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The study presented describes the preparation of solvent-free nano composite gel electrolytes in

combination with copper(I)-based dye-sensitized solar cells (DSSCs). The electrolytes comprise

poly(ethylene oxide) (PEO) and cellulose nano crystals (CNCs) and an I3
�/I� redox shuttle. The quasi-

solid-state DSSCs show increased photoconversion performance with increased amount of CNC in the

electrolyte. DSSC performances measured on the day that the devices are fabricated show that when

the electrolyte is composed of 80% CNC, a cell efficiency of 1.09% is reached compared to 1.16% using

a standard liquid I3
�/I� electrolyte. DSSCs containing the nano composites and the copper(I)-based dye

show robust stability over time, and after 60 days, DSSCs with the PEO/CNC/I3
�/I� electrolyte

outperform those containing the liquid electrolyte.
Introduction

In order to meet future global energy demands in a sustainable
manner, it is crucial to optimize methods of solar energy har-
vesting and conversion to electrical energy.1 The total energy
reaching the Earth from the Sun in one hour is sufficient to
full the energy needs of mankind for one year.2 Since O'Regan
and Grätzel rst described the dye-sensitized solar cell (DSSC)
with its revolutionary use of nanoparticulate TiO2 semi-
conductor to increase the active surface area of the photo-
anode,3 there has been an exponential growth in reports of
DSSC research and in ever increasing device enhancements.4

Photoconversion efficiencies now reach 14.3%,5 demonstrating
the feasibility of DSSCs as a competitive player in the solar
energy conversion eld. One important benet of DSSCs is the
advantageous cost of fabrication compared to conventional
silicon-based solar cells.6,7

In an n-type DSSC, the most commonly employed semi-
conductor is TiO2 which absorbs UV light. Extension of the
light-harvesting capacity of the device is achieved by adsorbing
a coloured sensitizer onto the TiO2 surface, and this is usually
a metal complex or a metal-free organic dye. Ruthenium(II)
complexes continue to dominate among metal-based dyes, but
with sustainability being a prevalent issue, copper(I)-containing
sensitizers are now being intensively investigated.8–10 One of the
advantages of utilizing copper is its abundance on Earth and its
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low cost (USD 4.6 per kg compared to the price of ruthenium,
USD 1350.3 per kg as of February 2016 (ref. 11 and 12)). Cop-
per(I) complexes used as sensitizers typically contain an
{Cu(bpy)2} or {Cu(phen)2} core (bpy ¼ 2,20-bipyridine, phen ¼
1,10-phenanthroline) and exhibit metal-to-ligand charge trans-
fer (MLCT) bands between 400 and 550 nm, an absorption
range similar to that of the MLCT bands of ruthenium(II)
sensitizers. However, the extinction coefficients for the rst are
about one-third of the second.8

A vulnerable part of a DSSC is the electrolyte, which typically
contains an organic solvent. Due to evaporation or leakage, the
volume of electrolyte in the device may reduce over time, ulti-
mately resulting in a drop of the cell performance.7,13–15 This
problem can, in part, be addressed by using organic solvents of
low volatility (e.g. 3-methoxypropionitrile in place of MeCN),
and there is also active interest in replacing the organic solvent
by water.16 Another approach that has signicant appeal is to
substitute the liquid electrolyte by a solid or quasi-solid polymer
electrolyte.17–20 The ion conducting properties of poly(ethylene
oxide), (PEO), make it suitable for this purpose and it is already
applied in a range of batteries, fuel cells and solar cells.21–23 To
maintain the ion conductivity of PEO, regions of crystallinity
must be suppressed in favour of amorphous elastomer
segments. It is here that ion transport occurs due to enhanced
segmental motion of the polymer chains.24,25 Reducing the
crystalline fractions can be achieved through, for example,
lightly crosslinking the polymer or adding nanollers.26–28 The
amount of crosslinking has a large impact on the segmental
chain motion and, consequently, on the ion conducting prop-
erties of the material; too high a crosslinking density results in
restricted ion transport. Therefore, a combination of moderate
crosslinking and addition of nanoparticles is an interesting
RSC Adv., 2016, 6, 56571–56579 | 56571
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route to pursue. One class of nanoparticles of interest as
a renewable additive is cellulose nanocrystals (CNC). These are
derived from cellulose, the most abundant biopolymer on
Earth. Cellulose is a linear polysaccharide (Scheme 1) mostly
found in wood and plants cell walls. Its polymer chains are
arranged in cellulose nanobrills (CNF), which further
assemble into cellulose bres.29 CNFs contain both crystalline
and amorphous regions. Treatment of cellulose bres with
a strong mineral acid hydrolyzes the amorphous regions while
the crystalline parts remain more or less intact. The cellulose
nanocrystals (CNC) are thereby liberated and may be iso-
lated.29,30 The size of these nanoparticles depends on the
cellulose source and the hydrolysis conditions (i.e. time, acid
concentration and temperature). CNCs obtained from wood
and cotton are typically 3–70 nm in width and 100–300 nm
long.29

CNCs have attracted a great deal of attention in recent
decades as a result of their unique mechanical and thermal
properties, and their wide-ranging applicability. They exhibit
a low thermal expansion, low density, high aspect ratio,
chiral nematic behaviour, large specic surface area, and
high elastic modulus up to 140 GPa.29 CNCs are mainly
exploited in nanocomposites in order to improve the
mechanical performance of the host polymer matrix.
However, CNCs have also been investigated for other appli-
cations including biomedical devices, membranes, optical
nanomaterials and bio-based batteries.29,30 Earlier work by
Chiappone et al. has shown that nanoscale microbrillated
cellulose exhibits a number of advantageous features when
used as a ller in quasi-solid electrolytes for ruthenium-
sensitized quasi-solid-state DSSCs.31 In addition, Bein et al.
have employed CNCs as a template for the preparation of
mesoporous titania for DSSCs.32 However, to the best of our
knowledge, DSSCs employing CNC-based electrolytes have
not previously been investigated. Its compatibility with PEO
makes CNC an ideal candidate as a nanoller in PEO polymer
electrolytes.

In contrast to thermally induced polymerization, polymeri-
zation initiated by UV irradiation is rapid and facilitates poly-
merization at moderate temperatures. Hence, we have selected
UV-initiated polymerization for the present work, it being the
most convenient technique for use on a large scale.33 However,
there are limitations on the quantity of nanoller that can be
included in a system designed to be polymerized through irra-
diation. Our current investigation also addresses this problem
and the consequences regarding the DSSC performance when
the CNC loading exceeds the maximum amounts appropriate
for photo-polymerization.
Scheme 1 The structural repeat unit in cellulose.

56572 | RSC Adv., 2016, 6, 56571–56579
Experimental
Materials

All reagents and solvents were purchased and used as received
from Sigma-Aldrich without further purication unless other-
wise specied. The homoleptic complex [Cu(Lancillary)2][PF6] and
the anchoring ligand were prepared as described elsewhere34,35

and the dye (Scheme 2) was assembled in situ (see below). Tet-
raethylene glycol dimethacrylate (PEODMA, M ¼ 330 g mol�1,
Scheme 3a) andmethoxy polyethylene glycol monomethacrylate
(PEOMA, M ¼ 494 g mol�1, Scheme 3b) were kindly supplied by
Sartomer Company, Europe. The photoinitiator 2,2-dimethoxy-
2-phenylacetophenone (DMPA) was purchased from Acros
organics. Working TiO2 (�12 mmTiO2 thickness) and counter Pt
coated electrodes, cell sealing gaskets, and sealing foil were all
purchased as test cell kits from Solaronix, Switzerland. The
electrolyte solution for swelling of the nano composites was NaI
(1.35 g, 9 mmol), I2 (0.28 g, 1.12 mmol) and 4-tert-butylpyridine,
(TBP) 96%, (1.49 g, 11 mmol), diluted up to 20 mL with MeCN
99.8% (VWR). Solvents used for washing electrodes were MeCN
(as above), ethanol (EtOH) $99.8%, dimethyl sulfoxide (DMSO)
99.8% (Acros organics). The CNCs used were prepared accord-
ing to the procedure described by Weder et al.36 then dialyzed
against deionized water for seven days. Subsequently, the CNCs
were dispersed by ultrasonication employing the amplitude of
28% using pulse function (5 s pulse on and 2 s pulse off) for 30
minutes, and ltered on glass lter pore 1 to remove any large
particles. The resulting water suspension had a CNC concen-
tration of 1.4 wt%.
Techniques and procedures

Preparation of the nano composite electrolytes. Oligomer
solution was prepared with a 6 : 94 (PEODMA : PEOMA, wt%)
ratio, followed by DMPA (2 wt% of oligomers), which was
shaken until it completely dissolved. The CNC water suspension
Scheme 2 Structure of the copper based dye sensitizer used in the
study.

This journal is © The Royal Society of Chemistry 2016

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra06546e


Scheme 3 Structures of the PEO oligomers used in the study; (a)
PEODMA and (b) PEOMA.

Table 1 Some key values of the nano compositesa

Sample name Wt% CNC a T2% [�C] T5% [�C]

Ref. (L) n/a (liquid) n/a n/a n/a
CNC0 0% 100 236 265
CNC5 5% 100 242 272
CNC10 10% 100 243 272
CNC20 20% 99 246 266
CNC40 40% 98 240 263
CNC60 60% 89 218 239
CNC80 80% 84 221 241
CNC100 100% n/a 285 309
Oligomers n/a n/a 177 199

a T2% and T5% are the values on the temperature at which the weight loss
of the samples are 2 and 5% respectively.
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was added to a set of vials, followed with oligomer solution in
appropriate amounts to obtain the CNC concentrations desired
in each vial. The samples were then placed in an oven at 70 �C
overnight, followed by UV irradiation for 30 minutes. Aer
polymerization, liquid I3

�/I� electrolyte solution was added to
each sample, which was allowed to swell for 1 hour. Finally,
each sample was dried under high vacuum to remove all
acetonitrile.

Immobilization of ligands on TiO2 electrodes and prepara-
tion of DSSCs. TiO2 electrodes were carefully washed with EtOH
and subsequently heated up to 455 �C for 20 minutes. Aer
cooling to ca. 80 �C, the electrodes were immersed in the
phosphonic acid anchoring ligand (Scheme 2 bottom) solution
(0.1 mM in DMSO) for 24 hours. The anchoring ligand-
immobilized electrodes were then carefully washed with
DMSO, followed by MeCN and submerged in an MeCN solution
(0.1 mM) of [Cu(Lancillary)2][PF6] (see top of Scheme 2 for
Lancillary) where it was le for three days. Aer this time, the dye-
sensitized electrodes were taken out of the solution, rinsed
thoroughly with MeCN and dried under an N2 stream. Then,
5 mg of the electrolyte paste was smeared onto the electrodes. Pt
coated cathode electrodes which had been cleaned the same
way as the anodes, were sealed together with the anode using
a hot melt sealing foil with an initial thickness of 60 mm.

Thermogravimetric analysis, (TGA). TGA measurements
were carried out on a Mettler Toledo TGA/SDTA851e under
nitrogen. The temperature was increased from room tempera-
ture to 600 �C with a heating rate of 10 �C min�1, and the data
were recorded from 35 �C.

Fourier-transform infrared spectroscopy, (FT-IR). FT-IR
measurements were carried out on the samples aer polymer-
ization and electrolyte swelling/vacuum drying in the range
4000 to 400 cm�1 on a Perkin-Elmer Spectrum TWO LiTa
instrument, equipped with a UATR diamond crystal. Each
spectrum was based on 12 scans. The penetration depth was
around 1–5 mm depending on the wavenumber. All the IR
measurements were carried out in reection mode, with
a resolution of 4 cm�1.

J–V measurements. J–V measurements were made by irradi-
ating the DSSC using a light source LOT Quantum Design
LS0811 (100 mW cm�2 ¼ 1 sun). A reference Si cell was used to
calibrate the power of the simulated light. All DSCs were
masked37,38 before measurements were made.

Electrochemical impedance spectroscopy (EIS). EIS
measurements were carried out on a ModuLab® XM
This journal is © The Royal Society of Chemistry 2016
PhotoEchem photoelectrochemical measurement system setup
from Solartron Analytical. The impedance was measured at
steady state close to the open-circuit potential of the cell at
different light intensities (LED, 650 nm) in the frequency range
0.05 Hz to 400 kHz using an amplitude of 10 mV. The imped-
ance data was tted to an equivalent circuit model and analyzed
using ZView® soware from Scribner Associates Inc.
Results and discussion
Polymerization of nano composites

General properties. The present study includes PEO/CNC
nano composites with a wide distribution of CNC content,
ranging from 0 to 100%. In Table 1, the CNC amount for each
sample together with some material properties are shown. Aer
the polymerization step, the samples CNC0 through
CNC80 show some varying physical properties; samples CNC0
to CNC40 are smooth and non-sticky. As the CNC content rea-
ches 60%, stickiness occurs and when more CNC is added (i.e.
80%) the sample is pasty.

FT-IR characterization. From the FT-IR spectra (Fig. 1), it can
be seen that as the amount of CNC is increased, (especially from
20 to 40%) the broad absorption at �3300 cm�1 increases in
intensity, indicating a signicant increase in the number of
hydroxyl groups.

FT-IR spectroscopy was also used to investigate the degree of
polymerization of the nano composites. The variance of the
amount of unreacted methacrylate groups as more CNC is
added can be seen in Fig. 2 which shows the FT-IR spectra for
the samples with different content of CNC, focusing on the
carbonyl- and acrylate absorptions at �1727 cm�1 and
1637 cm�1, respectively. The more CNC present, the less the
conversion of methacrylate groups occurs due to UV irradiation
shielding effects as more ller is added to the system. The
intensity of the peak corresponding to the methacrylate vinyl
bond stretch (1637 cm�1) can be used to approximatively
determine the degree of polymerization, a, (Table 1, Fig. 2) with
the size of the carbonyl peak used as an internal reference, and
the methacrylate group peak for CNC0 used as standard for the
fully polymerized sample. It is observed that as the amount of
RSC Adv., 2016, 6, 56571–56579 | 56573
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Fig. 1 FT-IR spectra of all nano composite samples after UV irradiation
as well as the unpolymerized oligomer solution. Spectra of samples
CNC5 and CNC10 are omitted for clarity.

Fig. 2 Expansion of the carbonyl region of the FT-IR spectra of the
samples after polymerization, where the influence on the degree of
polymerization as a function of CNC content can be seen from the
magnitude of the methacrylate vinyl bond stretch peak at 1637 cm�1.
All spectra are normalized with respect to the carbonyl peak of sample
CNC0. Spectra of samples CNC5 and CNC10 are omitted for clarity.

Fig. 3 FT-IR spectrum of acetonitrile (—) and sample CNC40 after
vacuum drying (----).
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CNC is increased, the degree of polymerization drops. As the
CNC content exceeds 40%, the oligomer methacrylate group
conversion decreases under 90%. This will result in an overall
lower segmental molecular weight, and in turn increases the
ability for the electrolyte to penetrate the porous dye-sensitized
TiO2 layer. A better polymer electrolyte penetration of the
sensitized semiconductor enhances the contact between elec-
trolyte and dye, thus increasing the electron transport abilities.
However, this might very well be affected over time, as more
oligomer might react or molecular rearrangement may occur.

Electrolyte swelling and post-drying. As the samples are
soaked in electrolyte solution and dried through vacuum
evaporation of the solvent, an increased amount of CNC
enhances the ability of the composite to withstand the swelling
of the material. Sample CNC0 shows a very small tolerance
towards electrolyte swelling. It is, aer drying, a grainy, crumbly
gel with very low acceptance to physical stress. As discussed
earlier, it is crucial to remove all acetonitrile in order to achieve
long-time stability of the cell. Fig. 3 shows an FT-IR spectrum of
56574 | RSC Adv., 2016, 6, 56571–56579
MeCN and sample CNC40 aer evaporation of the MeCN. It is
clear that the characteristic peak at 2200–2400 cm�1 arising
from the C^N stretching mode of the acetonitrile disappears
aer drying.

Thermal stability and water content. TGA was used to assess
the thermal stability of the composites and conrm the absence
of water since this can be difficult to deduce from FT-IR spectra.
The TGA thermograms in Fig. 4a conrms that very limited
amounts of water are present in the nano composites, and that
they are all thermally stable up to 210 �C. Fig. 4b shows that on
going from 0 to 10% CNC content, a slight increase in T2% and
T5% occurs (Table 1). However, a more pronounced temperature
drop is seen when further increasing the CNC content from
10 up to 80%, and is especially noticeable between CNC40 and
CNC60. This is not an effect of increased water content due to
increased amount of CNC, since CNC100 has the highest
weight-loss temperatures. Rather, it is a consequence of a lower
degree of polymerization, where a lower average molecular
weight should lower the weight-loss temperature. This
assumption also agrees with the slight increase of weight-loss
temperature of the samples CNC0–CNC10, where CNC with
a higher degradation temperature than PEO is pushing this
value upwards as the amount of CNC is increased.

When the CNC exceeds 10%, the lower degree of polymeri-
zation starts to play a role. It is effectively illustrated in Fig. 4b, if
studying T2% and T5% for the unpolymerized sample.

DSSC performances. The I3
�/I� electrolyte/nano composite

paste (see Experimental section) was combined in DSSCs with
the copper(I) dye shown in Scheme 2. The most fundamental
DSSC characterization is by J–Vmeasurements to determine the
photoconversion efficiency (h), the ll factor (FF), the open
circuit potential (Voc) and the short circuit current density (Jsc)
of the DSSCs. The results are given in Table 2, and Fig. 5 shows h
as function of CNC content and aging time. The amount of CNC
added has a dramatic effect on h. The efficiency increases �19-
fold when going from the neat PEO sample to the sample con-
taining 80% CNC, and this is the best performing nano
composite device in the study.

One of the most central parameters of this study is the
stability of the DSSC over time, where the nano composite
This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Results from TGA measurements on the samples after polymerization as well as of the unpolymerized oligomer solution (a) and T2% and
T5% as function of CNC content (b). The black coloured data points in (b) represent T2% and T5% for the unpolymerized oligomer solution.

Table 2 Some key values of the performance of the DSSCsa,b

Sample name h [%] Jsc [mA cm�2] Voc [mV] FF [%]

Ref. (L) 1.16 3.1 540 70
CNC0 0.08 0.3 625 48
CNC5 0.26 1.9 485 27
CNC10 0.39 2.5 509 30
CNC20 0.54 2.6 526 39
CNC40 0.89 2.3 571 67
CNC60 0.96 2.8 569 60
CNC80 1.09 2.8 583 66
CNC100 0.61 2.0 602 50

a Values presented are average results from duplicate cells; the
individual values are given in ESI Table S1. b Values presented in this
table is from measurements carried out on the same day as the DSSCs
were made. For trends over longer time periods, please refer to results
presented in Fig. 5.

Fig. 5 DSSC efficiency, h, as a function of CNC content and aging
time. The results depicted are average values of duplicate cells.

Fig. 6 Values of Voc as a function of CNC composition at different
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samples show outstanding durability with respect to a reference
DSSC containing liquid electrolyte, as well as compatibility with
copper-based dyes. Aer 60 days, the DSSC with liquid electro-
lyte operates at only 48% of its initial efficiency (Fig. 5, le,
Ref. (L)). In contrast, the DSSC containing 80% CNC is signi-
cantly more stable with a photoconversion efficiency aer 60
days that is 79% of the initial value (Fig. 5, right). The cell
This journal is © The Royal Society of Chemistry 2016
containing 60% CNC shows the best stability over time, main-
taining �85% of its initial h aer 60 days.

Although the samples CNC60–CNC80 appear from Fig. 5 to
be the most promising, as stated above, if the CNC content in
the nano composites exceeds 40%, the degree of polymerization
is no longer adequate. Therefore, it is more appropriate to
compare the efficiency data of CNC40, which has a degree of
polymerization $ 90%, with that of the liquid reference cell.
This comparison reveals a 27% difference between the values of
h with absolute cell efficiency for the composite DSSC 0.1%
higher than the liquid cell aer 60 days of aging. When the cells
were rst assembled, the absolute efficiency of the liquid
reference cell exceeded that of CNC40 by 0.27%. These results,
as well as an assessment of previous studies,7,13–15,31 emphasize
the detrimental effects of solvent evaporation and leakage
occurring in liquid electrolyte DSSCs. The samples having no
PEO at all (i.e. CNC100) malfunction even aer one week, and
this is rationalized by poor interfacial contact and the lack of an
appropriate ion transport phase. The interfacial contact issues
will be discussed further on in the electrochemical impedance
spectroscopic part of this paper.

Fig. 6 and 7 show the values of Voc and Jsc, respectively, of the
devices on the day the DSSCs were assembled, and aer the cells
have been aged for 14 and 60 days. Across the series of DSSCs
containing CNC5 to CNC100, Voc and Jsc generally increase as
aging times.

RSC Adv., 2016, 6, 56571–56579 | 56575

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra06546e


Fig. 7 Values of Jsc as a function of CNC composition at different
aging times.

Fig. 8 J–V curves from one of the duplicate series of DSSCs at 0 days
of aging.

Fig. 9 Values of FF as function of CNC composition at different aging
times.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ju

ne
 2

01
6.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
0:

08
:0

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the CNC content increases. It has been shown by Chiappone
et al.31 that light scattering properties of the crystalline
segments in cellulose nanobres will direct some of the lost
photons back into the active layer and this would explain the
trends observed here. The largest change in Voc over the 2 week
period is found for the liquid reference cell and that containing
composite CNC0; the latter DSSC possesses the highest Voc and
also the lowest Jsc. The high Voc can be explained by the fact that
the anode is in insufficient contact with the electrolyte, thus
restricting recombination reactions. As the CNC content is
increased, the contact is enhanced and the value of Voc becomes
closer to the ones of the reference DSC with liquid-electrolyte,
Ref. (L). Voc eventually increases again as the CNC content
reaches 80% as the interfacial contact is again restricted. A
consequence of inadequate electrolyte/cathode contact is that
less I3

� will be available for reduction to I� at the counter
electrode which in turn will lead to lower current density which
is described by the Butler–Volmer's eqn (1).

J ¼ k0

�
cred e

ð1�aÞnhF
RT � cox e

�anhF

RT

�
(1)

where cred and cox represent I
� and I3

� concentrations, k0 is the
electron transfer constant at no overpotential, a is a symmetry
factor normally close to 0.5 and h is the activation
overpotential.

Jsc is essentially dependent on the ability of the DSSC to
convert photons into electric current. An important parameter
in this respect is the ionic conductivity of the electrolyte and,
hence, the contact at the electrode/electrolyte interface. There-
fore, it is not surprising that Jsc of the DSSC containing CNC0 is
as low as <0.2 mA cm�2.

A comparison of the J–V curves in Fig. 8 reveals that the DSSC
containing CNC40 is the rst DSSC (i.e. as the proportion of
CNC is increased) that exhibits a curve prole consistent with
that of a liquid cell with a signicant increase in the FF (Table
2). The device with composite CNC40 has a relatively high Voc
but a slightly lower Jsc than expected from the general trend
(Fig. 6 and 7). However, the FF is rather high due to its higher
Pmax, which follows from an increased electrolyte/electrode
contact as the CNC composition increases (Fig. 9).
56576 | RSC Adv., 2016, 6, 56571–56579
Impedance characteristics. In order to assess the internal
impedances of the cells, electrochemical impedance spectros-
copy (EIS) was performed. EIS is a powerful diagnostic tool to
determine parameters including the recombination resistance
(Rrec), active layer capacitance (Cm), charge transfer resistance
and capacitance at the cathode (RPt and CPt respectively).39–42

The DSSC is subjected to an AC current frequency sweep at
steady state close to Voc, and the impedance at any given
frequency is recorded. In a Nyquist plot, the impedances are
presented as semi-circles. As a consequence of the frequency
used to generate each impedance response, the semi-circles will
be distributed in the plot at various positions, corresponding to
different processes in the cell. In the Nyquist plot, the actual
value of the frequency at each measuring point is not displayed.
However, the high frequency (HF) region is to the le and the
medium- to low frequency (MF, LF) regions are in the middle
and to the right respectively. For EIS measurements designed
for DSSCs, the cell is normally under bias light of different
intensities to reveal more information about the behaviour of
the internal processes of the cell. Fig. 10 shows a Nyquist plot
for the DSSC containing CNC40 at different bias light intensi-
ties. It is crucial to correctly assign each semi-circle to a certain
process within the cell and varying the light intensities is an
This journal is © The Royal Society of Chemistry 2016
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Fig. 10 The Nyquist plot of sample CNC40 at a few different bias light
intensities. The enlarged marker in each series is the data point
measured at 2.5 Hz.
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appropriate way to do this. In Fig. 10 it can be seen that as the
light intensity is lowered, the LF semi-circle increases in size,
while the HF semi-circle is less affected. Since the recombina-
tion should decrease at lower voltages, it is reasonable to
assume that this circle describes the recombination resistance.
The cathode, which is not photo active, should remain fairly
constant at any bias light intensity, which is the case of the
circle to the le.

The recombination resistance with respect to the dye should
be similar in all samples. However, from Fig. 11a it is clear that
Fig. 11 Results from EIS measurements; (a) Rrec, (b) Cm, (c) RPt and (d) CPt.
fitted curves are given in the ESI Table S2.†

This journal is © The Royal Society of Chemistry 2016
this is not the case. The reference liquid electrolyte cell has an
Rrec of around 200U. When the DSSC contains electrolyte CNC0,
Rrec dramatically increases. As the CNC content is further
increased, Rrec becomes smaller until a 40% CNC composition
is reached, aer which more CNC gives rise to an increase in
Rrec. It is interesting to note that CNC40 has Rrec and Cm values
close to the ones of the liquid reference cell. However, this is not
the case with RPt and CPt of the back electrode, indicating that
the cathode/electrolyte contact is the main factor preventing
CNC40 from performing as well as the liquid DSSC, at least
before the device has aged. For DSSCs containing CNC60, Cm is
higher (Fig. 11b), as are Jsc, Voc and h, but this is also expected
due to the decreased degree of polymerization, which gives rise
to better interfacial contact. At zero or a low amount of CNC, the
nano composites are very brittle and aky aer electrolyte
swelling. This would explain the rather high Rrec; as mentioned
above, the low Jsc is due to poor electrolyte/electrode contact. It
also explains the high Voc of CNC0 (see Discussion above). As
the CNC content is increased, the composite can withstand the
impact of the electrolyte swelling, and is more compliant when
placed in the cell. As a result, Rrec decreases and the capacitance
of the active layer, Cm, increases. As a consequence, the back
reactions escalate as well and the value of Voc decreases and
attains values close to the ones of the reference liquid cell.
When a large amount of CNC is present as in CNC80–CNC100,
Rrec increases again and Cm drops, accompanied by increasing
Voc.
The triangular shaped (D) marker represents the values for Ref. (L). The

RSC Adv., 2016, 6, 56571–56579 | 56577
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The fact that the capacitance drops although the Rrec

increases shows that a reduced quantity of charge resides on the
TiO2 upon irradiation, thus emphasizing the contact difficulties
when a large amount of CNC is added. This also is consistent
with the slightly higher Voc, lower Jsc and FF shown in Fig. 6, 7
and 9.

As discussed above, the DSSC containing CNC40 has
a slightly lower Jsc than expected in the series, but a higher Pmax

and subsequently, a higher FF. In Fig. 11c, the cathode/
electrolyte charge transfer resistance, RPt, dramatically
decreases as a consequence of improved charge transfer contact
which is, in turn, related to the lower degree of polymerization.
Indeed, from an interface contact point of view (Fig. 11), DSSCs
containing CNC20–CNC60 should have around the same effi-
ciency. However, Fig. 5 shows that this is not the case, and we
suggest that the increased scattering effects is the factor leading
to improved h values. Fig. 11d depicts the counter electrode
capacitance, CPt. The liquid reference cell shows a moderate
accumulation of charge in the interfacial layer, meaning that
the charge transfer here is instant. CNC0 has, due to its physical
properties mentioned above, a very poor contact with the Pt
electrode which results in scarcity of I3

� available for reduction
to I�. A lower capacitance is, in accordance with the discussion
in device performance section, a consequence. At higher
amounts of CNC, CPt is rather constant, but falls when 100%
CNC is present. This implies that for DSSCs with CNC5–CNC80,
it is the general charge transfer impedance of having a polymer
instead of a liquid that gives rise to the higher capacitance.
Compared to the DSSC with CNC0, the counter electrode/
electrolyte contact is improved which is also reected in the h

values of the series.

Conclusions

A series of DSSCs sensitized with the bis(diimine)copper(I) dye
shown in Scheme 2 and with a nano cellulose composite
incorporated into the I3

�/I�-based electrolyte has successfully
been fabricated. The amount of CNC added has a large impact
on the performances of the cells, with a larger amount leading
to a signicant improvement in photoconversion efficiency.
However, when the CNC content exceeds 40%, the degree of
polymerization is, as seen in FT-IR measurements, not suffi-
cient. The risk of cell performance drop over time as a conse-
quence of cell leakage is highest when the composite electrolyte
is not adequately polymerized. Hence, it is important to
monitor the success of polymerization to maintain a high
performance of the DSSC over time. We have shown that the
nano composite electrolytes are compatible with copper(I)-
based DSSCs, and the stability of all nano composite DSSCs has
proven to be superior to the liquid reference cell when the cells
are aged. The results highlight the importance of good inter-
facial contact between the quasi-solid electrolyte and the elec-
trodes. It was shown through EIS characterization that the
addition of CNC to the PEOmatrix decreases the charge transfer
resistance of these interfaces, especially at the photoanode. The
sample with as much as 40% CNC content (sample CNC40) is
polymerized to a sufficient degree. This DSSC shows Rrec and Cm
56578 | RSC Adv., 2016, 6, 56571–56579
values similar to those of the liquid reference DSSC, but has
a higher stability. The photoconversion efficiency of this cell
exceeds the value of the liquid cell aer 60 days. Overall, these
results show that PEO/CNC nano composites can be swily
manufactured and used with bis(diimine)copper(I) sensitized
electrodes to form DSSCs having electrolytes of cheap, stable
and, largely, renewable resources.
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