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nitroxide radicals as redox mediators 

Daniel Holzhacker , Andreas Ringleb , Derck Schlettwein * 

Institut für Angewandte Physik, Justus-Liebig-Universität Giessen, Heinrich-Buff-Ring 16, Giessen, Hesse 35392, Germany   

A R T I C L E  I N F O   

Keywords: 
Photoelectrochemistry 
Dye-Sensitized Solar Cell (DSSC) 
Electrode kinetics 
Aqueous redox electrolyte 
Mediator regeneration 

A B S T R A C T   

For new components in dye-sensitized solar cells (DSSCs), identification and quantification of rate-limiting steps 
is needed to evaluate their applicability. This is particularly important if fundamental changes are studied. In this 
work, the use of a micro-reference electrode in DSSCs is proposed to increase the significance of electrochemical 
impedance spectroscopy. The recombination of charge carriers at the photoanode and the regeneration of redox 
mediators at the counter electrode, which typically occur on similar timescales, could be studied separately but 
simultaneously in cells under operating conditions. This is particularly useful in the study of water-based DSSCs. 
Here, cells with 2,2,6,6-Tetramethylpiperidinoxyl (TEMPO) or 4-Hydroxy-TEMPO (OH-TEMPO) as redox me
diators using additives like 1-Methylbenzimidazole (MBI) are discussed. It was revealed that the charge transfer 
resistance (RCE) for the reduction of the oxidized redox mediator at the counter electrode (CE) limits the fill 
factor (FF) of such DSSCs. TEMPO/MBI electrolytes yielded low RCE and high FF, whereas OH-TEMPO in 
otherwise identical cells resulted in large RCE, low FF, and low conversion efficiencies. This indicates that the 
interface between the CE and the electrolyte significantly influences the DSSC performance of these cells and 
strongly depends on the electrolyte composition. Important optimization strategies could be discussed based on 
the present results.   

1. Introduction 

Dye-sensitized solar cells (DSSCs) serve as an alternative concept for 
the photovoltaic (PV) conversion of light into electricity. Despite their 
low power conversion efficiency (PCE) under standard AM1.5 condi
tions, DSSCs are of technical interest due to their low energy payback 
times, low toxicity, and versatile applications in, e.g., building- 
integrated or indoor PV [1–3]. Referring to the latter, DSSCs provided 
good PCEs in part even out-performing established Si-based cells [4]. 

In an ongoing attempt to increase the sustainability of DSSCs further, 
the substitution of the commonly used solvent acetonitrile with water 
became a central aspect of research [5–7]. Also, the most efficient redox 
mediators, i.e. iodine (I− /I3− ) or cobalt complexes such as 
CoIII/II(6-(1H-pyrazol-1-yl)− 2,20-bipyridine) (Co(bpy-pz)3+/2+), are 
problematic due to the disadvantageous optical properties and low 
solubility of iodine [8,9] as well as the carcinogenicity of cobalt [10]. 

As an alternative, aqueous solutions of the nitroxide-radical 2,2,6,6- 
tretramethylpiperidinoxyl (TEMPO) have been suggested, owing to 

rapid one-electron transfer kinetics and a highly positive redox potential 
Eredox = 0.71 V vs. NHE [11] (compared to 0.35 V for I-/I3− [9] or 0.60 V 
for Co(bpy-pz)3+/2+ [12]). Aqueous TEMPO-based DSSCs have been 
reported and already achieved a PCE of 4.1 % with a high open-circuit 
voltage Voc = 0.955 V, short-circuit photocurrent density jsc = 5.78 
mA cm-2, fill factor FF = 0.75, using a concentration CTEMPO = 0.15 M 
[11]. However, the low solubility of TEMPO in water < 0.15 M limits the 
jsc and, hence, PCE. In order to increase the jsc, higher concentrations of 
the redox mediator (Credox) are desired since jsc can in first approxima
tion be assumed to be proportional to Credox. 

The hydrophilic TEMPO-derivative 4-Hydroxy-TEMPO (OH- 
TEMPO) is a promising candidate due to its cost-effective synthesis from 
abundant chemicals (acetone and ammonia), high solubility in water 
(COH-TEMPO, max > 2 M), and Eredox = 0.81 V vs. NHE, even more positive 
than that of TEMPO [13]. However, a successful example for the 
application of OH-TEMPO in aqueous DSSCs yielded PCE = 2.1 % (jsc =

4.5 mA cm-2, Voc = 0.69 V, FF = 0.64, COH-TEMPO = 1.0 M), while a rather 
complex counter electrode (CE) of Nafion-coated Pt had to be used [14]. 
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It is, thereby, indicated that an optimized interaction of OH-TEMPO 
with the CE of the DSSC is of great importance to fully exploit its po
tential as redox mediator and should be studied in detail. However, in 
the common DSSC architecture consisting of the sensitized photoanode 
(working electrode, WE) and CE, the CE properties have to be extracted 
either from the impedance data of a full cell, in which different processes 
are typically found superimposed at similar frequencies, or from sepa
rately built model systems, e.g., symmetrical cells with another CE 
instead of the photoanode. The former approach typically does not allow 
a reliable characterization of the counter electrode kinetics, while the 
latter approach does not allow simultaneous characterization of the 
reactions at the WE, which is decisive in DSSCs. Further, unknown side 
products from the illuminated photoanode might as well interact with 
the CE and cannot be studied in such symmetrical cells. 

Similar problems were also faced in lithium-ion battery [15–19] and 
solid-oxide fuel cell [20–22] research, where the application of an 
additional microscopic quasi-reference electrode (µRE) receives ongoing 
attention to separately and simultaneously determine the impedance of 
anodes and cathodes under operating conditions, both individually 
referred to the common µRE in the cells. 

Here, we used a similar approach to introduce appropriate µREs into 
DSSCs. Previous attempts to include a macroscopic reference electrode 
in DSSCs significantly altered the cell architecture and, hence, nega
tively affected important cell properties and, e.g., added an additional 
diffusion resistance due to an unrealistically large electrode distance 
[23,24]. In the present work, by using a micrometer-sized metal wire as 
a µRE, the electrode kinetics at both WE and CE of DSSCs could be 
studied in operando and, hence, details of the rate-limiting steps in 
aqueous DSSCs could be revealed. 

2. Experimental 

2.1. Cell preparation 

Aqueous DSSCs were prepared by sandwiching a TiO2 photoanode 
and a poly(3,4-ethylenedioxythiophene) (PEDOT) counter electrode 
with a melting polymer foil (Meltonix, thickness = 25 µm, Solaronix). 
The photoanodes consisted of a spin-coated blocking layer (Ti-Nanoxide 
BL/SC, Solaronix, 50 µL, 3000 rpm for 30 s) and a circular (diameter d =
6 mm), 2 – 4 µm thick screen-printed layer of porous TiO2 (18 NR-T 
paste, Greatcell Solar) on FTO (KV-FTO-R15, Kaivo). The TiO2 films 
were annealed at 500 ◦C. After immersion in a 40 mM aqueous TiCl4 
(TCI) solution for 30 min at 70 ◦C and subsequent firing at 500 ◦C for 1 h 
[25], the porous TiO2 was sensitized in a 0.2 mM dye solution of Y123 
(Dyenamo) in ethanol overnight. The counter electrodes consisted of 
electrodeposited PEDOT on FTO substrates with two predrilled holes for 
the injection of the electrolyte. PEDOT was electrodeposited from an 
aqueous solution of 0.01 M 3,4-ethylenedioxythiophene (TCI) and 0.1 M 
sodium dodecyl sulfate (Roth) at a current density of 0.2 mA cm− 2 for 
100 s. In the case of three-electrode DSSCs, two layers of the melting foil 
sandwiching a thin platinum wire (d = 25 µm) were placed between the 
WE and CE with no additional measures needed to prevent 
short-circuits. Symmetric cells consisted of two PEDOT-coated sub
strates (one with holes for electrolyte injection, one without holes), 
connected by one layer of melting foil. 

The TEMPO electrolyte solutions consisted of 0.1 M TEMPO 
(Aldrich), 0.05 M TEMPOBF4, and 0.02 M LiClO4 (Roth) in deionized 
water (σ = 0.85 µS cm− 1). For OH-TEMPO electrolytes, OH-TEMPO 
(TCI) and OH-TEMPOBF4 were used instead of TEMPO. TEMPOBF4 
and OH-TEMPOBF4 were synthesized [26] from TEMPO and 
OH-TEMPO, respectively, in the presence of HBF4 and NaOCl solution 
(Roth, 12 % Cl) and recrystallized from water and the products yielded 
the expected redox potentials [11,13] as confirmed by cyclic voltam
metry (Fig. S1). To some electrolyte solutions, 0.2 M 1-methylbenzimi
dazole (MBI, Aldrich) or 0.05 M tert-butylpyridine (TBP, Aldrich) were 
added. Further, a 1.0 M OH-TEMPO (including 0.5 M OH-TEMPOBF4 

and 0.02 M LiClO4) electrolyte was used. All chemicals were used 
without further purification. All filling holes in the CEs were sealed with 
melting foil and glass cover slips. 

2.2. Characterization 

Electrochemical impedance spectroscopy (EIS) and measurements of 
the current density (j) depending on the applied potential difference 
(Vappl) on DSSCs were carried out using a BioLogic SP-50e potentiostat 
under AM1.5 G illumination, realized with a Xenon lamp (LOT Oriel) 
controlled by a calibrated silicon diode (EKO Instruments). EIS experi
ments were performed at open-circuit with a modulation amplitude of 
10 mV between CE and WE in a frequency (f) range of 105 – 10− 1 Hz. To 
test for limitations by the reactions at the CE for a given electrolyte 
composition, the dependence of j on Vappl was measured for symmetrical 
cells in cyclic potential sweeps with the SP-50e in the dark. For all j-Vappl 
curves, a scan rate of 50 mV s-1 was used. EIS data were fitted with the 
help of the software RelaxIS (rhd instruments). Fig. 1 shows the archi
tecture of a µRE-DSSC including the equivalent circuit used in this work. 
The transmission line model was chosen as established in the literature 
on DSSCs [27]. To describe parallel circuits of a resistor (R) and a con
stant phase element (shown as << in Fig. 1), i.e., to model charge 
transfer at the solid | liquid interfaces, Zarc elements were used [28]. 

3. Results and discussion 

3.1. Photovoltaic cell characteristics 

Fig. 2a shows j-V curves of DSSCs with differently composed elec
trolyte solutions. The 0.1 M TEMPO/MBI cell achieved a power con
version efficiency (PCE) of 2.98 % owing to a high Voc and FF but small 
jsc limited by the low achievable concentration of the redox mediator 
(Table 1). Substituting TEMPO with OH-TEMPO at the same concen
tration yielded a higher jsc and Voc, showing the attractive characteristics 
of this redox mediator. However, a significantly smaller FF was reached, 
leading to a poor PCE. Trying to overcome part of the problem by 
replacement of MBI by a different organic additive (4‑tert-butylpyridine, 
TBP) resulted in an even inferior DSSC. An identically low FF and even 
smaller jsc and Voc were measured. Not using additives at all yielded a 
satisfying FF, similar to 0.1 M TEMPO/MBI, but jsc and Voc were 
considerably smaller, indicating very fast recombination at the photo
anode, speaking in favor of a constructive role of MBI and TBP as ad
ditives to suppress recombination at the WE but, apparently, of a 
competing problematic role in other parts of the cell, decreasing the FF. 
Increasing the OH-TEMPO concentration to 1.0 M without additives 
resulted in a complete loss of the generated electrons, underlining the 
necessity to use additives to suppress recombination at the WE. 

To elucidate the problems caused by the additives in the cells, the 
respective electrolyte | CE interfaces were studied by CV experiments in 
symmetric cells (Fig. 2b), in order to analyze the effects of different 
additives on the kinetics at the PEDOT counter electrodes. TEMPO/MBI 
electrolytes showed diffusion-limited, i.e., Ohmic behavior for small 
overpotentials and saturation at the diffusion-limited current density 
(jlim). 

In contrast, the corresponding OH-TEMPO/MBI electrolyte showed 
kinetically limited characteristics, i.e., overpotentials of > 0.4 V neces
sary to draw a significant current. This was also seen to a similar extent 
when using TBP. These additives were needed to achieve an appreciable 
Voc at the photoanode (Fig. 2a), but obviously their (advantageous) 
activity was not just limited to the photoanode but also (disadvanta
geously) affected the cathode. In contrast, additive-free solutions of OH- 
TEMPO showed diffusion-limited characteristics, proving the re
sponsibility of the organic additives for the observed kinetic limitation 
of the charge transfer reactions at PEDOT. Thus, the pure OH-TEMPO | 
PEDOT interface seems to be suitable for DSSCs, albeit the charge 
transfer resistance was slightly higher, and the diffusion-limited current 
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density was slightly lower (RCV, OH-TEMPO = 40.0 Ω, jlim, OH-TEMPO = 6 mA 
cm-2) than for the reference 0.1 M TEMPO/MBI electrolyte (RCV, TEMPO =

21.6 Ω, jlim, TEMPO = 14 mA cm-2). The influence of additives, however, 
inevitable for well-performing photoanodes, deserves special attention 
on the OH-TEMPO | PEDOT interface. 

3.2. Establishing µRE-EIS in DSSCs using TEMPO as redox mediator 

To precisely investigate the CE kinetics in DSSCs under operating 
conditions, impedance measurements assisted by the use of micro- 
reference electrodes were performed, in which the photoanode (WE) 
vs. µRE and the PEDOT counter electrode (CE) vs. µRE impedance 
contributions were simultaneously obtained but could be evaluated 
separately. To establish the validity of such experiments, the influence of 
the adjusted DSSC architecture was studied. Therefore, DSSC in three 
different architectures (concerning the spatial separation of WE and CE) 
were compared: 

Type A: one melting foil spacer (25 µm electrode spacing, regular 
arrangement in DSSCs), 
Type B: two melting foil spacers (50 µm electrode spacing to test for 
the impact of larger distance), 
Type C: two melting foil spacers sandwiching a 25 µm thick platinum 
wire (60 µm electrode spacing, assembly for cell with µRE). 

Fig. 1. Schematic representation of the equivalent circuit of a DSSC used to fit the data. The cell is divided into two half-cells by the reference electrode. The 
photoanode half-cell consists of a series resistance (Rs

WE), a transmission line model (TLM), and a Warburg-short element (Ws
WE) describing the ionic conductivity of 

the electrolyte. In the TLM, Rtr denotes the electrical transport resistance along the TiO2 nanoparticles, Rr is the recombination resistance, Cµ is the chemical 
capacitance, and CBL is the capacitance of the blocking layer | electrolyte interface. The counter electrode half-cell is composed of one Zarc element modeling the 
charge transfer at the electrolyte | PEDOT interface (RCE and CCE), a Warburg-short element (Ws

CE), and a series resistance (Rs
CE). 

Fig. 2. j-V curves of TEMPO and OH-TEMPO electrolytes in (a) DSSCs (maximum power points marked by symbols) and (b) symmetric cells consisting of two PEDOT- 
substrates (vertex potentials marked by symbols, loop indicated by arrows on the 0.1 M TEMPO/MBI curve, right axis for 1.0 M OH-TEMPO only). Cyclic vol
tammograms of the redox mediators using a reference electrode are depicted in Fig. S1. 

Table 1 
Solar cell characteristics of DSSCs with different TEMPO- and OH-TEMPO-based 
electrolytes under AM1.5 illumination.  

Redox-Mediator Additive jsc / mA cm− 2 Voc / V FF PCE / % 

0.1 M TEMPO 0.20 M MBI 4.07 1.05 0.70 2.98 
0.1 M OH-TEMPO 0.20 M MBI 5.33 1.14 0.18 1.10 
0.1 M OH-TEMPO 0.05 M TBP 4.01 0.92 0.19 0.69 
0.1 M OH-TEMPO None 2.12 0.73 0.64 1.04 
1.0 M OH-TEMPO None 0.44 0.07 0.20 0.01  
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Fig. 3 shows j-V curves and WE vs. CE impedance spectra of these 
cells. All modifications were within the regular margin of variation for 
one set of cells. According to the increased electrode distance, the 
diffusion-related contribution, i.e., the Warburg parameter ZWs (from 
Ws), slightly increased for type C (Table 2). However, the solar cell 
parameters were not affected by the adjustment of the architecture 
(Table 2), indicating that types B and C functioned as desired and 
equally well to type A. 

Type C cells containing a TEMPO/MBI electrolyte were then studied 
by µRE-assisted EIS. Typically, the impedance of a DSSC is composed of 
three semicircular features which are attributed to CE charge transfer 
superimposed to electron transport in the photoanode (high f), recom
bination at the photoanode (intermediate f), and diffusion of the redox 
mediator in the electrolyte (low f) [27]. Only for DSSCs with a low 
counter electrode impedance, the transport of electrons in the porous 
TiO2 dominates at high frequencies and the CE contribution can be 
neglected [27]. The recorded WE vs. µRE, CE vs. µRE, and WE vs. CE 
spectra are shown in Fig. 4a – c, respectively. 

The photoanode contribution (Fig. 4a) was fitted with the common 
equivalent circuit used for TiO2-DSSCs, as the expected features origi
nating from the transmission line model were observed at high and in
termediate frequencies, corresponding to the transport of electrons in 
the TiO2 (Rtr, high f) and recombination of electrons with TEMPO+ (Rr, 
intermediate f), respectively. In addition, a Warburg-short element was 
used to account for the diffusion of the redox mediator in the electrolyte 
and in the porous electrode (low f). In the CE vs. µRE spectrum (Fig. 4b), 
two semicircular features were found at, however, significantly smaller 
absolute impedances. The intermediate-frequency feature corresponds 
to the reduction of TEMPO+, and the feature at low frequencies is caused 
by the diffusion of TEMPO+/0 in the electrolyte. Very good fits to the 
separated data were obtained based on the models by the respective 
equivalent circuits. 

Fig. 4c shows the superposition of the individual WE vs. µRE and CE 
vs. µRE fits which perfectly describe the experimental impedance data 
measured between the WE and CE of the full cell. Both, the validity of 
the experimental approach as well as the validity of the individual 
components of the equivalent circuit are, thereby, proven. Hence, the 
full cell equivalent circuit consisted of Rs = Rs

WE + Rs
CE, ZWs = ZWs

WE + ZWs
CE, 

TLM (consisting of Rtr, Rr, Cµ and CBL), and ZCE (consisting of RCE and 
CCE). The strong asymmetry of the diffusion, i.e., the significantly larger 
diffusion resistance in the WE half-cell, is related to the slower mediator 
diffusion in the porous TiO2 network of the WE, while in the CE half-cell 
no such porous structure is present to hinder the electrolyte diffusion. 

Thus, contributions at intermediate frequencies are characteristic for 
both the TLM (WE) and the reduction of TEMPO+ (CE). This is note
worthy, as both contributions superimpose in the typically recorded 
impedance spectrum between the WE and CE as seen in Fig. 4c and 
cannot be discussed nor optimized separately based on such routine 
experiments. If EIS is used to extract Rr from such full cell impedance 

Fig. 3. Comparison of the (a) j-V characteristics and (b) WE vs. CE impedance 
spectra of TEMPO/MBI-DSSCs of different architectures A (25 µm), B (50 µm), 
and C (60 µm). In a), symbols are added to label the data curves. In b), symbols 
correspond to data points and lines represent the fits obtained with the 
equivalent circuit shown as inset. 

Table 2 
Solar cell characteristics and Warburg parameter ZWs of DSSCs in the three cell 
architectures leading to different separation of the photoanode and the CE.  

Architecture ZWs / Ω jsc / mA cm− 2 Voc / V FF PCE / % 

A, 25 µm 18.5 4.05 1.02 0.70 2.91 
B, 50 µm 19.2 4.07 1.04 0.71 3.00 
C, 60 µm (incl. wire) 26.1 4.07 1.05 0.70 2.99  

Fig. 4. (a) WE vs. µRE, (b) CE vs. µRE, and (c) reconstructed WE vs. CE 
impedance spectra of an aqueous 0.1 M TEMPO/MBI DSSC with a PEDOT 
counter electrode in the proposed architecture using a µRE in the cell. Symbols 
represent data points, while red lines are the fits performed with the respective 
equivalent circuits shown as insets. The blue line in c) shows the superposition 
of the fits of sub-spectra a) and b). A direct, quantitative comparison of the 
three spectra is provided in Fig. S2. 
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(WE vs. CE) as often done in literature, rather a superposition of Rr and 
RCE is obtained which yields reasonable values of Rr only for those cases 
in which RCE is negligibly small. As Table 3 shows, fitting the WE vs. CE 
spectrum yields Rr

WE vs. CE
TEMPO = 57.9 Ω (with a hidden contribution of RCE), 

while the WE vs. µRE spectrum (Fig. 4a) yielded a correct value of Rr
WE

TEMPO = 57.3 Ω. The difference can be found in the CE vs. µRE spectrum, 
from which RCE (TEMPO) = 1.32 Ω is obtained. Since the time constants 
are not identical, the sum of Rr

WE
TEMPO and RCE (TEMPO) is slightly larger 

than the value obtained from the full cell measurement. While the slight 
difference of Rr

WE
TEMPO and Rr 

WE vs. CE
TEMPO is negligible because of a low CE 

impedance, it is relevant for systems with larger CE impedances as, e.g., 
cells using OH-TEMPO. 

Since the full cell impedance (WE vs. CE) in the three-electrode setup 
is reconstructed from the half-cell spectra, such a spectrum was 
compared to a spectrum of the same cell recorded in a true two-electrode 
EIS arrangement. The equivalence of the two experimental approaches 
is seen in the results of Fig. 5, since the difference ΔZ of Z’ and Z’’ of 
these two spectra is negligibly small (< 2 Ω down to 1 Hz). 

3.3. µRE-EIS with OH-TEMPO as redox electrolyte 

Subsequently, DSSCs using OH-TEMPO as the redox mediator were 
studied by µRE-EIS and compared to the reference cells with the 
TEMPO/MBI electrolyte. Substituting the TEMPO+/0 redox couple with 
OH-TEMPO+/0 in otherwise identical cells resulted in a similar Rr at a 
lower frequency (Fig. 6a, Table 4). This corresponds to a decreased 
recombination rate in accordance with the higher jsc and Voc for cells 
with OH-TEMPO compared to TEMPO/MBI cells (Fig. 2a, Table 1). At 
the same time, RCE (OH-TEMPO) = 137.1 Ω was obtained from the CE vs. 
µRE spectrum for OH-TEMPO/MBI (Fig. 6b), corresponding to a signif
icantly hindered reduction of OH-TEMPO+ at the CE. This agrees well 
with the significantly lower fill factor in comparison to the TEMPO/MBI 
cells. The finding, further, is supported by the large overpotentials 
necessary for OH-TEMPO/MBI to draw a significant current (Fig. 2b). 

In cells of 0.1 M OH-TEMPO without organic additives (Fig. 6c and 
d), the impedance generally showed a similar behavior as that of 
TEMPO/MBI cells. However, despite a comparable recombination 
resistance, the solar cell characteristics were clearly inferior to the 
TEMPO/MBI cell (Table 1). This correlates with the differences of the 
chemical capacitance and, correspondingly, the recombination time 
constants τr of the interfacial element of the transmission line, which 
were found to be smaller for OH-TEMPO (τr = 0.52 ms) than for TEMPO 
(τr = 2.68 ms). Thus, while Rr is similar for both electrolytes, the 
recombination process is faster for OH-TEMPO electrolytes if no addi
tives are used. 

Increasing the OH-TEMPO concentration to 1.0 M without any ad
ditives (Fig. 6e and f) resulted in Gerischer-type behavior of the pho
toanode, as suggested by the absence of the high-frequency feature of 
electron diffusion in TiO2. Fitting yielded Rr < Rtr [29], which indicates 
a dramatic loss of the generated electrons through recombination and 

underlines the generally accepted importance of additives to suppress 
recombination. As also observed for the 0.1 M electrolyte without ad
ditives, the CE contribution was negligibly low. While a reasonable CE 
performance could be reached under these conditions, these same con
ditions do not allow a reasonable WE performance. To this end we could 
not establish a suitable cell composition yet to fully utilize the generally 
promising properties of OH-TEMPO. 

4. Conclusions 

A microscopic quasi-reference electrode was successfully incorpo
rated in DSSCs without negatively affecting the operation of the cells. By 
carrying out impedance spectroscopy using the µRE, we were able to 
investigate the electrode kinetics of both the photoanode and the 
counter electrode precisely and simultaneously under operating condi
tions. Using this technique, a correlation of counter electrode charge 
transfer resistance RCE and FF of the DSSCs was identified. Additionally, 
a superposition of RCE and Rr was observed, suggesting that Rr obtained 
from the full cell impedance spectrum recorded in a regular two- 
electrode setup (WE vs. CE) includes contributions of RCE, resulting in 
an over-estimation of the actual recombination resistance. It was shown 
that in the case of aqueous OH-TEMPO+/0 electrolytes, MBI strongly 
affects the kinetics at both electrodes and while an increased Rr is 
beneficial, the simultaneously increased RCE significantly limits the ef
ficiency of the DSSCs. The presence of organic additives, however, 
proved to be necessary since low jsc and Voc were observed in cells 
without additives as a consequence of rapid recombination at the pho
toanode. Therefore, further optimization of the electrolyte composition 
and its interaction with the surfaces of WE and CE is needed to fully 
utilize the superior solubility and redox potential of OH-TEMPO or 
similar redox mediators in aqueous DSSCs. The present results indicate 
that localization of adsorbing additives at their target electrode is 
essential to avoid undesired negative impacts in other parts of the cells. 
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Table 3 
Fitting parameters of the 0.1 M TEMPO/MBI cell, corresponding to the data 
shown in Fig. 4, including fitting results obtained from fitting the full cell 
impedance (Fig. 4c) with the photoanode equivalent circuit, neglecting the CE 
impedance.  

Parameter WE vs. µRE 
(photoanode) 

CE vs. µRE 
(counter 
electrode) 

WE + CE 
(superposition) 

WE vs. CE (full 
cell fit 
neglecting CE 
impedance) 

Rs / Ω 18.3 20.1 38.4 38.5 
ZWs / Ω 22.5 7.0 29.5 29.5 
Rr / Ω 57.3 — 57.3 57.9 
τr / ms 2.99 — 2.99 2.97 
RCE / Ω — 1.32 1.32 — 
τCE / ms — 0.17 0.17 —  

Fig. 5. Differences of the real parts (ΔZ’) and the imaginary parts (ΔZ’’) of the 
total cell impedance determined either in a µRE- or in a two-electrode EIS 
measurement of the same 0.1 M TEMPO/MBI DSSC. Lines are added to guide 
the eye. 
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