL reagents are circulated to generate efficient

convection in front of the emitter, ensuring intense and regular ECL emission at

620 nm. The second compartment contains a 0.1 cm2 receiver SC WE immersed in

an aqueous electrolyte. Both compartments are separated by a transparent glass

window, which ensures hermeticity and optical transparency.

Individual characterizations of the emitter and receiver

Before studying the assembled dual-WE system, we characterized the emitter and

the receiver components, separately. ECL emission at the surface of a Pt electrode

was first characterized by performing cyclic voltammetry (CV) during recording of

the ECL intensity using a photomultiplier tube (PMT). A phosphate-buffered saline

(PBS) solution at pH 7.4 was selected because it is the optimal value to generate

strong and stable ECL emission with the [Ru(bpy)3]
2+/TPrA system.20 This composi-

tion of the solution is classically used for bioassays because it provides strong ECL

intensity.20 The voltammetric and ECL plots, combined in Figure 2A, show that light

emission (red curve) starts at a potential ofz1 V (note that all the potential values in

this article are referred versus Ag/AgCl, 3 M KCl) and increases until 1.25 V, well in

line with the recorded current profile (black curve), which shows a strong anodic cur-

rent wave in this range of potential. Depending on the experimental parameters
Cell Reports Physical Science 2, 100670, December 22, 2021 3



Figure 2. Characterization of the

emitter and receiver

(A) Cyclic voltammogram (black

curve) measured with a Pt

electrode at a scan rate of

50 mV s�1. Corresponding,

normalized ECL intensity (red

curve) measured with a

photomultiplier tube placed in

front of the electrode.

(B) Chronoamperogram (black

curve) and normalized ECL

intensity (red curve) measured with

the Pt emitter electrode during

sequential application of a

potential Eapp of 0 V and 1.1 V. The

solution is composed of 10 mM

[Ru(bpy)3]
2+ and 0.2 M TPrA in

phosphate buffer (pH = 7.4),

and the electrolyte flow rate is

2.5 mL s�1.

(C) Mott-Schottky (MS) analysis

based on capacitance

measurements recorded at 10 kHz

for (blue) n-Si/SiOx/Ni in a 1 M KCl

solution containing 1 mM

Fe(CN)6
4� and (orange) p-Si in a

1 M KCl solution containing in

1 mM Cr(CN)6
3�. Circles are

experimentally determined values,

and lines are linear fits.
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(electrode material, pH, concentration, surfactant, potential, etc.), several competi-

tivemechanistic pathwaysmay lead to the ECL emission of [Ru(bpy)3]
2+ with TPrA co-

reactant.40–46 At Pt electrodes, the so-called ‘‘catalytic’’ route thus occurs

predominantly (Figure S6).40,41 Figure 2A shows that ECL emission occurs only at

a potential in which [Ru(bpy)3]
2+ is oxidized. Catalytic oxidation of TPrA by the elec-

trogenerated [Ru(bpy)3]
3+ occurs predominantly. This leads to the formation of the

cation radical TPrA$+, which deprotonates to form the highly reducing neutral

radical, TPrA$.41,46 The excited state of [Ru(bpy)3]
2+* is obtained by the highly exer-

gonic electron-transfer reaction between TPrA$ and [Ru(bpy)3]
3+.41,46 This later

relaxes by emitting a photon at z620 nm. Figure 2B presents a typical chronoam-

perogram (CA; black curve) and the ECL intensity profile (red curve) measured dur-

ing the application of a potential during 10-s-long steps of 0 V and 1.1 V. Figure 2B

shows that ECL emission is instantaneously produced when the potential is switched

on (E = 1.1 V) and immediately stopped when the potential is switched off (E = 0 V).

Based on these data, in this article, ECL will be triggered through potentiostatic con-

trol at the Pt surface with an applied potential of 1.1 V to enable the emission (‘‘ECL

on’’) and 0 V to stop the emission (‘‘ECL off’’) in the form of a squarewave potential

signal.

Next, the SC/electrolyte junction of the receiver compartment was investigated.

Although the use of several SCs will be discussed in this article, we focused this

research on Si-based junctions for several reasons as follows: the ubiquity of Si in to-

day’s technologies,47,48 its importance for photoelectrochemical research,49,50 and

its low bandgap (Eg = 1.1 eV), which allows absorption of photons of a wide energy

range. The two doping types for Si were investigated. Although p-type Si (p-Si) pho-

toelectrodes were employed directly after immersion in hydrofluoric acid (HF; which
4 Cell Reports Physical Science 2, 100670, December 22, 2021
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dissolves the native SiOx layer and generates interfacial Si-H bonds), the n-type Si

(n-Si) surfaces, which are particularly prone to electric passivation in anodic condi-

tions,51 were modified to ensure their photoelectrochemical stability. They were first

chemically oxidized to form a z2-nm-thick SiOx layer and, subsequently, coated

with a 4-nm-thick Ni film deposited by magnetron sputtering (see Figure S2). These

treatments allowed us to prepare metal-insulator-SC (MIS) n-Si/SiOx/Ni photoano-

des, which have been reported to be stable and efficient in drastic anodic condi-

tions, such as that of water oxidation52–54 and PECL.23

Photoanodes and photocathodes are typically employed to sustain oxidation and

reduction reactions, respectively. Therefore, a specific redox species, i.e., a reduc-

tant—K4Fe
II(CN)6—or an oxidant—K3Cr

III(CN)6, optically transparent in the ECL

emission range,55,56 was added in the solution of the receiver compartment when

the n-Si- and the p-Si-based photoelectrodes, were studied, respectively. A prereq-

uisite that must be fulfilled to generate a Voc at a photoelectrode is the formation of a

suitable band bending in the SC (an upward band bending for an n-type SC is shown

in Figure 1) and the establishment of an associated depletion region at equilibrium.

The establishment of the depletion region in these conditions was experimentally

investigated by dark capacitance measurements for each Si-based system. The re-

sults are shown as Mott-Schottky plots of Figure 2C, which allow for the determina-

tion of the flat band potential (Efb).
1,2 The orange plot, which was recorded for p-Si in

the K3Cr(CN)6 solution (measured pH = 7.9), shows that this junction exhibits an Efb

value of�0.02 V, which means that it is photoactive at lower potentials. Reciprocally,

the blue plot reveals an Efb value of �0.24 V for n-Si/SiOx/Ni in the K4Fe(CN)6 solu-

tion (measured pH = 8.6); thus, this electrode is photoactive at higher potentials. The

slopes of the linear fits (colored lines) were extracted and used to determine the free-

carrier density (ND). According to the Mott-Schottky relationship, ND values of

2.97 3 1015 cm�3 and 2.45 3 1015 cm�3 were calculated for p-Si and for n-Si/

SiOx/Ni, respectively, which is in very good agreement with the range of resistivity

(r) given by the manufacturer (1–5 U cm), attesting to the accuracy of our analysis.

Photovoltage measurements

Next, the emitter and receiver compartments were combined, as shown in the inset

of Figure 1. Open circuit potential (EOCP) measurements were performed at the

receiver during switching the ECL emission of [Ru(bpy)3]
2+/TPrA on and off at the

emitter. Figure 3A reports a set of EOCP values recorded as a function of time for

various receiver electrodes when ECL is switched off (gray regions) and on (white

region). Considering the Si-based electrodes that were described in Individual

characterizations of the emitter and receiver. The orange curve shows that the

dark EOCP value for the p-Si is �0.7 V, which is more negative than the Efb value

determined in Figure 2C for this system (�0.02 V), confirming the presence of a

depletion region at the p-Si interface during equilibrium. The slight variation in

OCP is likely related to the evolution of the hydrogenated, unprotected Si surface

with a composition that evolves during immersion time; however, that deviation is

very slow and does not affect the nature of the junction. When at t = 10 s, ECL is

switched on, the EOCP switches to a value of �0.53 V, indicating a positive Voc

of +170 mV, as expected for a p-type photocathode under illumination.1,57 A similar

analysis can be drawn for n-Si/SiOx/Ni, shown by the dark-blue curve in Figure 2. In

the dark, its EOCP value is 0.15 V, which is more positive than the Efb is (�0.24 V), and

when the ECL emission is switched on, the EOCP decreases to a value of 0.08 V. In that

case, a negative Voc value of �72 mV is determined, which is also well in line with a

n-type photoelectrochemical behavior.1,57 The opposite signs of the determined Voc

for these two Si-based materials originate from the opposite band bending
Cell Reports Physical Science 2, 100670, December 22, 2021 5



Figure 3. ECL-induced photovoltages

(A) OCP evolution as a function of time when the [Ru(bpy)3]
2+/TPrA ECL is switched on and off for

different semiconductor receivers located at d = 3 mm from the emitter. n-Si/SiOx/Ni (dark blue),

n-TiO2 (green), and n-GaAs (light blue) were immersed in a 1 M KCl solution containing 1 mM

Fe(CN)6
4�, p++-Si (purple) and p-Si (orange) were immersed in a 1 M KCl solution containing 1 mM

Cr(CN)6
3�.

(B) ECL emission spectrum of [Ru(bpy)3]
2+/TPrA and bandgap positions for the semiconductors

tested as receivers.

(C) Graph showing the photovoltage Voc measured for p-Si in 1 mM Cr(CN)6
3� (orange circles) and

n-Si/SiOx/Ni in 1 mM Fe(CN)6
4� (blue circles) as a function of the distance d between the emitter

and the receiver. Lines are linear fits of the experimental data. Inset: Scheme showing the distance

d between the emitter and the receiver. The ECL electrolyte is composed of 10 mM [Ru(bpy)3]
2+ and

0.2 M TPrA in phosphate buffer (pH = 7.4), and the electrolyte flow rate is 2.5 mL s�1.
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directions that promote accumulation of photogenerated minority carriers of oppo-

site charge for each receiver under ECL illumination, i.e., e� for the p-type receiver

and h+ for the n-type receiver. Measurements on a set of independently prepared

electrodes led to average Voc values of 159 G 17 mV for p-Si and 68 G 16 mV for

n-Si/SiOx/Ni photoelectrodes.

To provide additional evidence that ECL-based illumination can influence the ener-

getics of SC photoelectrodes, we performed a negative control experiment by

testing a degenerate Si-based electrode. This type of Si contains such a high density

of free carriers that it has a quasi-metallic behavior. An HF-treated p++-Si (r = 0.001–

0.005 U cm) surface immersed in the K3Cr(CN)6 solution was used for that. In this

case, as shown by the purple curve of Figure 3A, ECL emission did not affect its

EOCP. This behavior is exactly what was expected to occur because the free-carrier

density in the p++-Si is so high that photoactivity is inexistent. This series of results

show clearly that a photovoltage can be produced by [Ru(bpy)3]
2+/TPrA ECL on

non-degenerate Si-based photoelectrodes.

Having explored the effect of doping, we decided to investigate the effect of the op-

tical absorption of the receiver. For that, we employed the dual-WE system with

moderately doped receivers (i.e., non-degenerate photoactive SC materials) having

a bandgap different from that of Si. In this frame, n-type GaAs (n-GaAs), a direct-

bandgap SC having a Eg value of 1.4 eV, in contact with the K4Fe(CN)6 solution,
6 Cell Reports Physical Science 2, 100670, December 22, 2021
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was first employed. The influence of ECL emission on its EOCP is shown by the light

blue curve in Figure 3A. In this case, the ECL emission induced a negative EOCP shift

of Voc (�40 mV), in good agreement with our previous observations for the n-Si-

based photoanode. The smaller measured value compared with that of the n-Si/

SiOx/Ni photoanode can be attributed to charge recombination and/or energy level

pinning occurring at the n-GaAs/liquid interface.1,57 Conversely, an anatase n-type

TiO2 (n-TiO2) electrode made by electrochemical anodization (see the Experimental

procedures and Figure S3 for more details), which has a large, indirect bandgap

(Eg = 3.2 eV), studied under the same conditions (green curve), did not exhibit any

EOCP variation, regardless of whether the ECL was switched on or off. These differ-

ences in photoelectrochemical behavior can be easily understood by comparing

the energy of the photons emitted by the [Ru(bpy)3]
2+/TPrA ECL and that of the

SC bandgaps. These parameters are schematized in Figure 3B, which shows the

ECL emission spectrum and indicates the bandgap energies of the SCs under scru-

tiny. Here, we can observe that most photons produced by the ECL process have an

energy of 2 eV, which is higher than the Si and GaAs bandgaps, enabling light ab-

sorption in these materials. However, the bandgap of TiO2 is too large for absorbing

the emitted photons, which explains the independence of its EOCP value as a func-

tion of the ECL emission and its absence of photoactivity in these conditions. More-

over, in another series of experiments, another ECL system, comprising luminol as a

luminophore and H2O2 as a co-reactant in 0.1 M NaOH was employed in the emitter

compartment. This ECL system is widely known and emits photons with a maximum

intensity at 430 nm (Figure S4A).58 Here, the three Si-based photoelectrodes previ-

ously employed were tested as receivers. As shown in Figures S4B and S4C, the Voc

results were essentially the same as those obtained with [Ru(bpy)3]
2+/TPrA, high-

lighting the versatility of our concept.

Finally, the distance (d) between the emitter and the receiver was investigated for

the two Si-based photoelectrodes with the [Ru(bpy)3]
2+/TPrA ECL system. In these

experiments, Voc was measured when d varied from 3 to 12 mm, i.e., the emitter po-

sition was fixed 3 mm from the window, and the receiver position varied from 0 to

9 mm. The results, shown in Figure 3C reveal that, for both systems, Voc decayed lin-

early as a function of d with a slope ofz4 mV mm�1. This phenomenon is caused by

the divergent nature of ECL emission, which results in a decay of irradiance at the

receiver surface when increasing the emitter-receiver distance. Indeed, if the ECL

emitter is considered a Lambertian source, it has been shown that a variation of

d in the order of the source size induces a significant decrease in the irradiance at

the receiver surface,59 which, in turn, decreases the Voc value. If Voc is expected to

vary logarithmically over several decades of light intensity,60,61 the remarkable line-

arity observed in both cases is not fully understood yet and likely originates from the

irradiance variation as a function of d and the low range of light intensity produced in

these experiments.

Photoelectrochemical charge transfer

To further investigate this dual system, we then studied the ECL-induced charge

transfer at an SC receiver electrode. In these experiments, intermittent [Ru(bpy)3]
2+/

TPrA ECL was triggered by applying the previously described squarewave potential

signal at 1 Hz, and the n-Si/SiOx/Ni photoanode in the 1 mM K4Fe(CN)6 solution was

used as a receiver.

The current density as a function of time for the emitter is shown in red in Figure 4A

and its variation ensures that the anodic process corresponding to the ECL

emission was intermittently generated, as previously discussed (see Figure 2B).
Cell Reports Physical Science 2, 100670, December 22, 2021 7



Figure 4. Interfacial transfer of minority carrier

(A) Chronoamperogram recorded at the emitter during the intermittent generation of [Ru(bpy)3]
2+/

TPrA ECL via the application of a 1-Hz squarewave signal comprising the steps of 0 V and 1.1 V.

(B) Linear sweep voltammogram simultaneously recorded at the n-Si/SiOx/Ni receiver placed at

d = 3 mm from the emitter in a 1 M KCl solution containing 1 mM Fe(CN)6
4� at a scan rate of 50 mV

s�1. The ECL electrolyte is composed of 10 mM [Ru(bpy)3]
2+ and 0.2 M TPrA in phosphate buffer

(pH = 7.4), and the electrolyte flow rate is 2.5 mL s�1.
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Simultaneously, a synchronized potential sweep was applied to the receiver, the re-

sulting current is presented in the voltammogram of Figure 4B. These voltammo-

grams were stable and could be repeated several times when imposing successive

cycles. Figure 4B shows that the ECL emission induces an increase in current at

the receiver that is attributed to the interfacial charge transfer of photogenerated

holes (depicted in the inset of Figure 4B). The photocurrent is instantaneously gener-

ated and stopped when ECL is switched on and off, respectively, and adds to the

small dark current component. The photocurrent attributed to the oxidation of

FeII(CN)6
4� to FeIII(CN)6

3� and the shape of the voltammogram between 0 and

1.2 V (a photocurrent increase followed by a plateau) is in good agreement with a

photoinduced charge-transfer process limited by the photogenerated charge car-

riers density. This makes sense when considering the order of magnitude of light in-

tensity produced at the emitter. The photocurrent spikes observed at low potential

are attributed to hole accumulation at the interface62 and the dark current increase at

high potentials to majority carrier tunneling through the interface for large band

bending. From this curve, it can be deduced that a photocurrent density of z4 mA

cm�2 is generated at the receiver in the light-limited regime. From this value, it is

possible to qualitatively estimate the light intensity absorbed by the receiver consid-

ering an incident-photon-to-electron conversion efficiency (IPCE) of 70% for the

photoelectrode at 620 nm. Note that the electrolyte in the receiver compartment

is transparent to that wavelength,55 and IPCE values comprised between 80% and

60% are typically determined by conventional photocurrent spectroscopy methods

by our group63 and others64,65 for n-Si/Ni-based photoanodes. This photocurrent

value would correspond to a light intensity value of z10 mW cm�2. Although this

value is qualitative, it points out the very low light intensity absorbed by the receiver,

which is several orders of magnitude less than that measured in classical photoelec-

trochemical experiments, for instance, in solar water-splitting research typically per-

formed with AM 1.5G solar simulators (100 mW cm�2), light intensity is z10,000

times higher than in the present experiments. The effect of the emitter-receiver
8 Cell Reports Physical Science 2, 100670, December 22, 2021
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distance d on the photocurrent was studied. As shown in Table S1, that parameter

was found to affect the charge transfer at the receiver electrode considerably.

After showing that charge transfer can be triggered and measured at the receiver

electrode, we next investigated the effect of ECL intensity on charge transfer. A

straightforwardmethod that can be used to control ECL intensity in a precisemanner

is to vary the flow (Q) of the ECL electrolyte in the emitter compartment, which con-

trols the mass transfer of the ECL reactants (luminophore and co-reactant) at the

emitter surface. The dependency of the ECL intensity on Q was confirmed by spec-

troscopic measurements that are presented in Figure S5. Because of this effect, the

intensity of the ECL emission can be considered as an indicator of the liquid flow. In

these experiments, we used the same dual-WE system, and a 50 mHz squarewave

potential signal was applied to the emitter for triggering ECL intermittently. In the

following experiments, the setup is identical to the previous ones, except that the

flow rate of the electrolyte (10 mM [Ru(bpy)3]
2+, 0.2 M TPrA in phosphate buffer

(pH = 7.4)) is varied. The receiver (n-Si/SiOx/Ni in the 1 mM K4Fe(CN)6 solution)

was biased at a potential of 0.8 V, which, according to the voltammogram of Fig-

ure 4B, corresponds to a potential region in which the photoinduced charge transfer

occurs, and dark current is rather low. Before the experiment, several (5 to 10) on/off

ECL cycles were applied at the emitter in the quiescent electrolyte to reach a steady-

state ECL profile for Q = 0 mL s�1, and the current density was recorded at the

emitter when Q was progressively increased up to 3.3 mL s�1 (Figure 5A). As shown

in the CA of Figure 5C, the dark current remained the same and the photocurrent

increased with Q. The photocurrent jph, plotted against theQ in Figure 5B, changes

from 0.4 mA cm�2 for a quiescent electrolyte to 3.3 mA cm�2 for an electrolyte flow at

3.3 mL s�1, which is a direct effect of the increase in ECL intensity. For flowing elec-

trolytes, a sudden increase and decay in photocurrent was observed when switching

on the ECL (Figure 5C). The origin of this behavior is yet unclear but may be ex-

plained by a transient ECL profile and/or charge accumulation at the photoelec-

trode/electrolyte interface.62 This decay is responsible for the relatively large error

bar (=2 SD) in Figure 5B (thin error bars). However, taking into account the steady-

state photocurrent (recorded 2 s after switching on ECL) allows the error to be

considerably reduced, as shown by the thick error bars in Figure 5B. These data

show that ECL-induced charge transfer at an SC-based photoelectrode can be

used for monitoring electrolyte flow in the emitter compartment.

To conclude, we have developed a dual-WE system composed of a metal ECL

emitter and an SC-based photoelectrode receiver. This original design was em-

ployed to study the effects of ECL illumination on the photoelectrochemical

behavior of the SC surface. It allowed us to demonstrate that photoelectrochemistry

can be triggered at several SC/liquid photoactive junctions by ECL emission with the

[Ru(bpy)3]
2+/TPrA system. We have shown that ECL triggers negative and positive

photovoltage at depleted n-type and p-type SC junctions, respectively, when the

SC bandgap energy is less than that of the photons produced by the ECL reaction.

In addition, our results demonstrate that ECL-induced charge transfer can occur at

the SC/liquid interface. The associated variation in photovoltages and photocurrent

can be used to determine simple physical parameters such as the distance between

the emitter and the receiver as well as the electrolyte flow in the emitter compart-

ment. This research strongly contrasts with conventional photoelectrochemistry

works in which photons are emitted with a physical light source, such as a laser or

an arc lamp. Although inherently limited by low emission intensity, this system brings

significant advances that can be useful for analysis. The main points of this concept

are the following: (1) light emission and collection are both realized in the liquid
Cell Reports Physical Science 2, 100670, December 22, 2021 9



Figure 5. Flow rate measurements

(A) Scheme depicting experiments performed with a varying flow.

(B) Graph showing the evolution of the photocurrent as a function of the electrolyte flow. Error bars

correspond to 2 SD. The thin error bars were calculated using the entire jph values, measured with

ECL on. Thick error bars were calculated with jph values obtained 2 s after ECL was switched on.

(C) Chronoamperogram recorded at a n-Si/SiOx/Ni photoanode in a 1 M KCl solution containing

1 mM Fe(CN)6
4� when [Ru(bpy)3]

2+/TPrA ECL is switched on and off (by applying a 50 mHz

squarewave signal at the emitter comprising steps 0 V and 1.1 V), and the ECL electrolyte is

circulated at increasing flow rates: 0 (pink), 0.7 (yellow), 1.3 (green), 2.5 (purple), and 3.3 (blue) mL

s�1.The ECL electrolyte is composed of 10 mM [Ru(bpy)3]
2+ and 0.2 M TPrA in phosphate buffer

(pH = 7.4). d = 3 mm, and the applied potential is 0.8 V.
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phase, (2) ECL is a photon source that can be easily miniaturized and precisely

controlled,66 and (3) the SC/liquid ‘‘receiver’’ junction can be easily implemented

and miniaturized. Based on this, we think that this concept may find future applica-

tions for analytical applications.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contacts

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Gabriel Loget (gabriel.loget@univ-rennes1.fr).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data are provided in the article and Supplemental information or are available for

the corresponding authors upon request. This study did not generate any unpub-

lished custom code.

Reagents

Acetone (MOS electronic grade, Erbatron, Carlo Erba Reagents) and anhydrous

ethanol (RSE electronic grade, Erbatron. Carlo Erba Reagents) were used without
10 Cell Reports Physical Science 2, 100670, December 22, 2021
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further purification. The ultrapure water had a resistivity of 18.2 MU cm (Purelab

Classic UV). Sulfuric acid (96%, very large-scale integration [VLSI] grade. Selectipur)

and hydrogen peroxide (30%, VLSI, Sigma-Aldrich) were purchased from BASF and

Sigma Aldrich, respectively. Tris(bipyridine)ruthenium(II) chloride (Ru(bpy)3Cl2), tri-

n-tripropylamine (TPrA) were purchased from Sigma-Aldrich. Phosphate-buffered

saline solution (PBS, 100 mM, pH 7.3) was prepared from sodium phosphate dibasic

heptahydrate and sodium phosphate monobasic monohydrate that were purchased

from Sigma-Aldrich. K4Fe(CN)6 (R99.95%) and K3Cr(CN)6 (99.99%) were purchased

from Sigma-Aldrich.

Surface preparation

All vials and tweezers used for cleaning silicon were previously decontaminated in

3/1 v/v concentrated H2SO4/30% H2O2 at 105�C for 30 min, followed by copious

rinsing with ultrapure water. Caution: the concentrated aqueous H2SO4/H2O2

(piranha) solution is very dangerous, particularly in contact with organic materials

and should be handled extremely carefully. The n-type silicon wafers (1–5 U cm re-

sistivity, phosphorus-doped, double-side polished, 280 mm) (100) were purchased

from University Wafer, p-type silicon wafers (1–5 U cm resistivity, boron-doped, sin-

gle-side polished, 275–325 mm) (100) were purchased from Siltronix, and p++-type

silicon wafers (0.001–0.005 U cm resistivity, boron-doped, single side polished,

490–510 mm) (100) were purchased from University Wafers. n-type GaAs (carrier con-

centration = 1–5 3 1018 cm�3, silicon-doped, single-side polished, 325–375 mm)

(100) was purchased from Wafer Technology. TiO2 surfaces were composed of ar-

rays of TiO2 nanotubes (NTs) (Figure S3) that were prepared by anodization of Ti

plates (Advent Research) at 90 V in an ethylene glycol solution containing 4.7 wt%

water and 0.3 wt% NH4F, followed by annealing at 500�C in the air to generate

the anatase phase (as determined by X-ray diffraction). All the Si surfaces were de-

greased by sonication in acetone, ethanol, and ultrapure water for 10 min, respec-

tively. The Si surfaces were then decontaminated and oxidized in piranha solution

at 105�C for 30 min, followed by rinsing with copious amounts of ultrapure water

and dried under an Ar flow. The Ni thin films were deposited on the clean n-Si/

SiOx surfaces by sputtering with a Leica EMACE600 coating system (Ni target purity:

99.8%). The Ar pressure for sputtering was 2 3 10�2 mbar, and the current was 100

mA (pre-sputtering time of 1 min). The thickness of the film was determined in situ by

a quartz crystal microbalance and measured by atomic force microscopy (Figure S2).

After deposition, the system was degassed with N2.

Electrode fabrication

Emitter electrode

A 1 cm2 platinum plate connected to a metal wire was used as an emitter electrode.

The back of the Pt plate was covered with hydrophobic tape.

Receiver electrodes

The coated surfaces and cleaned surfaces were further processed to fabricate the

receiver electrodes. The ohmic contact was done on the backside of an Si wafer

by scratching the surface with a diamond glass cutter; then, a droplet of InGa

eutectic and a metal wire were applied on the scratched part. A thin layer of silver

paste was painted to cover the InGa eutectic contact as well as a part of the metal

wire. After the paste dried, epoxy resin (Loctite 9460, Henkel) was deposited to

shield the backside and frontside of the surface, except for an active area of around

0.1 cm2. The exact geometrical value was precisely measured using ImageJ software

before the photoelectrochemical experiments. The electrodes were baked in the

oven at 90�C for 1.5 h to cure the epoxy resin. Before their use in electrochemical
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experiments, the unmodified Si electrodes (p-Si and p++-Si) were dipped for 2 min in

diluted HF (10%).

Electrochemical experiments

For the experiments of Figure 2A, voltammetric and ECL signals were recorded with

a PGSTAT30 Autolab potentiostat connected to a conventional three-electrode cell,

consisting of an Ag/AgCl/KCl 3M reference electrode, a Pt-wire auxiliary electrode,

and a Pt working electrode. Before measurements, Pt electrodes were polished with

alumina slurry of different size, rinsed thoroughly with Milli-Q water between each

polishing step. ECL intensity was measured with a Hamamatsu photomultiplier

tube (PMT) R5070A and a Hamamatsu C9525 high-voltage power supply. The

PMT detector was held at �750 V and placed at a constant distance of 5 mm in front

of the working electrode. The output signal was amplified with a Keithley 6485

Picoammeter before acquisition via the second input channel of the PGSTAT30

Autolab potentiostat.

CV, CA, electrochemical impedance spectroscopy (EIS), and OCP measurements

were performed using a dual-channel potentiostat (SP 300, Biologic). The refer-

ence electrodes were Ag/AgCl, 3 M KCl for both emitter and receiver cells. The

EIS measurements were performed in the dark with the Si-based electrodes as

working electrodes, an amplitude of 10 mV, and a frequency of 10 kHz for a series

of decreasing (n-Si/SiOx/Ni) and increasing (p-Si) potential. An equivalent circuit

comprising a resistor in parallel with a capacitance was used to obtain the capac-

itance of the space-charge layer. The description of the dual-WE device

comprising two independent electrochemical cells is shown in Figure S1. The

counter-electrode in the emitter compartment was a platinum ring and that of

the receiver cell was a platinum rod. The emitter compartment was filled with

the electrolyte that comprised 10 mM [Ru(bpy)3]
2+, 0.2 M TPrA in the phosphate

buffer solution with the pH adjusted to 7.4. This composition of the solution is clas-

sically used for bioassays because it provides strong ECL intensity.20 The electro-

chemical experiments were performed in air-equilibrated solutions. The emitter

working electrode had a surface of 1 cm2, and the receiver working electrode

had a surface of 0.1 cm2. They were placed face to face in a parallel fashion and

separated by a transparent glass window. The minimum distance between them

was 3 mm. The emitter cell was connected to a peristaltic pump (Yanmis), allowing

the electrolyte to flow from the bottom to the top. The ECL spectrum was re-

corded by a spectrometer connected to an optical fiber.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.

2021.100670.
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