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Abstract
Nanofluidic electrochemical devices confine the volume of chemical reactions to femtoliters. When employed for light gener-
ation by electrochemiluminescence (ECL), nanofluidic confinement yields enhanced intensity and robust luminescence. Here,
we investigate different ECL pathways, namely coreactant and annihilation ECL in a single nanochannel and compare light
emission profiles. By high-resolution imaging of electrode areas, we show that different reaction schemes produce very different
emission profiles in the unique confined geometry of a nanochannel. The confrontation of experimental results with finite
element simulation gives further insight into the exact reaction ECL pathways. We find that emission strongly depends on
depletion, geometric exclusion, and recycling of reactants in the nanofluidic device.
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Introduction

Electrochemiluminescence (ECL) is a controllable form of
chemiluminescence where light emission results from an initial
electron-transfer reaction occurring at an electrode surface [1–5].
It is a powerful analytical methodwith remarkable performances

due to its dual intrinsic nature, which is based on the combina-
tion of electrochemistry and photophysics. ECL provides many
advantages for analytical applications: time, duration, and posi-
tion of the ECL-emitting region can be manipulated electro-
chemically [6–8]. In addition, it allows the simultaneous mea-
surement of two experimental parameters (i.e., Faradaic current
and light intensity) as a function of the applied potential, like
fluorescence-based spectroelectrochemistry techniques [9–11].
Therefore, ECL offers a great selectivity and control over the
light-emitting reactions. The most extensively investigated
electrochemiluminophore is tris(2,2′-bipyridyl)ruthenium(II),
[Ru(bpy)3]

2+, which can be considered as an ECL standard.
Using this compound, ECL emission can be triggered using
several different reaction pathways (see Fig. 1). It can be initiat-
ed through the annihilation mechanism (reactions 1–4) between
its oxidized and reduced forms (i.e., [Ru(bpy)3]

3+ and
[Ru(bpy)3]

+, respectively). This is a very simple mechanistic
pathway since it requires only the solvent, the supporting elec-
trolyte and the electrochemiluminophore [7, 12–14]. Both spe-
cies are generated in the vicinity of the electrode surface either
by alternate pulsing of the electrode potential or by using a
double-electrode configuration, where oxidation and reduction
occur on each electrode (reactions 1–2). The homogeneous
high-energy electron-transfer annihilation reaction between
[Ru(bpy)3]

3+ and [Ru(bpy)3]
+ (reaction 3) populates the excited

state. Finally, it decays to the ground state by emitting light
(reaction 4).

Ru bpyð Þ3
� �2þ þ e −→ Ru bpyð Þ3

� �þ ð1Þ
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Ru bpyð Þ3
� �2þ−e −→ Ru bpyð Þ3

� �3þ ð2Þ
Ru bpyð Þ3
� �þ þ Ru bpyð Þ3

� �3þ
→ Ru bpyð Þ3

� �2þ

þ Ru bpyð Þ3
� �2þ* ð3Þ

Ru bpyð Þ3
� �2þ*

→ Ru bpyð Þ3
� �2þ þ hν: ð4Þ

An alternative major pathway is based on the use of a
coreactant species. A coreactant is a sacrificial species that is
consumed irreversibly during the process. Its function is to
generate highly oxidizing or reducing radicals that can react
with the electrochemiluminophore to populate its excited
state. Amine-based coreactants such as tri-n-propylamine
(TPA), NADH or 2-(dibutylamino)ethanol (DBAE) follow
the oxidative-reduction path [15]. For TPA, which is still the
most widely used coreactant with the [Ru(bpy)3]

2+

luminophore, several competitive mechanistic pathways have
been proposed depending on the electrode materials, the pH
value, the presence of surfactants, the applied potential, the
immobilization of the luminophores in heterogeneous assays,
etc. [16, 17]. In the present case, [Ru(bpy)3]

2+ and TPA are
first both oxidized at the electrode surface, generating
[Ru(bpy)3]

3+ and the cation radical TPA●+, respectively
(reactions 5 and 6). Then, upon deprotonation (reaction 7),
TPA●+ forms a strongly reducing radical TPA● that reduces
[Ru(bpy)3]

3+ and generates [Ru(bpy)3]
2+* (reaction 8).

[Ru(bpy)3]
2+* emits ECL light at a typical wavelength of

620 nm (reaction 9).

Ru bpyð Þ3
� �2þ−e −→ Ru bpyð Þ3

� �3þ ð5Þ
TPA−e −→TPA•þ ð6Þ
TPA•þ→TPA• þ Hþ ð7Þ
Ru bpyð Þ3
� �3þ þ TPA•→ Ru bpyð Þ3

� �2þ* þ products ð8Þ

Ru bpyð Þ3
� �2þ*

→ Ru bpyð Þ3
� �2þ þ hν ð9Þ

The above reaction pathway is competing with the
“revisited” coreactant reaction route [16]. In a solution con-
t a i n i n g b o t h T PA a n d [ R u ( b p y ) 3 ]

2 + , t h e
electrochemiluminophore is not oxidized to [Ru(bpy)3]

3+ at
the electrode surface. Only the coreactant is oxidized directly
at the electrode surface and deprotonates to form TPA●. Then,
TPA● reduces [Ru(bpy)3]

2+ to [Ru(bpy)3]
+, which is subse-

quently oxidized by TPA●+ to generate the light emitting state:

TPA• þ Ru bpyð Þ3
� �2þ

→ Ru bpyð Þ3
� �þ þ products ð10Þ

TPA•þ þ Ru bpyð Þ3
� �þ

→TPAþ Ru bpyð Þ3
� �2þ* ð11Þ

In both coreactant schemes, TPA● radicals can also be ox-
idized at the electrode surface to form end-products:

TPA•→e− þ products ð12Þ

All three reaction routes are shown in Fig. 1.
The third reaction route does not involve direct electron-

transfer reactions of [Ru(bpy)3]
2+ at the electrode surface;

generation of the luminophore excited state and light emission
takes place 1–2 μm further [16, 17]. Nonetheless, light emis-
sion is confined to an area in close vicinity (several hundreds
of nm) of the electrode surface: the maximum emission dis-
tance from the electrode is limited by the lifetime τ of the
radical TPA●+ of about 0.2 ms before deprotonation [16, 17]
(i.e., to a distance <3 μm).

We have recently employed microfabricated nanofluidic
electrochemical devices [18, 19] to generate and image ECL
[20]. In such thin-layer-cell devices, chemical reactions are
limited to a volume of about 10 femtoliters. The reaction com-
pounds are geometrically confined by the walls of a
nanochannel of several 10-μm length, which is connected to
a reservoir via access holes (see Fig. 2). The channel floor and

Fig. 1 Schematic of ECL reaction pathways. aDirect current annihilation
pathway using exclusively [Ru(bpy)3]

2+ luminophores (reactions 1–4). b
Coreactant pathwaywith oxidation of [Ru(bpy)3]

2+ and TPA coreactant at

the electrode (reactions 5–9, 12). c Competing “revisited” coreactant
route where only TPA is oxidized at the electrode (reactions 6, 7, 10,
11, and 12)
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ceiling consist of Pt electrodes separated by a nanochannel
height of only 100 nm. As nanoelectrochemical tools,
nanofluidic devices enable the sensitive detection and manip-
ulation of minute amounts of redox analytes [21–23]. When
employing transparent devices for generating ECL using a
[Ru(bpy)3]

2+ annihilation reaction (see Fig. 1a), we observed
very intense light emission due to the very short diffusional
distance between both electrodes [20]: reduced [Ru(bpy)3]

+

and oxidized [Ru(bpy)3]
3+ combine and generate the light-

emitting [Ru(bpy)3]
2+* state after only a microsecond diffu-

sion time along a 50-nm distance to the center of the
nanochannel.

Here, we explore and study different ECL reaction path-
ways in nanofluidic electrochemical devices. We observe dis-
tinct spatial emission intensity profiles for coreactant and an-
nihilation routes (which are dictated by reaction rate and reac-
tant lifetimes), demonstrate annihilation in the presence of
TPA and estimate contribution of both competing coreactant
pathways by finite element calculations.

Materials and methods

Device fabrication

The fabrication process has been described previously [20,
24]. Briefly, nanochannel devices consist of Si3N4/SiO2 de-
posited on a transparent borosilicate substrate. They have a
length of 20 μm, a width of 5 μm, and a height of 100 nm.
2 μm× 2 μm access holes at both ends of the nanochannel
connect it to a fluidic reservoir. The entire ceiling of the
nanochannel consist of the Pt top electrode. A 3-μm wide Pt
bottom electrode is positioned on the nanochannel floor. Both
electrodes overlap to form an active volume of 20 μm ×
3 μm× 100 nm = 6 fL. The bottom electrode is 20 nm thin

and, thus, semi-transparent, allowing imaging of light emis-
sion from the active volume using an inverted microscope
objective. Devices were microfabricated by consecutive steps
of photolithographical definition, deposition of metals and
oxides, and plasma etching of access holes. The nanochannel
volume is defined by a sacrificial Cr layer deposited by elec-
tron beam evaporation. This layer protects the Pt electrode
surface and is removed before electrochemical experimenta-
tion using a selective wet-chemical etch. Pt electrodes were
cleaned by sweeping the potential of both electrodes repeat-
edly between − 0.15 V and 1.2 V vs. Ag/AgCl in 500 mM
sulfuric acid.

Chemicals

ECL experiments were conducted using a solution of HPLC-
grade ace ton i t r i l e con ta in ing 10 mM tr i s (2 ,2 ′ -
b i py r i d i ne ) ru then ium( I I ) hexa f l uo rophospha t e
(Ru(bpy)3(PF6)2) as electrochemiluminophore, 100 mM tri-
n -p ropy lamine (TPA) coreac t an t , and 100 mM
tetrabutylammonium hexafluorophosphate (TBAPF6) electro-
lyte. All compounds were purchased from Sigma-Aldrich.
Selectipur chromium etchant, used to wet-etch the sacrificial
Cr layer to release the nanochannel, was purchased from
BASF.

Instrumentation

Top and bottom electrodes of a nanofluidic device were con-
nected to a bipotentiostat (Autolab–PGSTAT30, used for all
electrochemical measurements) via microstructured leading
wires and needle probes. A fluidic reservoir in polydimethyl-
siloxane was placed on top of the device. A reference elec-
trode was placed in this reservoir, either a Ag/AgCl/KCl (3M)
electrode in aqueous solvent, or a Ag wire for measurements

Fig. 2 a Top-view micrograph of a transparent nanofluidic device, before
fully etching the Cr sacrificial layer forming the nanochannel volume. b
Schematic cross section of a device. A nanochannel of 20-μm length is
confined between two individually addressable Pt electrodes enclosed in

a silicon nitride passivation layer. Access holes connect the nanochannel
to a reservoir. Light emission is detected through a 20-nm-thin bottom
electrode and a transparent borosilicate substrate
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in acetonitrile (no dedicated counter electrode was used at low
μA currents). ECL intensity-time traces were recorded simul-
taneously to amperometric/voltammetric currents by using a
photomultiplier tube (PMT, Hamamatsu R4632) and amplify-
ing the signal with a Keithley Picoammeter. ECL emission
was imaged with an epifluorescence microscope (Leica
DMI6000) using an inverted 40x microscope objective and
detected by an electron multiplying charged coupled device
camera (EMCCD, Hamamatsu 9100-13.)

Results and discussion

As a first step in evaluation of coreactant ECL in nanofluidic
channels, we performed cyclic voltammetry while simulta-
neously detecting luminescence intensity. It was recorded
using a PMT as a photodetector. Figure 3 shows the current
of the top Pt electrode using a solution of 10 mM
[Ru(bpy)3]

2+, 0.1 M TPA, and 0.1 M TBAPF6 in acetonitrile.
Onset of current and ECL in the nanochannel are as expected
for a coreactant route on Pt electrode material and identical to
macroscopic Pt electrodes [6]. In aqueous media, platinum
might be oxidized, generating an oxide layer that prevents
the efficient oxidation of TPA and thus the effective genera-
tion of ECL [25]. In the forward sweep, the onset of light
emission is delayed by approximately 0.5 V compared to the
onset of an oxidation current. This delay indicates a negligible
contribution by the “revisited” route (Fig. 1c) [16, 17]. Indeed,

as alreadymentioned, this pathway requires only the oxidation
of the coreactant. The oxidation of deprotonated TPA pro-
duces the cation radical TPA●+ (reaction 6), which
deprotonates rapidly to form the free radical TPA● (reaction
7). This strong reductant radical reduces [Ru(bpy)3]

2+ to
[Ru(bpy)3]

+ (reaction 10). TPA●+ oxidizes [Ru(bpy)3]
+ to

generate the excited state [Ru(bpy)3]
2 + * (reaction 11). This

mechanistic path is characterized by the facts that ECL starts
simultaneously with TPA oxidation and that [Ru(bpy)3]

2+ is
not oxidized directly at the electrode surface.

Stepping the working electrode between a low and high
(oxidizing) potential allows turning ECL on and off instanta-
neously. We recorded step-chronoamperometric traces of the
same acetonitrile solution (10 mM [Ru(bpy)3]

2+, 0.1 M TPA,
and 0.1MTBAPF6) by keeping the bottom electrode potential
of a nanofluidic device biased constantly at − 1.5 V and
stepping the top electrode between 0 V and 2 V vs. Ag (see
Fig. 4). At the − 1.5 V potential imposed to the bottom elec-
trode, [Ru(bpy)3]

2+ is constantly being reduced to
[Ru(bpy)3]

+. While the top electrode is kept at 0 V, no light
is emitted, and a current of about 0.3 μA is generated at the top
electrode by oxidation of [Ru(bpy)3]

+ (and approximately
− 0.3 μA at the bottom electrode). It means that
[Ru(bpy)3]

2+ and [Ru(bpy)3]
+ undergo redox cycling [19] be-

tween both electrodes along the entire nanochannel. When
switching the top electrode potential to 2 V, TPA and
[Ru(bpy)3]

2+ are being oxidized there. Consequently, the current
increases at both electrodes. This increase as well as the anti-

Fig. 3 Cyclic voltammogram
(black curve) and corresponding
ECL signal (red curve) of the top
electrode in a nanofluidic device.
Bottom electrode was
disconnected. The acetonitrile
solution contains 10 mM
[Ru(bpy)3]

2+, 0.1 M TPA, and
0.1M TBAPF6. A silver wire was
used as a pseudo-reference elec-
trode. Scan rate 0.1 V/s. Light in-
tensity was recorded through the
bottom electrode and device
substrate
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correlation of both current-time traces indicates an annihilation
reaction (reactions 1–4). The current increases as the annihila-
tion route is muchmore efficient in shuttling electrons across the
inter-electrode distance compared to redox cycling [20, 26].

The ECL emission intensity reaches a steady state after a
short time response and an initial spike in intensity. ECL in-
tensity and current response are consistent with previously
obtained chronoamperometric traces recorded in absence of

any coreactant [20]. Thus, our results indicate that a direct
current annihilation mode dominates light generation by a
coreactant route. In other words, the annihilation route
operates even in the presence of a 100 mM TPA coreactant
concentration (but is affected by TPA as shown below).
However, this experimental result does not provide us any
information on the distribution of the ECL emission. For that,
we recorded the ECL images of the nanofluidic channels in
different conditions.

By imaging the spatial intensity profiles emitted from the
nanochannel, annihilation, and coreactant ECL routes can be
clearly distinguished. In Fig. 5, three different steady-state
situations are compared, showing bright-field micrographs in
the top row, ECL images in the center, and overlays of both in
the bottom row:

Column a)Mixed annihilation/coreactant mode in the pres-
ence of TPA: a solution of 10 mM [Ru(bpy)3]

2+, 0.1 M TPA,
and 0.1 M TBAPF6 in acetonitrile is used. The top and bottom
electrodes are biased at 2 V and − 1.5 V, respectively, i.e., the
same condition shown used in step-chronoamperometry (Fig.
4, top electrode stepped up to 2 V).

Column b) Coreactant mode: the same acetonitrile solution
of 10 mM [Ru(bpy)3]

2+, 0.1 M TPA, and 0.1 M TBAPF6
reacts in a coreactant mode as oxidation takes place at the
bottom electrode biased at 2 V (top electrode biased at 0 V).

Column c) Annihilation mode without TPA: a solution
without TPA coreactant reacts in annihilationmodewith a bias
of 2 V and − 1.5 V at the top and bottom electrodes, respec-
tively. (This biasing scheme is identical to (a), except that no
TPA is added.)

In the case of mixed annihilation/coreactant ECL shown in
Fig. 5a, only faint ECL emission is observed along the entire
nanochannel, indicating an annihilation reaction. However,
the ECL intensity is extremely low in comparison to the same
conditions without TPA (Fig. 5c). As 0.1 M TPA is present,
coreactant and annihilation routes compete in this biasing
scheme; light emission by annihilation is observed (and likely
a contribution by coreactant ECL, see below for discussion
and comparison with numerical results). Light intensity is re-
duced considerably, which is most probably related to some
side-reactions with TPA end-products [27, 28] generated by
oxidation or reduction (see Electronic Supplementary
Material (ESM) for a numerical approximation). The forma-
tion of end-products by TPA● radical oxidation (reaction 12)
is likely enhanced in the small nanochannel as the radicals are
oxidized at the electrode surface directly after their generation.
These end-products remain in the nanochannel due to slow
diffusion out of this confined volume.

In coreactant mode (see Fig. 5b), ECL is generated by
oxidation at a high potential of 2 V imposed at the bottom
electrode in the presence of TPA. As the top electrode is
biased at 0 V, [Ru(bpy)3]

2+ cannot be reduced further there,
and annihilation cannot take place. The same ECL emission

Fig. 4 a Chronoamperometric currents at the top (blue curve) and bottom
(black curve) electrodes, and b corresponding ECL signals (red curve).
The bottom electrode was maintained at − 1.5 V while the top electrode
was pulsed for 10 s between 0 Vand 2 V (highlighted in gray) vs. Ag. The
acetonitrile solution contains 10mM [Ru(bpy)3]

2+, 0.1MTPA, and 0.1M
TBAPF6. An Ag wire was used as a pseudo-reference electrode
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profile is obtained if the potentials are reversed between both
electrodes (i.e., 0 V and 2 V for the bottom and top elec-
trodes, respectively). In this case, light is observed exclusive-
ly at the level of the access hole areas. In any coreactant
route, TPA molecules cannot be recycled, instead ending
up as inactive iminium cation species [27]. As the reactions
require constant replenishing of TPA, light emission is ex-
cluded from the nanochannel volume. In other words, upon
stepping electrodes and initiating ECL, TPA molecules pres-
ent within the channel are used up initially and converted
into inactive end-product within microseconds (while we
speculate above that a fraction of TPA●+ radicals could travel
100 nm across the nanochannel to be recycled, the short
radical life time prohibits sustained recycling within the
channel as well any significant longitudinal diffusion from
the access holes into the channel). In the imaged steady state,
the emission profile is determined by diffusion of TPA mol-
ecules from the bulk reservoir to the electrode area where
[Ru(bpy)3]

2+ is oxidized into [Ru(bpy)3]
3+ and reacts with

the TPA diffusing from the reservoirs. TPA cannot enter the
center of the nanochannel because it is consumed by reac-
tions 7, 8, and 10, either by reacting with the luminophore or
by deprotonation at the level of the access holes. Light emis-
sion is determined by the mechanistic pathway; its profile is
limited by the diffusion of the electrogenerated [Ru(bpy)3]

3+

that reacts with TPA and by the lifetime of TPA radicals, i.e.,
by the short distance they can diffuse away from the elec-
trodes located in the nanochannel. It means, that, in the
coreactant mode, the diffusion of the sacrificial coreactant

governs the ECL behavior of the nanofluidic channels and
the location of the ECL-emitting region. ECL imaging may
be essential in various configurations to resolve spatially the
ECL-emitting region and to decipher complex mechanistic
situations [17, 29]. For example, Francis and coworkers have
been able to demonstrate that the cathodic reactions of
[Ru(bpy)3]

2+/TPA actually arise from anodic reactions at
the counter electrode using ECL imaging [29]. In the report-
ed situation, one could envision from the PMT results that
ECL emission in the coreactant mode occurred in the
nanochannels. This would lead to a wrong interpretation of
the ECL data. However, ECL imaging experiments show
clearly that it is not the case. In steady-state conditions
employed here, the ECL-emitting domain is limited to the
access holes. ECL imaging completes in an essential way the
information obtained from PMT detection.

In annihilation mode (Fig. 5c), as reported previously [20],
bright emission is emitted from the area of overlapping elec-
trodes. Reactions 1–4 take place, and the luminophores con-
stantly cycle between three different oxidation states as they
shuttle electrons across the nanochannel and generate strong
ECL. As [Ru(bpy)3]

2+ molecules are not used up in this cy-
cling process, and oxidized as well as reduced states return to
the + 2 oxidation state during the annihilation/recombination
reaction, light emission intensity is homogenous along the
entire nanochannel. Both top electrode and bottom electrode
participate in annihilation ECL, and, thus, no emission is ob-
served in the access hole area, in which only the bottom elec-
trode is exposed to the bulk solution.

Fig. 5 From top to bottom: bright-field optical images of the nanofluidic
device (scale bar: 10 μm), ECL images recorded in the dark, and overlays
of both images. a, b ECL images were recorded in an acetonitrile solution
containing 10 mM [Ru(bpy)3]

2+, 0.1 M TBAPF6, and 0.1 M TPA. a
Mixed annihilation/coreactant mode in presence of TPA: the bottom
and top electrodes were maintained at − 1.5 V and 2 V, respectively. b

Coreactant mode: the bottom and top electrodes were maintained at 2 V
and 0 V, respectively. c Same solution but without TPA. Annihilation
mode without TPA: the bottom and top electrodes were maintained at
− 1.5 V and 2 V, respectively. An Ag wire was used as a pseudo-
reference electrode. The ECL images were coded with different ECL
intensity scales
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In brief, ECL imaging experiments reveal two completely
different situations. In the annihilation mode, ECL emission is
confined in the nanochannel whereas ECL is limited to the
access holes in the coreactant mode.

Different emission profiles are highlighted by linear in-
tensity profiles evaluated at the center of the nanochannel
as shown in Fig. 6 (peaks are broadened by convolution
with the resolution-limited imaging optics). The blue
curve, corresponding to coreactant emission (shown in
Fig. 5b), shows a peak-to-peak distance of 26.7 μm in
good agreement with the distance of the access holes; de-
vices were fabricated with a nominal center-to-center dis-
tance of access holes of 26 μm. The red curve, correspond-
ing to annihilation ECL (compare Fig. 5c), shows emission
over a length of 20 μm in the area of overlapping top and
bottom electrodes. The black curve depicts the profile for
mixed ECL (see Fig. 5a), showing a similar profile as the
annihilation curve at a strongly attenuated intensity. In this
mixed mode, annihilation very likely outcompetes
coreactant ECL as luminophores are very efficiently
recycled at short diffusion times with a turnaround time
below approximately 5 μs. The contributions of both
coreactant routes on the other hand suffer from concentra-
tion polarization and depletion of TPA at the electrode area
with a limiting diffusional TPA influx from the bulk.

We modeled the ECL emission profiles using two-
dimensional finite element simulation (COMSOL
Multiphysics, see ESM). Figure 7 shows the expected emis-
sion intensity, modeled as excited luminophore concentration
[Ru(bpy)3]

2+*, for bulk concentrations of 10 mM
[Ru(bpy)3]

2+ and 100 mM TPA. In Fig. 7a, reactants are

oxidized at the top and reduced at the bottom electrode, cor-
responding to the mixed annihilation/coreactant pathways
shown in Fig. 5a and the black curve in Fig. 6 (Eqs. 1–3, 5–
8, 10, and 11 were calculated). In agreement with the experi-
ments, light emission is confined to the channel area, and
emission intensity increases at the edges of the channel, indi-
cating competition between annihilation and coreactant path-
ways. Looking closely at the profile in Fig. 6, also experimen-
tally such a slight intensity increase towards the channel ends
can be observed.

In Fig. 7b, the coreactant ECL is shown with oxidation
at the bottom electrode (both coreactant pathways, reaction
5–8, 10, and 11). In agreement with the experimental re-
sults (Fig. 5b), emission is confined to the access hole area.
The extension of [Ru(bpy)3]

2+* diffusion into the
nanochannel is limited to < 1 μm. This is dictated and
limited by the lifetime τ of the TPA●+ cation radical before
deprotonation; reaction 6 has a deprotonation rate constant
of k6 = 3500 s−1 [16, 17, 30]. Simulations can give further
insight into which coreactant pathway is dominant. A nu-
merical evaluation of both possible coreactant mechanisms
reveals that 30% of light results from [Ru(bpy)3]

2+ oxida-
tion by TPA, and 70% by direct oxidation at the bottom
electrode (see ESM for this comparison). Figure 7c shows
a [Ru(bpy)3]

2+* concentration profile for the annihilation
reaction in good agreement with the experimental results
[20]. Overall, simulation results match well with light
emission profiles observed in the experiments and corrob-
orate the interpretation that different reaction and biasing
scheme lead to very different intensity profiles in the con-
fined geometry of a nanochannel.

Fig. 6 ECL intensity profiles
along the center of the
nanochannel extracted from Fig.
5 in the coreactant mode (blue
curve, corresponding to Fig. 5b),
the mixed annihilation/coreactant
mode with added TPA coreactant
(black curve, compare Fig. 5a)
and the annihilationmode without
TPA (red curve, compare Fig. 5c).
The insert shows the optical im-
age of the nanochannel and the
ECL intensity profiles are taken
along the dashed line
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Conclusion

We investigated coreactant electrochemiluminescence in
nanoscale confinement for the first time. Our results reveal
that spatial light emission profiles are determined by access
of the coreactant to the electrode surface. As the TPA
coreactant concentration is instantaneously depleted in the
nanochannel upon biasing the electrodes, light emission is
excluded from this strongly confined volume. This observa-
tion is in a strong contrast to annihilation ECL in which
luminophores are constantly and efficiently recycled in be-
tween both electrodes, leading to bright and homogenous light
emission along the entire nanochannel volume. We further
demonstrate that steady-state imaging of ECL (as opposed to
measuring intensity) is an essential tool for determining mech-
anistic pathways of ECL light generation. When accompanied
by complementary finite element simulation, imaging yields

additional insight into the exact contribution of different path-
ways in the case of mixed ECL, in which coreactant and an-
nihilation pathways compete. Annihilation ECL of
[Ru(bpy)3]

2+ does not work well in aqueous solutions due to
the required low reduction bias lying outside of the potential
window of typical electrode materials. Coreactant ECL, on the
other hand, is extensively used in biosensing applications such
as in immunoassays. Our results will form the basis for future
experiments of enhanced ECL biosensing in nanoscale
confinement.
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Fig. 7 Two-dimensional finite
element simulation of a cross
section of a nanofluidic device.
The concentration of
[Ru(bpy)3]

2+* is shown, which is
equivalent to intensity profiles of
light emission. a Mixed
coreactant/annihilation reactions
with oxidation at the top and re-
duction at the bottom electrode. b
Coreactant pathway with oxida-
tion of [Ru(bpy)3]

2+ and TPA
taking place at the bottom elec-
trode (the top electrode is inac-
tive). c Annihilation pathway.
Bulk reservoir concentrations of
10 mM [Ru(bpy)3]

2+ and
100 mM TPAwere used for the
calculations shown in a and b,
and exclusively 10 mM
[Ru(bpy)3]

2+ was used for c. Note
the skewed aspect ratios of 10:1 in
panels a and c and 40:10 in b.
Panels a, b, c directly correspond
to the experimental profiles
shown in Figs. 5 and 6
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1. Finite element calculations  

We employed COMSOL Multiphysics 5.2a for two-dimensional finite element calculations of 

steady-state concentration profiles in a nanochannel based on our previous simulations [1, 2]. 

The geometry consists of a 26 µm long and 100 nm high nanochannel. This channel is 

coupled via two 3 µm wide and 500 nm high access channels to a 48 µm by 7 µm reservoir 

(see Figure 7 in the main text). The boundaries of the reservoirs are set at constant 

concentrations of 100 mM TPA and 10 mM [Ru(bpy)3]
2+. 

Molecules in solution move exclusively by diffusion. Thus, mass transport for all species j is 

governed by Fick’s law 
𝜕𝑐𝑗

𝜕𝑡
= 𝐷𝑗∇

2𝑐𝑗. We set all diffusion coefficients Dj to 10-9 m2s-1. 

For co-reactant pathways, we adapted the numerical reaction model of Valenti et al. [3]. In 

this pathway, [Ru(bpy)3]
2+ and TPA are oxidized at an electrode surface. The following 

reactions occur:  

[Ru(bpy)3]
2+

𝑘1
→ [Ru(bpy)3]

3+ + 𝑒−                                   (S1) 

TPA 
𝑘2
→  TPA•+ + 𝑒−                                   (S2) 

TPA•  
𝑘3
→  P1 + 𝑒−             (S3) 

Here, 𝑘1 is the rate constant for [Ru(bpy)3]
2+ oxidation with 

  𝑘1 = 𝑘0 exp [
(1−𝛼)𝐹(𝐸bot−𝐸h)

𝑅𝑇
]                 (S4) 

(𝑘0  = 0.01 m s-1 standard rate constant, 𝛼  = 0.5 charge transfer coefficient, F: Faraday 

constant, R: gas constant, T: temperature, Ebot = 1.5 V electrode potential, Eh: formal potential 

for  [Ru(bpy)3]
2+ oxidation). TPA is oxidized in the same way with the rate constant 𝑘2 =

𝑘0 exp [
(1−𝛼)𝐹(𝐸bot−𝐸0)

𝑅𝑇
] (E0: formal potential for TPA oxidation). The radical TPA• reacts also 

very fast to the product P1 with 𝑘3 = 𝑘0 exp [
(1−𝛼)𝐹(𝐸bot−𝐸0d)

𝑅𝑇
] (E0d: formal potential for TPA 

oxidation). All these oxidation reactions at the electrode are fast at the chosen potential and do 

not limit the overall rate kinetics and concentration distributions. 

In the bulk solution in the nanochannel, access holes and reservoirs, two reactions involving 

TPA compounds are competing. In a first reaction, the ‘revisited’ route, TPA• radicals and 

TPA•+cation radicals react with [Ru(bpy)3]
2+ to form the excited luminophores: 

TPA• + TPA•+ + [Ru(bpy)3]
2+  

𝑘5
→ P1 + TPA + [Ru(bpy)3]

2+∗  (S5) 

with k5 = 106 M-1 s-1.  

Simultaneously, TPA•+ cation radicals formed at the electrodes deprotonate  

TPA•+
𝑘6
→ TPA• + H+              (S6)   

with the deprotonation rate constant k6 = 3500 s-1. 

Excited luminophores return to the ground state [Ru(bpy)3]
2+ by emitting light   

  [Ru(bpy)3]
2+∗

𝑘em
→   [Ru(bpy)3]

2+ + h𝜈       (S7) 

with a high emission rate of kem = 108 s-1. (We did not consider a light profile h𝜈 explicitly 

and use the equivalent [Ru(bpy)3]
2+∗ profile instead.) 
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The light emission profile is predominantly governed by the deprotonation rate k6. This rate is 

identical to the lifetime of TPA•+; it determines how far these radical cations can diffuse away 

from the electrode before deprotonation. It means that this lifetime sets a limit to the maximal 

distance from the electrode surface at which light can be emitted.  

An alternative pathway for the formation of excited states, and, thus, light emission, is the 

reduction of [Ru(bpy)3]
3+ by TPA• radicals:  

TPA• + [Ru(bpy)3]
3+

𝑘5
→ P1 + [Ru(bpy)3]

2+∗      (S8) 

In the annihilation pathway, additional reactions take place, luminophores are reduced at the 

cathode:  

[Ru(bpy)3]
2+ + 𝑒−

𝑘1
→ [Ru(bpy)3]

1+,        (S9) 

and recombination/annihilation of reduced and oxidized luminophores ( [Ru(bpy)3]
+ and 

[Ru(bpy)3]
3+, respectively) takes place in the bulk of the nanochannel generating the excited 

[Ru(bpy)3]
2+∗  state: 

 [Ru(bpy)3]
+ + [Ru(bpy)3]

3+
𝑘𝑎𝑛𝑛
→  [Ru(bpy)3]

2+ + [Ru(bpy)3]
2+∗ (S10) 

Here, 𝑘𝑎𝑛𝑛  is the annihilation rate constant with a value of 109 M-1 s-1. The numerical 

calculation also considers possible 2-electron processes of luminophore as well as 

consumption of excited luminophores at the electrode surface (see ref. [1,2]).  

Fig. S1 show concentration profiles of all involved compounds for three pathways show in the 

main text (see Figure 5, 6, 7). The second row in Figure S1 is identical to Figure 7 in the main 

text. The numerical results show, that, in coreactant modes, the light emission profile is 

determined by the profile of the TPA coreactant radical, i.e., by the lifetime of TPA•+ before 

deprotonation.  
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Fig. S1 Finite element calculation of excited concentration profiles for all considers compounds. 

Column a) Mixed coreactant/annihilation with oxidation at the top electrode and reduction at the 

bottom electrode. b) Both coreactant pathways with oxidation at the bottom electrode. c) Annihilation 

pathway with oxidation at the top and reduction at the bottom electrode. Boundary conditions are a 

concentration of 10 mM [Ru(bpy)3]2+ for all panels and additionally 100 mM TPA for a), b). Aspect 

rations are a) 40:1, b) 10:1; c) 40:1  
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2. Contributions of pathways to coreactant ECL  

In coreactant ECL mode, two pathways lead to the generation of excited luminophore (see 

Figure 1b,c in the main text). We simulated the individual pathways separately to estimate the 

contribution of each reaction scheme to light generation. 

In Fig. S2, [Ru(bpy)3]
2+∗ concentration profiles generated by reaction (S5) and reaction (S8) 

are compared. Using only eq. (S5), light is emitted at a farther distance from the oxidizing 

bottom electrode. No light is emitted directly at the electrode surface as [Ru(bpy)3]
2+  is 

depleted there. Overall, the maximal [Ru(bpy)3]
2+∗  concentration is almost seven times 

lower for reaction (S5) compared to reaction (S8), i.e., light emission intensity is faint. When 

comparing Figures S2 b) and c), the maximal [Ru(bpy)3]
2+∗ for reaction (8) is about 80% of 

the concentration for the case of both pathways occur simultaneously. Therefore, we 

conclude, that about 80% of the light is generated via reaction (S8) and 20% via reaction (S5). 

Direct oxidation of [Ru(bpy)3]
2+ dominates over the ‘revisited’ route.  
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Fig. S2 Finite element calculation of excited luminophore [Ru(bpy)3]
2+∗  concentrations. 

Concentration profiles generated via equation (S5) and (S8) are compared in panels (a) and (b), 

respectively. Panel (c) shows the calculated profiles for both reactions occurring simultaneously. Note 

the different concentration scales, the maximal [Ru(bpy)3]
2+∗ concentration is increased 9 times for 

both reactions compared to eq. (S5) (The aspect ratio is skewed 10:1, panel c is identical to Figure 7b 

in the main text.) 

 

 

3. Side reaction in mixed annihilation/coreactant ECL 

The experimentally observed emission intensity of the mixed annihilation/coreactant pathway 

is very faint (see Figure 5a in the main text). In contrast, numerical simulations yield a very 

high intensity of the pathway, higher than for the individual coreactant as well as annihilation 

schemes (see Figures 7, S1). We suspect that possible competing side reactions involving 

TPA could greatly diminish the efficiency of generating exciting luminophores. Moreover, in 

the mixed pathway, a high concentration of inactive TPA is generated in the nanochannel 

where it accumulates because diffusion out of a long channel is slow (Figure S1a, bottom 

row, shows a high 80 mM concentration of accumulated product).   
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We estimate the effect of parasitic side reactions in a simulation by slightly reducing the 

conversion efficiency of the TPA reaction (S5) of the ‘revisited’ pathway by 0.1% and 1%, 

respectively. (Reaction S5 corresponds to equations (10, 11) in the main text). This means, in 

the generation of TPA and [Ru(bpy)3]
2+∗, the molarities of these products (as compared to 

molarities of the reaction educts) are reduced to 99.9% and 99%, respectively (compared to 

100% conversion yield in all previous simulations). In other words, the concentration of TPA 

and [Ru(bpy)3]
2+∗ (generated by reaction S5) are both multiplied with factors 0.999 and 0.99, 

respectively, to simulate loss of TPA and [Ru(bpy)3]
2+∗ due to competing side reactions. In 

Fig. S3, [Ru(bpy)3]
2+∗ concentrations profiles are compared, showing a considerably reduced 

concentrations corresponding to reduced light emission with increasingly inefficient 

conversion.  

 

 

Fig. S3 Finite element calculation of excited luminophore [Ru(bpy)3]
2+∗ concentrations in a mixed 

coreactant/annihilation path-way. a) is identical to Figure 7a in the main text. In b) the efficiency of 

generating TPA and [Ru(bpy)3]
2+∗ according to reaction (S5) is reduced to 99.9%, in c) it is reduced 

to 99%. Note the concentration scales: [Ru(bpy)3]
2+∗ concentration is strongly reduced for reduced 

conversion rates 
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