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nt tetraaminophthalocyanine
polymer films for DSSC cathodes†

Kevin J. Klunder, C. Michael Elliott and Charles S. Henry *

An inexpensive, transparent, catalytic, and highly stablematerial is the holy grail for a dye sensitized solar cell

(DSSC) cathode. Despite a near exponential increase in research effort on DSSC cathodes, materials

approaching this ideal have yet to be found. Transparent cathodes allow for front and back illumination

of the solar cell, enable alternative anode materials and cell designs, and are important both for

fundamental research and commercialization of DSSCs. In this work, thin polymeric films of nickel

tetraminophthalocyanine (NiTAPc) were tested as a catalytic cathode material in Co(Bipy)-mediated

DSSCs. The thin films are highly transparent with a transmittance at 550 nm (T550) of over 95% while

maintaining an Rct value below 1.3 U cm2. The NiTAPc films are inexpensive, fast and easy to generate,

and stable to 2000 cyclic voltammetry cycles. Long-term film stability was not realized, and a rise in the

Rct over time (days) occurred. However, poly-NiTAPc still represents one of the most transparent and

catalytic materials reported to date. While historically phthalocyanines (Pc) have been studied as a dye/

sensitizer, this first report of phthalocyanine use as a cathode material demonstrates they have utility on

both sides of the DSSC.
Introduction

Since the inception of mesoporous dye sensitized solar cells
(DSSC),1,2 much attention has been placed on optimizing and
understanding the anode and mediator components.3,4 It has
only been recently (past �5 years) that signicant effort has
been made on cathode optimization, with a near exponential
increase in new proposed cathode materials for both iodine and
polypyridyl (and others)-based DSSCs.5–8 Historically, platinum
has been used as a catalyst to facilitate electron transfer at the
cathode.9–12 While the electron transfer kinetics with a platinum
cathode are oen sufficient for research purposes, the under-
lying cost is impractical for large scale production. Additionally,
advances relating to increasing the efficiency of DSSCs have
revealed that sluggish electron transfer and limited trans-
parency at a platinum cathode can hinder the overall perfor-
mance of a DSSC.13–17 Noble metal cathodes, including gold, can
also present stability problems due most likely to surface
fouling.18 Therefore, the lack lustre performance and high cost
of noble metal cathodes has led to research into alternative
materials. Graphene,13–15,19 carbon nanotubes,20–22 carbon
nanobers,23 carbon black,24 poly-aniline,25,26 poly(3,4-ethyl-
enedioxythiophene) (PEDOT),27–31 and others,32–34 have been
proposed as cathode materials. However, new materials can be
te University, Fort Collins, Colorado

ostate.edu

tion (ESI) available. See DOI:

hemistry 2018
consuming to make and have elaborate fabrication methods,
which could lead to elevated cost.21,23,26 While many materials
have been proposed, there remains a need for stable, cheap,
highly transparent cathode materials.

A transparent cathode allows for bifacial solar cells,35,36

a potential major advantage of DSSCs, in that nearly all angles
of irradiance can generate photocurrent. Sequentially stacked
DSSCs, which can enhance efficiency and tune voltage, are also
possible with a clear cathode.37 Transparent cathodes can also
reduce the cost of DSSCs; a back illuminated DSSC can utilize
less expensive anode substrates like Ti foil and stainless steel.38

Additionally, by using substrates other than FTO, it leaves the
option of growing TiO2 lms directly on the substrate with
advanced control over morphology.39,40 Transparent cathodes
are also desirable to make colored photovoltaics for windows
and consumer products.41–43 Kavan detailed the need for
a transparent highly catalytic cathode, with a focus on the
transmittance at 550 nm (near the solar power maximum). The
proposed optimal values are a charge transfer resistance of 1.3
U cm2, and a 100% transmittance at 550 nm (T550).6 Therefore,
an inexpensive, stable material meeting these conditions would
be the “holy grail” for a DSSC cathode.

Herein, we explore electrochemically polymerized nickel
tetraaminophthalocyanine (NiTAPc) lms as novel DSSC
cathode materials. Phthalocyanines (Pcs) have a rich history in
electrocatalysis due to their chemical stability, high activity, and
low cost.44,45 Pcs are used commercially in many applications
such as data storage (CDs), paints, printing inks and tattoos.46–48

More specically, the use of metal tetraaminophthalocyanine-
J. Mater. Chem. A, 2018, 6, 2767–2774 | 2767

http://orcid.org/0000-0002-8671-7728
http://dx.doi.org/10.1039/c7ta10167h
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA006006


Fig. 1 (A) Electropolymerization of 2 mM NiTAPc in DMSO on a FTO
electrode with 16 CV cycles. Inset shows the structure of NiTAPc
monomer. (B) Polymerization of a 2-cycle film on a gold electrode
with the use of an EQCM, dotted lines represent the right Y2 axis (blue).
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modied electrodes are widely varied, were they have been
shown to be useful in sensors, are electrochromic, and have
possible energy storage applications.49–53 Previous studies on
polymeric tetraaminophthalocyanine lms demonstrated them
to be catalytic for a variety of electrochemical reactions.50,51,54–56

More importantly, it has been reported that M-TAPc lms have
favourable electrochemistry towards ruthenium and cobalt
tris(bipyridine) complexes.57 However, in that work,57 the
conditions were not the same as those of a DSSC, nor were the
electrochemical techniques used fully comparable to those
found in current DSSC cathode research. The present study
highlights conditions in a typical DSSC, as well as optimizing
the NiTAPc lms for a high transparency. Serendipitously, it was
found that very thin layers of NiTAPc with a high transparency
were the most catalytic, achieving a T550 of over 95% and Rct

below 1.3 U cm�2. The ndings imply that tetraaminoph-
thalocyanines are an immediate candidate for use as back and
front illuminated (bifacial) DSSCs, as well as opening the door
for the use of a wide range of phthalocyanines as cathode
materials in DSSCs.

Experimental

The electrochemistry was performed on a CHI-750 potentiostat.
Polymerization was done in a 3-electrode cell with 2.5 cm2 Pt
counter and saturated calomel (SCE) reference electrodes.
Electropolymerization was done starting at �0.1 and swept to
0.85 V, followed by a return scan, all at 100 mV s�1. The poly-
merization solution was 2 mM NiTAPc (except Fig. 4) in dime-
thylsulfoxide (Alfa) with 0.1 M tetrabutylammonium
hexauorophosphate (Sigma).52 The mediator was composed of
0.3 M [Co2+(Bipy)3](PF6)2, 0.055 M [Co3+(Bipy)3](PF6)3, 0.2 M
LiClO4 (Sigma), 0.2 M 4-tert-butylpyridine (TBP) (Sigma) in
propylene carbonate (PC) (sigma) or acetonitrile (ACN) (Sigma).
Two electrode cells used FTO (Sigma) or glassy carbon (Tokai)
and a 25 mm Kapton spacer with working area 1 cm2. AC
impedance measurements were conducted from 0.1 to
10 000 Hz, at 0 V with perturbation amplitude of 10 mV. A
Gamry EQCM 10 M was used to monitor mass changes, using
a gold coated 10MHz quartz crystal with a working area of 0.209
cm2. X-ray photoelectron spectroscopy (XPS) was performed
with a 5800 MultiTechnique XPS system, with Al Ka X-ray
source. The high resolution spectra were t with CasaXPS,
using a Shirley background.

Nickel tetraaminophthalocyanine was synthesized using the
phthalonitrile route, details can be found in the ESI.† NiTAPc
characterization by 1H-NMR, IR, and UV-Vis are in the ESI
(Fig. S2–S4†). For UV-Vis measurements, a thin layer cell was
used, with a 25 mm Kapton spacer and neat PC between two
NiTAPc coated electrodes, bare FTO in the same conguration
was used for background subtraction.

Results and discussion
Electropolymerization of NiTAPc

Initially, the polymerization of NiTAPc was examined on FTO
(Fig. 1A), demonstrating the typical redox process previously
2768 | J. Mater. Chem. A, 2018, 6, 2767–2774
reported for this polymer.52 At�0.25 V vs. SCE the Ni3+/2+ couple
is proposed, with oxidation of the amine functionalized ring
occurring at �0.7 V vs. SCE. Other redox process of the polymer
are two ring reductions at �1.00 V and �1.45 V vs. SCE (not
shown).52 Upon cycling the electrode past �0.7 V vs. SCE the
formation of a conductive polymer occurs, with increasing
current as a function of cycle number.52

Fig. 1B shows the deposition of the polymer as a function of
current, with the use of EQCM to determine the mass change
during polymerization.58 Eqn (1) in the ESI† was used to relate
frequency change to the mass change. On the initial anodic
sweep (cycle 1), the rst mass increase is speculated to be from
ions or NiTAPc monomer adsorbed onto the electrode. The
mass increase appears to start at the Ni3+/2+ redox process at
�0.3 V vs. SCE, plateauing around �0.65 V vs. SCE. Adsorption
is likely at potentials less than 0.65 V vs. SCE since polymeri-
zation does not occur below this voltage.52 The second mass
increase event occurs above 0.65 V, most likely from polymeri-
zation. The mass increase is continued on the cathodic sweep
until �0.6 V where it plateaus. To our knowledge EQCM has not
been used previously to examine the polymerization of NiTAPc,
This journal is © The Royal Society of Chemistry 2018
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however, the mass change events corroborate the earlier redox
assignments for metal-TAPc electro-polymerization.52

Mass loading is related not only to electrode performance,
but cost can be considered from the measured mass gained
from EQCM experiments. Solvent, electrolyte, and porosity can
all inate the mass change seen in EQCM experiments of lm
growth,59,60 however, they will be not accounted for here. If an
assumption that only NiTAPc is being deposited on the elec-
trode, �6 mg cm�2 of material was deposited aer the rst cycle
and �4 mg cm�2 with the second cycle, for a total of 10 mg cm�2.
Using 10 mg cm�2, the cost of a 2-cycle lm was estimated to be
$0.65 m�2. The material cost is based on synthetic cost of
NiTAPc using retail sources and assumes a 50% yield. Addi-
tional details on cost analysis can be found in ESI (Table S1†).
While the cost analysis is not all encompassing, as an estimate,
it demonstrates that NiTAPc can be a potentially cost effective
and scalable option as a polymeric coating for DSSC cathodes,
as well as other catalytic electrochemical applications.

Charge transfer resistance to CoBipy

Upon successfully polymerizing NiTAPc and demonstrating the
ability to adjust the mass and/or lm thickness, the electrode
coatings were investigated for their catalytic properties towards
the popular Co(Bipy) DSSC mediator.12 It was found that the
charge transfer resistance increased with the number of depo-
sition cycles, as shown in Fig. 2. The thin 2-cycle NiTAPc lms
gave Rct values in the range of 0.5 U cm2, with 2.3 U cm2 for a 6-
Fig. 2 Impedance spectra of Co(Bipy) in PC at glassy carbon (GC)
modified with NiTAPc and bare GC. The 2-cycle film was also tested
with Co(Bipy) in acetonitrile (ACN). (Bottom) The 2-cycle and 6-cycle
NiTAPc modified electrodes are fit to a standard Randles circuit (blue
outline). 16-cycle film was fit with themodified circuit which combines
the green and blue outlines in the circuit diagram. Spectra aremanually
shifted on X-axis for clarity.

This journal is © The Royal Society of Chemistry 2018
cycle lm, and 23 U cm2 for 16-cycle lms. The 16-cycle lm
Nyquist plot cannot be t with a simple Randles circuit. The
spectra is better t with two kinetically controlled processes,
where a second charge transfer process is denoted here as Rct
(polymer). The additional charge transfer process is not
uncommon in DSSC cathode research and it has been attrib-
uted to ionic mobility within the pores of PEDOT.28 A similar
second transfer process was also seen with a porous graphene
coated FTO electrode.15 An alternative explanation for the
second charge transfer process may be from the rate of electron
transport though the polymer matrix, which would scale with
lm thickness,51 this has been seen with other polymeric cata-
lytic coatings as well.61 The calculated Rct for the 16-cycle lm is
then the sum of Rct (polymer) + Rct Co(Bipy), and values of 9 U

cm2 and 14 U cm2 were found, respectively.
Propylene carbonate was chosen as the solvent to minimize

evaporation during testing, but the data in Fig. 2 demonstrates
that an Rct using acetonitrile of 0.7 U cm2 (2-cycle lm) can be
achieved. Acetonitrile is a popular solvent for testing DSSC's,62

therefore the NiTAPc lms should perform well in the solvent.
The similar Rct of PC and ACN is unusual as increased viscosity
is typically related to slower kinetics with Co(bipy).63 Perhaps
the high Co(Bipy) and additive concentrations used here are
causing deviations from previous observations for Co(bipy) in
ACN and PC, where nearly an order of magnitude slower
kinetics was seen in PC.63 In any event, both higher viscosity PC
(2.5 cP), and lower viscosity ACN (0.33 cP),62 do not have vastly
different charge transfer resistance to Co(bpy) in this system.
Both solvents have an Rct below the desired 1.3 U cm2. Finally,
the reproducibility of Rct was briey examined with the 2-cycle
cells in PC, and a value of 0.67 � 0.26 U cm2 was found for 10
symmetric cells (20 electrodes total) over the period of one year.
Overall, the lack of any highly specic set of optimized condi-
tions to achieve Rct values below 1.3 U cm2 is promising (Fig. 4)
for practical use of these coatings.

Polarization curves and Tafel plots of the symmetric cells
used in Fig. 2 can be found in Fig. S5.† In a Tafel plot a steeper
slope that approaches plateau sooner is indicative of fast
kinetics,24 this is seen with the 2-cycle and 6-cycle lms. The 16-
cycle and GC Tafel plots approached plateau with a slightly less
steep slope, which agrees with the larger charge transfer resis-
tance seen in Fig. 2. The fast kinetics of NiTAPc observed by EIS
are then qualitatively corroborated with the Tafel plots.

Increased mass transfer resistance which can lower steady
state current is seen with some DSSC counter electrode (CE)
coating.25 Therefore, measuring diffusion coefficients is
important for CE characterization. Diffusion coefficients of
Co(Bipy) were calculated with PC as the solvent. Values of 9.8 �
10�7 � 1.2 � 10�7 cm2 s�s were calculated from the diffusion
region in the Nyquist plots for all cells shown in Fig. 2 (details in
ESI†). Diffusion coefficients were calculated a second way by
using the limiting currents from the polarization curves in
Fig. S5† and values of 6.2 � 10�7 � 0.7 � 10�7 cm2 s�s. The
polarization curves may be more accurate since they more
resemble a working DSSC. As shown in Fig. S5† the 16-cycle lm
has a reduced limiting current, possibly from mass transfer
resistances induced by the thicker lm, further demonstrating
J. Mater. Chem. A, 2018, 6, 2767–2774 | 2769
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Fig. 4 Transmittance of NiTAPc films at 550 nm as a function of CV
cycle. Charge transfer resistance is located on the Y2 axis. Circles are
Rct with blue connecting lines, squares are the transmittance with
black lines as the linear fits.
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the enhanced performance of thinner NiTAPc lms. Both
methods for measuring diffusion coefficients gave values that
are similar to previous reports of Co(Bipy) in PC.63

Optical transmittance and charge transfer resistance to
Co(Bipy)

The polymer lms were examined with UV-Vis spectroscopy to
determine the relationship between transmittance and cycle
number. Fig. 3 shows that the transmittance decreases with
increasing cycle number, as expected. The transmittance of the
NiTAPc lms (Fig. 3) mimics the monomer spectra and has
typical Q and Soret band absorption at 716 nm and 304 nm
along with shoulders at 639 nm and 418 nm, respectively. The
monomer UV-Vis spectra can be found in the ESI (Fig. S4†) and
agrees quite well with a previous report for NiTAPc.64 Addi-
tionally, the broadening of the peaks seen in Fig. 3 are typical of
polymeric and layer-by-layer Pcs.65,66 Interestingly, the thin lms
show an interference pattern from �750 nm to 1000 nm that is
indicative of a highly uniform coating.67 Visually, the absorp-
tions of poly-NiTAPc create a deep green color on the FTO
substrate for thicker lms (bottom Fig. 3). The 2-cycle NiTAPc
lm seems to have a less pronounced green appearance, prob-
ably from the thinner lm having a more uniform trans-
mittance from 300 nm to 900 nm. While the lms are not fully
transparent in the entire visible region, they are highly trans-
parent at 550 nm near the solar spectrum power maxima (Y2
axis Fig. 3).68

In Fig. 4, the 1-cycle electrode made from 0.5 mM NiTAPc
had a transmittance of 97.5% and Rct of 1 U cm2, which is very
close to “the holy grail” values mentioned in the introduction.
An apparent linear relationship is seen for the 2 mM condition,
Fig. 3 Transmittance spectra of FTO coated with poly-NiTAPc with
various cyclic voltammetry cycle numbers. The transmittance of FTO
was subtracted. (Bottom) images of coated electrodes as a function of
cycle number.

2770 | J. Mater. Chem. A, 2018, 6, 2767–2774
and the linear t was Y¼�2.7(�0.1)X + 97.5(�0.8) with an R2 of
0.993. Since thin lms appear to be the most catalytic and have
the highest transmittance, a lower concentration was also tested
to see if polymerization could be slowed down. The equation for
the 0.5 mM condition was Y¼�1.2(�0.4)X + 98.7(�1), implying
that (within error) the rate of lm formation can be adjusted.
Lower NiTAPc monomer concentrations may help with further
optimization, whereby ne tuning the transmittance and Rct.
Effect of 4-tert-butylpyridine on Rct to Co(bipy)

4-tert-Butylpyridine (TBP) is a common additive to DSSCs,69 but
it has been shown to have deleterious effects on the charge
transfer kinetics at the cathode.18 While the kinetic effects of
TBP are known at the anode (recombination),69 it is rarely
studied at the cathode. TBP effects are shown in Fig. 5 where the
Rct at glassy carbon increases from 9 U cm2 to �20 U cm2 upon
Fig. 5 Nyquist plots highlighting the effect of TBP on the charge
transfer kinetics of 2-cycle NiTAPc modified and unmodified glassy
carbon electrodes. Dotted lines are without TBP. Spectra are manually
shifted on X-axis for clarity.

This journal is © The Royal Society of Chemistry 2018
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the addition of 0.2 M TBP. The increase may arise from
adsorption of TBP to the carbon surface. McCreery has shown
that a glassy carbon electrode contaminated with adventitious
carbon can be cleaned with pyridine to improve kinetics,
implying that pyridine strongly interacts with carbon surfaces.70

In our work, the pyridine is never removed from the system,
which may explain the different result. If adsorbed to the
surface, TBP has an aliphatic moiety which would likely further
hinder electron transfer. The opposite trend was seen for
a glassy carbon electrode modied with a 2-cycle NiTAPc lm.
The NiTAPc-modied electrode had a nearly 60% decrease with
Rct with the addition of TBP. Apparently the TBP is not fouling
the electrode in the same manor on NiTAPc lms as it is with
GC. Changing solvent dynamics with TBP may explain a lower
Rct. Murray,63 as well as others,71,72 have discussed various
solvent effects for reaction rates of polypyridyl complexes,
which can be related to ion-pairing, double layer effects, and
viscosity. However, a detailed analysis of why TBP is lowering
the Rct will not be done here.
Stability of NiTAPc in CoBipy mediator solutions

The stability of catalytic coatings are of concern in DSSC
applications given that the lms are required to maintain
catalysis over years of continued use.73 Briey, NiTAPc 2-cycle
lms were investigated for stability (Fig. 6). The 2-cycle NiTAPc
lms maintained excellent stability under cycling. Aer 2000
cycles, the Rct value had a negligible increase from 0.4 to 0.6 U

cm2. However, in another set of experiments, aer 24 h in
mediator solution (ambient conditions), the Rct value
increased from 0.5 U cm2 to 1.7 U cm2, and on the fourth day
climbed to 2.5 U cm2. The stability over four days suggests that
the NiTAPc lms have some kinetically slow physical or
chemical change within the polymer, which is increasing the
Rct value over time. It was thought that ambient oxygen was
causing a change in the chemical structure of the NiTAPc
lms, however, stability experiments performed in oxygen free
(#1 ppm) drybox conditions gave similar results. The doping
mechanism of metal-TAPc can change with the donor number
of the solvent,65 suggesting the slow change in Rct could be
related to the ion/solvent doping mechanism in PC. Related,
remarkable stability of 1 million cycles has been reported for
Fig. 6 (A) Impedance spectra of the 2-cycle films after repeated CV
cycling at 400 mV s�1 from �0.5 to 0.5 V in DSSC mediator solution in
a symmetric cell. (B) Spectra taken after days of aging in mediator
solution. Spectra are manually shifted on X-axis for clarity.

This journal is © The Royal Society of Chemistry 2018
poly-aniline (a similar polymerizable moiety to NiTAPc) in
ionic liquids,74 attributed to a more reversible intercalation/
doping mechanism. It is conceivable that a different solvent
or electrolyte system may stabilize the NiTAPc polymer,
whereby stabilizing the Rct in a working DSSC. Solvent and
electrolyte effects would make for a logical follow-up study to
this initial work.
XPS analysis of NiTAPc

To further examine the effects of cycling and aging on the
NiTAPc lms XPS measurements were performed. The “fresh”
designation are for NiTAPc (2-cycle) lms created about 1–2 h
before XPSmeasurements. The “cycled & aged” lms were le in
mediator solution for 2 days, as well as cycled 1500 times. Fig. 7
has a representative survey spectrum for a NiTAPc 2-cycle lm.
The presence of tin in the spectra suggests that the NiTAPc lm
is only a few nanometers thick.

Interestingly, the spectrum lacks a uorine signal that
could arise from the substrate or the PF6 electrolyte. Sulphur
from DMSO was also not present. The only potential electro-
lyte present was chloride, possibly from the reference elec-
trode or from lithium perchlorate. Not all the samples had
measurable Cl, and the samples that did were #2 atomic%. A
carbon to nitrogen ratio of 2.6 would be expected in pure
NiTAPc, however, a ratio of �5.2 was found in typical spectra.
The difference is most likely from adventitious carbon. The
bar graph in Fig. 7 shows that, within error, the Sn, N, C, and
Ni elemental atomic% (from peak area) is not changing
signicantly for the two conditions. However, the O 1s
atomic% does appear to be slightly increased for the aged
lms. This is examined further in the high-resolution spectra
in Fig. 8.

The high resolution XPS collected for carbon, oxygen, tin
and nitrogen are shown in Fig. 8. The shape of the C 1s and O
Fig. 7 Atomic percentage from XPS for NiTAPc (2-cycle) on FTO, and
after aging for 2 days and cycled 1500 times. Nickel had a percentage
of 0.32 � 0.17% for fresh film and 0.24 � 0.10% for the aged film. Error
bars are from six individual electrodes for both conditions. Inset is
a typical survey scan of a fresh 2-cycle NiTAPc film.

J. Mater. Chem. A, 2018, 6, 2767–2774 | 2771
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Fig. 8 Typical high resolution C, O, Sn, and N XPS of 2-cycle NiTAPc
films on FTO before and after being cycled and aged. Grey bars
represent general binding energies for specific chemical
environments.‡
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1s peaks change signicantly with cycling, shiing to higher
binding energies. One hypothesis for the peak shi could be
that propylene carbonate has been incorporated into the
polymer. PC incorporation would most likely raise the
carbon%, however, this is not observed (Fig. 7). Alternatively, if
NiTAPc was replaced by other carbon rich species, that would
explain the different binding environments seen in Fig. 8.
Related, in Fig. 7 it appears that on average the N and C content
is lower for aged lms, as well as increased Sn signal, some-
what supporting the loss of NiTAPc with aging hypothesis. Loss
of material and polymer rearrangement is not unprecedented
with N4 macro-cycles, were poly(tetraaminophenyl) porphyrin
was reported to have a loss of oligomer/polymer material
during aging & cycling.75 If NiTAPc is lost, it may then be
replaced by species from the mediator solution, or adventitious
carbon.

Lost NiTAPc, if occurring, may expose surface hydroxyls on
the FTO a possibly reason for the higher binding energies seen
in the O 1s peak in Fig. 8.76 Oxidative attack on the ring
structure could be a possible explanation for the C 1s and O 1s
peaks, but this seems unlikely since phthalocyanines are
notoriously stable under ambient, as well as harsh, condi-
tions.48 Overall, there is no simple answer at the present for
changes to the C 1s and O 1s peaks, none the less these
chemical changes could be related to the instability of the
poly-NiTAPc lms. Finally, the nitrogen peak is changing very
little, indicating the N binding environments are not drasti-
cally changing, this is promising because poly-NiTAPc are
formed through amine linkages.
‡ The spectra of NiTAPc have been shied by 1.2 eV as a correction to align the Sn
3d and O 1s peaks with known values for FTO. For FTO, Sn peaks occur at 495 eV
for 3d3/2 and 486.5 eV for 3d5/2, and the O 1s in SnO2 is at 530.5 eV.77 General
assignments for the O 1s,78 N 1s,79,80 and C 1s78 are taken from previous
literature precedent.

2772 | J. Mater. Chem. A, 2018, 6, 2767–2774
Conclusion

Phthalocyanines are introduced as new materials for cathodes
in Co(bipy) mediated DSSCs. The thin NiTAPc lms had an Rct

below 1.3 U cm2 with a high transmittance at 550 nm of �97%,
representing a near ideal material for these two parameters. The
cycling stability of the NiTAPc lms was quite good, with only
a 0.2 U cm2 change in Rct aer 2000 cycles. The polymers lacked
temporal stability over the course of four days, but only elevated
to an Rct of 2.5 U cm2. The stability, activity and high trans-
parency of the NiTAPc lms makes these electrochemically
formed polymers an immediate candidate for use in DSSC
research in the area of back illumination. The present work also
opens the door for phthalocyanines of all types for use as DSSC
cathodes, in which adsorbed single layer or layer-by-layer lms
may be utilized, as well as the many (hundreds) other known
phthalocyanine derivatives.
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M. Scheele, ACS Appl. Mater. Interfaces, 2017, 9, 14197–
14206.

77 A. I. Mart́ınez, L. Huerta, J. M. O. R. d. León, D. Acosta,
O. Malik and M. Aguilar, J. Phys. D: Appl. Phys., 2006, 39,
5091.

78 H. Hantsche, Adv. Mater., 1993, 5, 778.
79 G. M. Rignanese, A. Pasquarello, J. C. Charlier, X. Gonze and

R. Car, Phys. Rev. Lett., 1997, 79, 5174–5177.
80 A. Mohtasebi, T. Chowdhury, L. H. H. Hsu, M. C. Biesinger

and P. Kruse, J. Phys. Chem. C, 2016, 120, 29248–29263.
This journal is © The Royal Society of Chemistry 2018

http://dx.doi.org/10.1039/c7ta10167h

	Highly transparent tetraaminophthalocyanine polymer films for DSSC cathodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta10167h
	Highly transparent tetraaminophthalocyanine polymer films for DSSC cathodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta10167h
	Highly transparent tetraaminophthalocyanine polymer films for DSSC cathodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta10167h
	Highly transparent tetraaminophthalocyanine polymer films for DSSC cathodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta10167h
	Highly transparent tetraaminophthalocyanine polymer films for DSSC cathodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta10167h
	Highly transparent tetraaminophthalocyanine polymer films for DSSC cathodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta10167h
	Highly transparent tetraaminophthalocyanine polymer films for DSSC cathodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta10167h
	Highly transparent tetraaminophthalocyanine polymer films for DSSC cathodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta10167h
	Highly transparent tetraaminophthalocyanine polymer films for DSSC cathodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta10167h
	Highly transparent tetraaminophthalocyanine polymer films for DSSC cathodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta10167h

	Highly transparent tetraaminophthalocyanine polymer films for DSSC cathodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta10167h
	Highly transparent tetraaminophthalocyanine polymer films for DSSC cathodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta10167h
	Highly transparent tetraaminophthalocyanine polymer films for DSSC cathodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta10167h




