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ABSTRACT: The performance of dye-sensitized solar cells (DSSCs) depends on the properties
and interactions of three fundamental components: the semiconductor, chromophore, and
electrolyte. For the electrolyte, the dependence of DSSC performance on the identity and valence
state of the spectator cation has not been well studied in p-type semiconductor systems, although
the effects of these species in n-type TiO2 devices are significant, producing large shifts in
semiconductor flat-band potential, charge-transfer kinetics, photocurrent, and open-circuit voltage
(VOC). Here, we vary the spectator cation in p-type NiO DSSCs and demonstrate an increase in
VOC by over 50% with two common redox couples. Using optimal cations, we achieved high VOC
values without a significant reduction in photocurrent. Mott−Schottky analysis and electro-
chemical impedance spectroscopy reveal that the cation can shift the flat-band potential of NiO
by nearly 1 V and substantially alter the lifetime of charge carriers and charge-transfer resistance at the semiconductor−electrolyte
interface. Differences between the anionic and cationic redox couples employed suggest favorable and unfavorable interactions,
respectively, with divalent cations at the NiO surface, causing increases and decreases in charge carrier recombination rate constants.
Our results highlight the complex interaction between the semiconductor and electrolyte solution and indicate that varying the
cation should yield immediate improvements in device metrics for most p-type DSSC systems.
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1. INTRODUCTION

Dye-sensitized solar cells (DSSCs) are a potential low-cost
alternative to traditional silicon solar cells,1 and the basic
components include a semiconductor, a chromophore, and an
electrolyte containing a redox couple. Upon illumination, the
photoexcited chromophore transfers a hole (electron) to the p-
type (n-type) semiconductor, typically the metal oxides NiO
and TiO2 for p- and n-type devices, respectively.2−6 The
chromophore subsequently undergoes charge transfer with a
redox-active species in the electrolyte, which in turn reacts with
a counter electrode, completing the circuit. To improve device
performance, each component must be optimized. While
research in n-type DSSCs has examined all of these
components in depth,5,7−14 prior studies on p-type DSSCs
have prioritized the semiconductor and chromophore6,15−18 or
the identity of the redox couple in the electrolyte.19,20 As a
result, the energetics of common electrolytes may be poorly
optimized for p-type DSSCs. Here, we examine the impact of
spectator metal cations in the electrolytes and find it has a
substantial impact on performance.
Although they are nominally spectators that do not

participate in redox reactions, cation species are known to
have significant impact in TiO2 n-type DSSCs.7,8,13,21−25 The
cations adsorb to electrode surfaces,25 altering the charge
equilibrium at the semiconductor−electrolyte interface and
causing a shift in the flat-band potential (VFB) of the
semiconductor.26 Studies on mesoporous anatase TiO2 have
suggested that cations can intercalate into the lattice and that

the potential drop occurs across the semiconductor−solution
interface rather than from band bending within the semi-
conductor.27 Previous studies have indicated that cation
identity could have effects on NiO-based DSSCs as well.
The concentration of Li+ in solution has been found to affect
the position of the VFB in NiO DSSCs as well as the
performance of devices overall.28 In addition, the identity of
the cation in solution has been shown to affect the
electrochemical behavior of devices, especially in the potential
window wherein surface-based trap states are located.29−32

These states are known to have considerable impact on the
performance of NiO DSSCs and may be the primary source of
recombination in devices.29,33,34 They are often linked to
oxidized Ni sites at defects in the lattice,32,35 although some
studies have also linked the apparent states to cation
adsorption and desorption.29,30 However, in all prior studies
only monovalent cations were examined, and in this work the
influence of higher valence metal cations is studied.
In an ideal case, the open-circuit voltage (VOC) of a DSSC is

related to the potential difference between the Nernstian
potential of the redox couple and the quasi-Fermi level of the
semiconductor.26 Therefore, the VOC can in principle be
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increased by increasing that difference, either by changing the
redox couple, changing the semiconductor, or shifting the VFB
of the semiconductor by altering the surface electrostatics
through the surface charge equilibrium. Altering the cation in
solution offers a potentially straightforward method for altering
surface charge and effective surface dipoles, thereby controlling
the device VOC. Charge injection efficiencies and device
photocurrent have also been found to be dependent upon the
surface electrostatics, with charge injection yields and photo-
current in TiO2 films tending to increase as the VOC decreases
for electrochemically positive potential shifts of the TiO2 band
edge.8,13,25

One of the most common electrolyte systems in both p- and
n-type DSSCs utilizes the I−/I3

− redox couple in acetonitrile,36

which has been extensively used for devices with both NiO17

and TiO2.
2,36 An alternative electrolyte, which tends to

produce higher VOC values with NiO, uses the redox couple
tris(4,4′-di-tert-butyl-2,2′-dipyridyl)cobalt(II/III) perchlorate
(denoted CoII/III) in propylene carbonate.19,20 Here, we
compare the effects of Li+, Mg2+, and Al3+ on the performance
of NiO DSSCs using both the I−/I3

− and the CoII/III electrolyte
systems. In the CoII/III system, Na+, Sr2+, and Ca2+ were also
examined to determine the effect of ionic radius and charge
density. The two redox couples also allow us to compare the
effect of cationic versus anionic species, which may have
different interactions with cations adsorbed to the NiO surface.
We fabricate NiO DSSCs29 using the chromophore 4-(bis([5-
(2,2-dicyanovinyl)thiophene-2-yl]phenylamino)benzoic acid,
denoted P1,17 and we use electrochemical impedance
spectroscopy (EIS) to understand the origins of the shift in
device metrics.

2. EXPERIMENTAL SECTION
Materials and Reagents. Acetonitrile (99.6%), iodine

(>99.99%), lithium iodide (99.9%), lithium perchlorate (>95.0%),
calcium perchlorate tetrahydrate (99%), magnesium iodide (98%),
magnesium perchlorate (ACS reagent grade), aluminum iodide
(>95%), aluminum perchlorate nonahydrate (98%), α-terpineol
(anhydrous), and ethyl cellulose (300 cP viscosity) were all purchased
from Sigma-Aldrich. Strontium perchlorate trihydrate (98%) and
anhydrous sodium perchlorate (>98%) were purchased from Alfa
Aesar. Hydrated salts were dried under vacuum before use. Absolute
ethanol was purchased from Fisher Scientific. NiO nanoparticles
(product #28N-0801) were purchased from Inframat Advanced
Materials. 1,3-Dimethylimidazolium iodide and 25 μm thick Surlyn
polymer were purchased from Solaronix. P1 chromophore was
purchased from Dyenamo. All chemicals were used as received.
Fluorine-doped tin oxide (FTO) glass (TEC 15 Ω·cm2) was
purchased from Hartford glass and cleaned with typical organic
solvents and sonication. Tris(4,4′-di-tert-butyl-2,2′-dipyridyl)cobalt
(II/III) perchlorate, denoted CoII/III, was synthesized according to
previously published methods.37

Electrolyte Preparation. Iodide electrolytes were prepared by
dissolving solid I2 in acetonitrile to produce a 5 mM solution. An
iodide salt (LiI, MgI2, or AlI3) was then added to yield a solution that
is 5 mM in iodine and 1.0 M in the salt. Because of the highly
exothermic enthalpy of solvation for AlI3 in acetonitrile (and vigorous
reaction with water), addition was performed slowly with glassware
placed in an ice bath. CoII/III solutions were prepared by dissolving
equal moles of tris(4,4′-di-tert-butyl-2,2′-dipyridyl)cobalt(II) perchlo-
rate and tris(4,4′-di-tert-butyl-2,2′-dipyridyl)cobalt(III) perchlorate in
propylene carbonate to produce a solution 0.1 M in both CoII and
CoIII. The perchlorate salt of interest was then added to produce a 0.1
M solution. Note that the perchlorate salt solutions would degrade the
electrolyte over time, so solutions were prepared on the same day as

testing. Perchlorate salts are powerful oxidizers and have been known
to be explosive, so they should be handled with care.

NiO Electrode Preparation and Solar Cell Fabrication. NiO
spin-coating paste was prepared by using a literature method with
Inframat NiO nanoparticles and standard homogenization techni-
ques.38 NiO paste was applied to FTO glass via spin-coating. Films
were then annealed in a humidity-controlled furnace (<20%
humidity) at 450 °C for 40 min. Annealed films were submerged in
a 0.3 mM solution of P1 dye for 1 h. Platinum counter electrodes
were fabricated by drop-casting 5 mM chloroplatinic acid solution in
isopropanol on FTO glass with a sandblasted hole. The alcohol was
allowed to evaporate, and then films were annealed at 380 °C for 30
min. DSSCs were sandwiched with 25 μm thick Surlyn polymer
gasket by using a heating apparatus. Sandwiched devices were
vacuum-backfilled with electrolyte and then sealed with Surlyn and
microscope coverslip.

Solar Cell Characterization. Devices were illuminated by using a
Newport Oriel 94021A solar simulator with AM 1.5G filter and
calibrated to 1 sun with a certified reference Newport 91150 V solar
cell. Electrical measurement were performed with a Keithley 2636A
sourcemeter. Four cells were tested for each electrolyte examined.

Electrochemical Analysis. NiO electrodes were prepared as
previously stated. Exposed FTO was masked with Kapton tape.
Mott−Schottky tests were performed in a three-electrode setup in
bulk solution using a CH Instruments 604 E potentiostat at 100 Hz
utilizing a Ag/AgCl reference electrode, NiO working electrode, 0.1
M perchlorate salt electrolyte, and Pt mesh counter. No redox
mediator was present in the solution for Mott−Schottky analysis. EIS
was performed by using a Gamry PCI4-G750-51087 potentiostat in a
two-electrode setup on assembled DSSC devices under 1 sun
illumination in the frequency range 10−1−105 Hz. All EIS devices
contained dye-loaded NiO. Devices were illuminated by using a
Newport Oriel 91191-1000 solar simulator calibrated with a AM 1.5G
filter calibrated to 1 sun illumination.

3. RESULTS
Shifts in Vfb with Cation. Figure 1 displays the change in

Vfb measured by Mott−Schottky analysis with various cations
by using the Mott−Schottky equation

i
k
jjjj

y
{
zzzzεε

= − −−C
A eN

V V
k T

e
22

0
2

A
fb

B

(1)

where C is capacitance, V is applied potential, A is the area of
the electrode, NA is the effective density of dopant acceptors,
kB is the Boltzmann constant, T is temperature, e is
fundamental charge, ε is the relative static dielectric constant
of the semiconductor, and ε0 is the dielectric constant of free
space. Figures 1A and B plot C−2 as a function of V for a
measurement at 100 Hz (see Figure S1 for unnormalized plots
and data at other frequencies), where the x-intercept from fits
to the linear regime are used to determine an effective Vfb and
to evaluate trends in Vfb with cation, as summarized in Tables 1
and 2.39 The data in acetonitrile (Table 1) show substantial
changes in the measured Vfb as the cation is varied,
progressively shifting to more positive electrochemical
potentials as Na+ < Li+ < Sr2+ < Ca2+ < Mg2+ < Al3+ (Figure
1C), consistent with reports on TiO2 cation effects.8,7,14,22

Even for cations with the same valence charge, differences in
Vfb are observed, with a relatively small 0.05 V difference
between Na+ and Li+ and a substantial 0.37 V difference
between Sr2+ and Mg2+. Moreover, Al3+ produces a shift 0.51 V
more positive than Mg2+ and 1.01 V more positive than Na+.
Data in propylene carbonate (Table 2 and Figure 1B) show
that solvent also affects the Vfb, although the trends in
propylene carbonate are generally the same as acetonitrile.
However, unlike in acetonitrile, Sr2+ and Ca2+ show Vfb slightly
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more negative than Li+, and Sr2+ is also slightly negative of
Na+. Charge density, based on the effective ionic radius,40 and
image charge potential, |Vimage|, are also plotted in Figure 1C
for each cation to determine how well the shifts in Vfb correlate
with these values, as discussed below and in section 4.

DSSC Devices. Mesoporous NiO films were fabricated into
DSSC devices with the P1 chromophore by using multiple
distinct electrolyte solutions, varying both the cation and redox
couple. Current density−voltage (J−V) characterization was
performed for all devices in the dark and under simulated
AM1.5G 1 sun illumination, with all photovoltaic metrics,
including VOC, short-circuit current density (JSC), fill factor
(FF), power-conversion efficiency (η), dark saturation current
density (J0), and ideality factor (n), tabulated in Table 3.
Representative J−V curves for the I−/I3

− electrolyte in
acetonitrile, created by using 1.0 M LiI and 1.0 M MgI2 with
5 mM I2, as typical for this electrolyte, are shown in Figure 2A.
When Li+ is exchanged for Mg2+ at a 1.0 M concentration, the
VOC increases by ∼62% while JSC remains the same within
error. Devices with Al3+ at 1.0 M were found to yield negligible
photocurrent (Figure S2) most likely because of nearly
complete desorption of dye from the NiO surface (Figure
S3). However, the low current may also be partially
attributable to the substantial shift of the valence band edge,
which may preclude efficient charge injection from the
chromophore due to misalignment of the valence band edge
with the chromophore’s excited-state oxidative potential.41

Figure 2B displays representative J−V curves for the CoII/III

redox couple with Li+, Mg2+, and Al3+ at a concentration of 0.1
M, which was chosen for consistency with prior studies in this
electrolyte.19 For Li+, VOC is ∼97 mV higher than the I−/I3

−

system, which is primarily due to the change in the redox
potential and differing kinetics of recombination and
regeneration of the redox couple in solution.19,36,41 Sub-
stitution of Mg2+ for Li+ with CoII/III increases VOC by 55%,
yielding a champion device in this system with a VOC of 338
mV. Although the Al3+ devices again exhibited low JSC most
likely for the same reasons as observed for I−/I3

−, a champion
VOC of 351 mV was nevertheless observed by using this system,
exceeding the largest VOC previously reported by using this
chromophore.42 The JSC for Mg2+ was approximately
unchanged compared to that for Li+.
To probe the effect of cation charge density (plotted in

Figure 1C), J−V curves were collected for Na+ and Li+ (Figure
3A) and for Sr2+, Ca2+, and Mg2+ (Figure 3B) with CoII/III in
propylene carbonate. For each cation charge, VOC exhibits a
minor but reproducible increase with increasing charge density,
as exemplified by the champion devices for each cation and
electrolyte combination shown in Figures 3A and 3B. The data
show that the effect of ionic radius is small relative to the effect
of cation charge. For instance, Na+ and Ca2+ have similar ionic
radii, yet Ca2+ has a charge density nearly 2-fold higher and an
average VOC ∼ 106 mV higher than Na+, demonstrating that
charge density is a key quantity to understand the changes in
VOC.
The dark J−V curves (dashed lines in Figures 2 and 3) were

fit to the ideal diode equation

i

k
jjjjj

i
k
jjjjj

y
{
zzzzz

y

{
zzzzz= −J J

qV
nk T

exp 10
B (2)

to extract the dark saturation current density J0 and the ideality
factor n, where n is related to the recombination parameter β

Figure 1. Shifts in Vfb with cation. Normalized Mott−Schottky plots
at 100 Hz for mesoporous NiO film working electrodes and Pt mesh
counter with a 0.1 M X(ClO4)m and no redox mediator in (A)
acetonitrile or (B) propylene carbonate electrolyte with X = Na+

(red), Li+ (orange), Sr2+ (yellow), Ca2+ (green), Mg2+ (blue), and
Al3+ (purple), where n equals the cation charge. (C) Vfb (open and
closed black circles; left-hand axis), charge density (red squares; first
right-hand axis), and |Vimage| (blue triangles; second right-hand axis) as
a function of cation in acetonitrile (closed black circles) and
propylene carbonate (open black circles). All cations were introduced
as perchlorate salts in 0.1 M concentration.

Table 1. Vfb of Mesoporous NiO Electrodes in Acetonitrile
with 0.1 M X(ClO4)m (X = Na+, Li+, Sr2+, Ca2+, Mg2+, and
Al3+) Measured at 100 Hz

cation Na+ Li+ Sr2+ Ca2+ Mg2+ Al3+

Vfb (V vs
Ag/AgCl)

−0.292 −0.247 −0.162 −0.028 0.210 0.720

Table 2. Vfb of Mesoporous NiO Electrodes in Propylene
Carbonate with 0.1 M X(ClO4)m (X = Na+, Li+, Sr2+, Ca2+,
Mg2+, and Al3+) Measured at 100 Hz

cation Na+ Li+ Sr2+ Ca2+ Mg2+ Al3+

Vfb (V vs
Ag/AgCl)

−0.028 0.089 −0.055 0.052 0.305 0.779
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(discussed in section 4) as n = 1/β. Figure 3C summarizes the
trends in VOC and J0 across all the cations and redox couples
examined, arranging ions from largest and least charged to
smallest and most charged in their respective electrolytes. A
clear trend in both VOC and J0 is apparent, with VOC increasing
and J0 decreasing as cations become smaller and more
positively charged. Similarly, the trend in JSC as a function of
cation is shown in Figure 3D and shows a slight tendency to
decrease as VOC increases.
EIS Results. The impact of the cation on interfacial charge

transfer and recombination was examined by using EIS.
Nyquist plots were constructed for each DSSC device (see
Figures S4−S7), and representative plots for 0.1 M Li+ in
CoII/III electrolyte at various potentials under 1 sun
illumination are displayed in Figure 4A. Two distinct
semicircles are apparent, indicative of two charge-transfer

regimes. The size of these semicircles varies with applied bias,
and the strong dependence of the larger semicircle on applied
bias indicates it is likely linked to the semiconductor/
electrolyte interface whereas the smaller semicircle with weaker
dependence on bias is likely linked to the Pt counter
electrode/electrolyte interface, in accord with prior studies
on NiO.43,44 The devices were thus modeled using an
equivalent circuit consisting of a modified double Randles
cell (inset of Figure 4A), incorporating a charge-transfer
resistance (RCT,S) and capacitance (CS) for the semiconductor/
electrolyte interface, a charge-transfer resistance (RCT,E) and
capacitance (CE) for the counter electrode/electrolyte interface
(Tables S1 and S2), and a series resistance (RS) for the
semiconductor.43,44 A constant phase element is used to model
nonideal capacitors.43 The impedance, Z, of such a component
is expressed as [(iω)γY0]

−1, where i is the imaginary number, ω
is the ac frequency, γ is an empirical constant, and Y0 is an
empirical admittance value with dimension S·sγ. Capacitance
values, C, for constant phase elements were then calculated as
(Y0R)

1/γ/R, where R is the associated parallel resistance, and
Tables S3 and S4 tabulate values used for capacitance
calculations. Tables 4 and 5 summarize all extracted EIS
parameters for the I−/I3

− and CoII/III electrolyte systems,
respectively, where time constants τS and τE for the
semiconductor and electrolyte were calculated as RCT,SCS and
RCT,ECE, respectively. These parameters were measured for
devices with 0 V applied bias and at VOC to examine how
cations affect the potential-dependent response of the devices.

4. DISCUSSION
Shifts in Vfb with Cation. Upon comparison of the

changes in Vfb and charge density in Figure 1C, the relative
shifts in both quantities qualitatively follow the same trend,
consistent with prior reports in TiO2 and NiO that observed
the shift in conduction band edge position to increase with
increasing cation charge density or concentration.21,22,24,30 If
we assume all cations adsorb to the NiO surface with the same
surface density (ρ; units of cm−2) and generate an effective
surface dipole (μ; units of C·cm) proportional to the charge
and ionic radius of the cation, the shift in Vfb from the array of
surface dipoles can be approximated as μρ/2ε0. However, for
each charge, this expression would predict a decreasing shift in
Vfb with increasing charge density (i.e., smaller ionic radius)
assuming constant ρ; however, the opposite trend (increasing
shift with increasing charge density) is observed. This theory
suggests that ρ may also vary with cation and increases with
increasing charge density. To understand a potential origin of
this trend, we consider a simple model in which the cation is
assumed to produce an image charge at the NiO surface.45 The

Table 3. Summary of DSSC Performance

cation/redox couplea cation conc (M) JSC (mA/cm2) VOC (mV) FF (%) η (%) J0 (μA/cm
2) n

Li+/I 1.0 1.07 ± 0.26 106 ± 9 31.4 ± 0.8 0.036 ± 0.010 14.7 ± 8.0 1.40 ± 0.08
Mg2+/I 1.0 0.92 ± 0.15 172 ± 3 36.0 ± 0.8 0.057 ± 0.008 3.26 ± 0.6 1.57 ± 0.04
Al3+/I 1.0 0.013 ± 0.007 2.61 ± 1.50 20.6 ± 4.0 (9.78 ± 9.66) × 10−6 (5.58 ± 2.67) × 10−5 3.91 ± 1.70
Na+/Co 0.1 0.77 ± 0.04 192 ± 10 28.0 ± 0.3 0.042 ± 0.004 54.2 ± 4.5 4.37 ± 0.12
Li+/Co 0.1 0.76 ± 0.02 203 ± 16 28.1 ± 0.3 0.043 ± 0.002 47.8 ± 9.7 4.26 ± 0.31
Sr2+/Co 0.1 0.84 ± 0.11 286 ± 7 27.6 ± 2.3 0.066 ± 0.006 23.8 ± 7.9 4.29 ± 0.63
Ca2+/Co 0.1 0.57 ± 0.11 303 ± 11 30.4 ± 6.0 0.052 ± 0.014 17.1 ± 7.5 4.35 ± 0.84
Mg2+/Co 0.1 0.72 ± 0.27 315 ± 18 36.4 ± 6.7 0.078 ± 0.026 9.4 ± 3.9 3.15 ± 0.34
Al3+/Co 0.1 0.04 ± 0.01 314 ± 26 44.8 ± 2.8 0.005 ± 0.003 1.4 ± 0.3 4.91 ± 0.35

aThe redox couple was either I−/I3
− (I) in acetonitrile or CoII/III (Co) in propylene carbonate.

Figure 2. Effect of cation valence charge on DSSC devices. Champion
J−V curves in the dark (dashed lines) and under 1 sun illumination
(solid lines) for DSSCs containing (A) 1.0 M Li+ (orange) and 1.0 M
Mg2+ (blue) in I−/I3

− electrolyte with acetonitrile and (B) 0.1 M Li+

(orange), 0.1 M Mg2+ (blue), and 0.1 M Al3+ (violet) in CoII/III

electrolyte with propylene carbonate.
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image potential, Vimage, at a dielectric surface can be calculated
as

δ
πε

= −V
m e

z16image

2 2

0 (3)

where m is the cation valence charge, z is the distance of the
charge to the NiO surface, δ is (εs − 1)/(εs + 1), and εs is the
static dielectric constant of NiO (εs = 12).45 Figure 1C also
plots the magnitude of Vimage if the cation is treated as a point
charge located one ionic radius40 (Ri) from the semiconductor
surface, i.e., z = Ri. The trend in magnitude of Vimage with
cation follows the trend of Vfb relatively well for all cations in
acetonitrile and propylene carbonate, although it does not
explain the difference between monovalent and divalent
cations in the latter. Generally, however, the overall agreement
in trends suggests that cations with higher |Vimage| exhibit
proportionally higher ρ due to greater attraction to the NiO
surface, resulting in the larger measured shifts of Vfb. However,
effects from the solvent and chemisorbed chromophore likely
play an important role in the final determination of the
effective surface dipoles and Vfb in the operational devices.
Image potential provides only a qualitative estimate of the
relative energetics associated with different cations and is not
intended to be a rigorous description of the electrostatic
potential of the NiO surface in electrolyte solution.
EIS Analysis. Figures 4B and 4C depict values of RCT,S, CS,

and τS as a function of applied bias under 1 sun illumination for
the CoII/III electrolyte by using the Li+ and Mg2+ cations,
respectively. In general, RCT,S decreases in all systems,
including I−/I3

−, as bias is increased, but CS tends to increase.
For RCT,S, the increased accumulation of charge as the applied

voltage, V, approaches VOC causes increased recombination
and thereby lowers RCT,S. This change in recombination
resistance can be nominally expressed as

i
k
jjjjj

y
{
zzzzz

β= −
R R

e V
k T

expCT,S 0
B (4)

where R0 is the value of RCT,S at short circuit.46 Similarly,
because of the increased rate of change of charge
accumulation, the values of CS are expected to exponentially
increase with higher applied voltage as

i
k
jjjjj

y
{
zzzzz

β=C C
e V
k T

expS 0
B (5)

where C0 is the value of CS at short circuit. Nominally, for an
ideal system with linear recombination terms (β = 1) and no
trapping of charge carriers in localized states,47 the value of τS
= RCT,SCS does not change with V; however, the data generally
show a decrease of τS with applied potential (e.g., Figure 4B),
in accord with prior studies on NiO,43 whereas data for
divalent cations in CoII/III show a slight increase. Note that CS
and RCT,S for divalent cations with CoII/III (Figure 4C) appear
to show two regimes: one below and one above 150−200 mV,
with two different slopes. These two regimes could suggest a
difference in the states being accessed in these potential
windows (e.g., bulk/surface traps vs band edge states),
although future investigation will be needed.
Changes in τS can be attributed to nonidealities of NiO that

cause nonlinear recombination (β < 1) and to the trapping of
charge carriers in localized states.46 In the case of nonlinear
recombination, τS = (krecp

β−1β)−1, with krec the rate constant

Figure 3. Effect of cation charge density on DSSC devices. (A, B) J−V curves for CoII/III-based DSSCs with 0.1 M Na+ or Li+ singly charged cations
(panel A) and 0.1 M Sr2+, Ca2+, and Mg2+ doubly charged cations (panel B). Data for Li+ and Mg2+ are reproduced from Figure 2 for clarity. (C)
VOC (left-hand axis and black marker symbols) and J0 (right-hand axis and blue marker symbols) for various cations with the I−/I3

− electrolyte
(squares and shaded region) and CoII/III electrolyte (circles). (D) JSC for various cations with the I−/I3

− electrolyte (squares and shaded region)
and CoII/III electrolyte (circles).
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Figure 4. EIS analysis of cation effects. (A) Representative Nyquist plot for a DSSC at various applied biases with the 0.1 M Li+ in CoII/III

electrolyte. Bias was increased from 0 mV to ∼ VOC for the device under 1 sun illumination. Inset: equivalent circuit used for EIS analysis. (B) RCT,S,
CS, and τS as a function of applied bias for 0.1 M Li+ in CoII/III electrolyte, as determined from fitting the data in panel A. (C) RCT,S, CS, and τS as a
function of applied bias for 0.1 M Mg2+ in CoII/III electrolyte. (D−G) RCT,S, CS, and τS as a function of cation at short circuit (panels D and E) and
open circuit (panels F and G) for the iodide (panels D and F) and CoII/III (panels E and G) electrolytes.

Table 4. EIS Parameters for Electrolytes 1.0 M in Cation Concentration with the I−/I3
− Redox Couple in Acetonitrile under 1

sun Illumination

cation voltage RCT,S (Ω) CS (μF) τS (ms) RS (Ω)
Li+ 0 V 342 ± 14 2020 ± 50 690 ± 30 33 ± 2
Mg2+ 0 V 4200 ± 100 8.2 ± 0.4 34 ± 2 29.0 ± 0.3
Al3+ 0 V 40 ± 20 80 ± 200 3 ± 8 56.5 ± 1.3
Li+ VOC 82 ± 3 2300 ± 130 190 ± 10 41 ± 3
Mg2+ VOC 230 ± 120 23 ± 9 5.4 ± 3.5 30.9 ± 0.4
Al3+ VOC 30 ± 20 1900 ± 650 60 ± 40 56.8 ± 1.3

ACS Applied Energy Materials www.acsaem.org Article

https://dx.doi.org/10.1021/acsaem.9b01955
ACS Appl. Energy Mater. 2020, 3, 1496−1505

1501

https://pubs.acs.org/doi/10.1021/acsaem.9b01955?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.9b01955?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.9b01955?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.9b01955?fig=fig4&ref=pdf
www.acsaem.org?ref=pdf
https://dx.doi.org/10.1021/acsaem.9b01955?ref=pdf


for recombination in the β-recombination model and p the
concentration of holes. In the case of charge-carrier trapping, a
distribution of trap states above the band edge, which is
common for disordered metal oxides such as NiO, can localize
charge carriers and affect the carrier lifetime because of a
potential-dependent trapping lifetime. Nonlinear recombina-
tion tends to increase lifetime with V (due to increase in p)
whereas trapping tends to decrease the lifetime. Thus, the
decrease in τS with increasing V with the Li+ cation suggests a
strong effect from charge-carrier trapping, consistent with
reports on TiO2 devices.

22,24 Although τS decreases with bias
for all monovalent ions, when divalent cations are used with
the CoII/III redox couple in propylene carbonate, τS increases
slightly with bias. For instance, τS increases from ∼1370 to
∼2900 ms going from short circuit to open circuit in Mg2+.
This atypical behavior for DSSCs suggests a potentially
favorable interaction between the cations at the NiO surface
and the redox couple, which may act to reduce the effect of
trap states on the observed lifetime. However, this favorable
interaction does not exist for the I−/I3

− redox couple with
Mg2+, which shows a decrease in lifetime with applied voltage,
similar to the results with Li+.
As the cation is changed, RCT,S and CS change as a result of

the shift in Vfb, analogous to the changes that occur as a result
of the applied potential. As shown in the plots at short circuit
(Figure 4D,E) and open circuit (Figure 4F,G) under 1 sun
conditions for both electrolyte systems, RCT,S tends to increase
and Cs tends to decrease for increasingly positive shifts of Vfb
(neglecting data for Al3+, which due to the desorption of
chromophores from the interface has anomalous performance).
The increase in RCT,S likely originates from the decrease in
charge accumulation at the semiconductor−solution interface,
which reduces recombination. This change can be understood
by considering how R0 and J0 depend on the valence band edge
position (Ev).

47 J0 can be expressed as

β= = −β βJ eLk p eLk N E E k Texp( ( )/ )v v0 rec rec redox B (6)

where L is the thickness of the film, Nv is valence band effective
density of states, Ev is the valence band edge position, and
Eredox is the Nernstian potential of the redox couple. R0 can be
related to J0 as

β β
β= = − −βR

k T
eA J

k T
e ALk N

E E k Texp( ( )/ )
v

v0
B

0

B
2

rec
redox B

(7)

where A is the projected area of the film and the expression for
J0 from eq 5 has been substituted in on the right-hand side of
eq 6. This expression predicts an exponential increase in R0 as
the band edge shifts to increasingly positive electrochemical
potentials (corresponding to more negative Ev). The decrease
in CS with increasing shift in Vfb can similarly be understood by
the decrease in the rate of change of charge density at the
interface between the semiconductor and liquid. Using eq 6
and the relationships τS = (krecp

β−1β)−1 and τS = R0C0, we can
express C0 as

= = −C
e ALp

k T
e ALN

k T
E E k Texp(( )/ )v

v0

2

B

2

B
redox B

(8)

Equation 7 indicates that C0 should decrease exponentially
with increasing shifts of the band edge position, which is
qualitatively consistent with the changes of CS with cation in
Figure 4D−G.
Although τS and thereby krec would in an ideal system be

independent of Ev, the nonlinear recombination (β < 1),
trapping of charge carriers, and interactions of the surface,
cation, and electrolyte cause the values to vary significantly.
Switching from monovalent to divalent cations, τS values are
observed to remain approximately constant or slightly increase
in the CoII/III devices but decrease by an order of magnitude or
more with the I−/I3

− devices. The increase in τS for Co
II/III can

potentially be attributed to a longer lifetime for the charge
carriers trapped in localized states because the shift of the band
edge increases the effective activation energy for detrapping.
However, the increase may also be caused in part from a
decrease in krec due to a favorable interaction between the
cation and CoII/III redox couple, as also suggested by the
potential-dependent data.
The decrease in τS for I

−/I3
− is somewhat surprising because

the effects of carrier density p and trapping dynamics would be
expected to be similar for CoII/III and I−/I3

− given the same
NiO electrode. Instead, we hypothesize that the decrease is
likely attributable to an unfavorable interaction between the
cation and redox couple, which might, for instance, favor anion
adsorption to or association with the NiO surface to increase
recombination rates. This effect would manifest as an increase
in krec, thereby explaining the decrease in τS. The increase in
krec would also cause the magnitude of the increase in RCT,S
(and R0 at short circuit) to be smaller than would otherwise be
expected. For comparison, R0 between Li+ and Mg2+ increases
by a factor of ∼95 for CoII/III but only by ∼12 for I−/I3

−. An
unfavorable interaction with I−/I3

− would be consistent with

Table 5. EIS Parameters for Electrolytes 0.1 M in Cation Concentration with the CoII/III Redox Couple in Propylene
Carbonate under 1 sun Illumination

cation voltage RCT,S (Ω) CS (μF) τS (ms) RS

Na+ 0 V 770 ± 60 1430 ± 60 1100 ± 100 49.8 ± 0.4
Li+ 0 V 600 ± 44 1670 ± 80 1000 ± 90 43.4 ± 0.4
Sr2+ 0 V 7800 ± 900 240 ± 12 1870 ± 240 48.6 ± 0.4
Ca2+ 0 V 32000 ± 3500 41 ± 4 1310 ± 180 54.6 ± 0.4
Mg2+ 0 V 57000 ± 8000 24 ± 3 1370 ± 260 58.4 ± 0.4
Al3+ 0 V 80000 ± 20000 45 ± 11 3600 ± 1300 58.5 ± 0.5
Na+ VOC 470 ± 30 2000 ± 90 940 ± 70 47.5 ± 0.4
Li+ VOC 410 ± 30 1850 ± 100 760 ± 70 82.7 ± 0.6
Sr2+ VOC 1400 ± 300 2200 ± 150 3040 ± 680 49.9 ± 0.4
Ca2+ VOC 3300 ± 850 1400 ± 100 4600 ± 1200 53.7 ± 0.4
Mg2+ VOC 5300 ± 900 540 ± 30 2900 ± 500 50.2 ± 0.5
Al3+ VOC 245000 ± 21000 30 ± 1 6900 ± 600 58.1 ± 1.2
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the apparent favorable interaction with CoII/III, as a change
from anionic to cationic redox couple might be expected to
produce the opposite trends.
DSSC Device Discussion. As determined from the J−V

curves, a reduction in J0 and increase in VOC (Figure 3C) are
observed for cations with increasing valence charge, increasing
charge density, and increasing magnitude of Vimage. This trend
can be explained by the observed shifts in Vfb and Ev with
cation. If we assume the shift in Ev, ΔEv, is equal in magnitude
to the shift in Vfb, i.e., ΔEv = Ev − Ev′ = −eΔVfb, where Ev′ is
the initial band edge position, the shift would according to eq 5
produce a decrease in J0 by the factor exp(βΔEv/kBT).
Similarly, the VOC should increase by the amount ΔVOC =
−βΔEv = eβΔVfb. Taking data in Li+ as the benchmark, the
shifts in Vfb relative to Li+ (Figure 1 and Tables 1 and 2) do
generally predict the correct direction of the shift in J0 and VOC
relative to values in Li+; however, it does not correctly predict
the magnitude of the change if all other parameters in eq 5 are
constant. For instance, in I−/I3

−, the magnitude of ΔVfb
between Li+ and Mg+ (457 mV) would predict a decrease in
J0 by ∼105 and increase in VOC by 276 mV if β is assumed to
be 0.6 (approximately the value of β = 1/n from Table 3), yet a
decrease by a factor of ∼5 and increase of 66 mV, respectively,
are observed. However, the EIS analysis suggests that there
may be an unfavorable interaction between the I−/I3

− redox
couple and divalent cations at the NiO interface that leads to
an increase in krec. For a change in krec by a factor α, J0 changes
by the same factor and VOC changes by the amount −(kBT/βe)
ln(α). EIS for I−/I3

− in acetonitrile (Table 4) indicates a
decrease in τS by a factor of ∼20 at short circuit (V = 0 V).
Thus, if we assume this change results entirely from an increase
in krec (α ≈ 20), VOC would decrease by ∼130 mV. Combining
the expected effects from the shift in Vfb and increase in krec, we
expect the increase in VOC to be 140−150 mV, in better
agreement with experiment. Thus, the data suggest that
although VOC with I−/I3

− appreciably increases using Mg2+

instead of Li+ because of a reduced absolute rate of
recombination from decreased charge carrier accumulation at
the interface, the magnitude of the change is reduced because
of an unfavorable interaction that enhances the rate constant
for recombination.
For the CoII/III redox couple in propylene carbonate, the

magnitude of ΔVfb between Li+ and Mg+ (216 mV) would
predict a decrease in J0 by ∼10 and increase in VOC by ∼58 mV
if β is assumed to be 0.27 (using n = 1/β = 3.7, the average of
the values in Table 3). A decrease of J0 by a factor of ∼5 and
increase of VOC by 112 mV are observed experimentally, which
are in reasonable approximate agreement with the predictions.
EIS on these devices (Table 5) indicates a relatively minimal
change in τS at short circuit. Thus, even though they do not
provide quantitative predictions, the experimentally observed
changes in VOC and J0 can be qualitatively explained by shifts in
Vfb and changes in krec with the electrolyte cation. The changes
in JSC with cation (Figure 3D) are relatively minor and can be
attributed to changes in the charge injection efficiency of the
chromophore due to the shifting band edge position, similar to
that observed with TiO2.

8,13

5. CONCLUSION
Spectator cations in electrolyte solutions have been demon-
strated to have significant effects on the band edge position of
NiO and the properties and performance of NiO p-type DSSC
devices. Spectator cations induce an effective dipole at the

semiconductor/electrolyte interface, altering the flat-band
position of the valence band and altering the effective carrier
lifetime and charge-transfer kinetics at the interface. The
behavior of NiO generally follows that same trends as observed
with n-type TiO2, although the shifts in performance with
cation are as expected, opposite of those observed with TiO2
because of the p-type nature of NiO. Upon comparison of the
results of anionic I−/I3

− and cationic CoII/III redox couples, the
data provide preliminary evidence of unfavorable and favorable
interactions with divalent spectator cations that may produce
increases and decreases, respectively, in the rate constants for
charge carrier recombination and affect the trapping of carriers
in localized states. Despite these differences, the data strongly
suggest the replacement of Li+ with Mg2+ can lead to
immediate improvements in DSSC device metrics for both
electrolyte systems. Overall, the results highlight the complex
interplay between the NiO surface, cation, and electrolyte
solution, which can sometimes exhibit competing trends that
dictate the ultimate performance of devices.
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