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Estimation of the dye loading from the transmittance of complete DSSC

The absorptance of the dyed TiO, photoelectrode film in a complete DSSC was approximated as

T
APEZI_TPEZI_fﬁ (SEI)

T celLEL

where T o pe= Topun Lpe Lo Toi Topsy  and T oo = Top g Lo Ip Lcp.qy  are  respectively the

transmittance measured through the photoelectrode and the electrolyte edge region next to it
(Figures S1 and S2 a-c), each modeled as the product of the transmittances of the cell components
through which the light beam goes in each measurement (“PE” stands for photoelectrode, “sub”
for substrate, “EL” for electrolyte, “Pt” for the Pt catalyst layer, and “CE” for counter electrode).
See ! for a similar optical model.

Note that, because in equation SE1 T pg is divided with the ‘background’ measurement 7 g
taken from the same sample, the division not only factors out the transmittance of the electrolyte
(Tg), substrate (7pg-sub, 7 cE-sub) and platinum (7p;), but also compensates for the sample-to-sample
variations in them. In addition to this, the correction factor f, defined as

chll,EL(ﬂ’ = 800 nm)

= =800 am)

(SE2)

1s used to compensate for spatial variations in the amount of Pt (7p;) and presence of air bubbles
and other possible imperfections in the Surlyn sealing at the CE side (7¢g.su), by normalizing the
absorbance to zero at 800 nm (900 nm in the case of the black dye) where the absorptance by the
dye is known to be non-existent.

Equation (1) neglects reflectance at the material layer interfaces, which are low due to relatively
good refractive index matching, as well as the reflectance of the photoelectrode layer, which is
negligible near the absorption maximum at 535 nm, where the already low back scattering of light

1'J. Halme, P. Vahermaa, K. Miettunen, P. Lund, Adv. Mater., 2010, 22, E210-E234.



form the film (due to absence of scattering particles) is further attenuated by the intense light
absorption?.

The photoelectrode absorptance spectra obtained this way are shown in Figure S2 d-f. Example
spectra were selected from it to the Figure 3 of the paper.

The dye loading (mol cm™?) in photoelectrode film was calculated as

P Abs . (A =535nm)
Y £, (A=535nm)

(SE3)

where &y, is the molar attenuation coefficient of the dye (&aye = 1.75 x 103 m? mol! = 17.5 x 103
M em!, taken from 3, and assumed to correspond to decadic attenuation, at the absorption
maximum of the dye at 535 nm, and A4bspg is the decadic absorbance (Figure S2 g-i) of the
photoelectrode calculated from the absorptance of equation SE1 as

AbSPE= _loglo (TPE) = _logm { _APE) (SE4)

b)

Figure S1. Photographs of the gradient (a) and two-color (b) DSSCs showing approximate
positions and size of the light beam when measuring the transmittance through the center of each
photoelectrode segment (7cipe) and the free electrolyte region next to it (ZgeppL). Two
photoelectrode measurement (“a” and “b”’) were taken from each segment of the gradient DSSC
and one from the two-color DSSC.

2 J. Halme, G. Boschloo, A. Hagfeldt, P. Lund, J. Physic. Chem. C., 2008, 112, 5623-5637.
3 M. Wang, S. Plogmaker, R. H. Baker, P. Pechy, H. Rensmo, S. M. Zakeeruddin, M. Gratzel, Chem Sus Chem., 2012,
5,181 —187.
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Figure S2. (a — ¢) Measured UV-VIS transmittance spectra (Ziepp and Toepr) of the small
complete DSSCs, and calculated photoelectrode absorptance (d — f, equation SE1) and absorbance
(g — 1, equation SE4) spectra of their 7 um thick TiO, photoelectrodes dyed with inkjet printing
(C101 dye) with (a, d, g) or without (b, e, h) washing with DMF after printing, and the same for
reference cells dyed by drop-casting the same dye solution in identical TiO, films (c, f, 1). The
absorbance data in figures (g — 1) were used for calculating, with equation SE3, the dye loading
shown in Figure 4 of the paper.
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Figure S3. a) Device transmittance and b) photoelectrode absorptance values of the small semi-
transparent DSSCs at 550 nm wavelength (used as a reference for visible transparency), and c) the
corresponding photoelectrode absorbance at 535 nm peak absorption wavelength (used for
calculating the dye loading with equation SE3), corresponding to the spectra shown in Figures
S2a, d, and g. Figures a and b also show the overall small sample-to-sample variation (three
samples of each type) in the data, not discernible form selected spectra shown in the Figures 3a
and d in the paper.

Figure S4. The inkjet-printer used in this study. a) Fuji Film’s Dimatix Material Printer, Model
DMP-2800, and b) printer cartridge filled with dye C101 solution.



Estimation of the dye loading with dye desorption from the TiO, films

The absorbance of the dye desorption solutions was calculated by subtracting the background
level AbSgol meas,be from the measured absorbance 4bsgo1 meas
—Abs

Abs = Abs (SE5)

sol,meas sol,meas,bg

The background level Absi measpg Was determined separately for each absorbance spectrum as the
average absorbance between 780 nm and 860 nm, where the dye is known to have negligible
absorption. This corresponds to the similar correction made for solar cell transmittance data in
equation (SE1). The resulting absorbance spectra are shown in Figure S5.

The dye loading (mol cm) in the photoelectrode film (Figure 4c in the paper) was calculated as

P Abs (A =535nm) V.,
Y e, (A=535nm)-L Ay,

(SE6)

where V) is the volume of the desorption solution (¥, = 4 ml), Lis the optical path length of the
cuvette (L = 1 cm), and Agy, is the area of the photoelectrode films (4gim = 0.4 cm?).
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Figure S5. UV-VIS absorbance spectra of the dye desorption solutions (C101 dye), from which
the dye loading shown in Figure 4c of the paper were calculated with equation SE6. The figure
shows the spectra obtained after subtracting the background according to equation (SES). The dyed
TiO, films were 7 pum thick and had 0.4 cm? area. The dye was desorbed from them to a solution
volume of 4 ml, and measured with in a cuvette with 1 cm optical path.



Statistical analysis of the IV results: initial performance

Nomenclature and details of the statistical testing are given in the end of the document.

Initial performance of all prepared cells

All cells initial N
Printed 7 Jsc (MAICm?) Voc (V) FF n (%) R can (Q)
P14 07240 6.68
P2 {420 07280 6.52
P3  [40NNN OFASIINNNN 6.64
P4 [AONIN 0B89I 6.29
Ps AN D22 655
Pe ST 06770 6.05
P7__ HSENNN 055N 5.79
ave 14.0 0.649 0.701
std 0.2 0.009 0.027
std/ave 1.2% 1.4% 39%
sem 0.1 0.003 0.010
95% ClI 0.2 0.008 0.025
Reference 5 2 Voc (V)
R1 141 6.62
R2 136 5.63
R3 139 6.39
R4 134 6.40
R5 140 5.87
ave 13.8 0.654 0.686
std 0.3 0.011 0.037
std/ave 2.0% 1.7% 55%
sem 0.1 0.005 0.017
95% ClI 0.3 0.013 0.046

Table 1. Comparison of two different cell types - initial performance

N Jsc (mAlcm?) Voc (mV)  FF (%) 7 (%) Reen (Q)
Initial performance
Printed 14+0.2 649 + 9 703 6.4+03 41+10
Reference 5 13.8+0.3 654 + 11 69 +4 6.2+0.4 46 +12
Difference 1.4 % -0.8 % 22% 28 % -10.8 %
p-value 0.21 0.41 0.47 0.46 0.46

Differences in the initial performance (Table 1)

The results show no statistically significant differences (p < 0.05) between the two types of cells,
for any of the IV parameters. The differences in the average values are also practically insignificant
(<5 %), except for the R..; which shows relatively high variance between the samples.



Statistical analysis of the IV results: aging test at 1 Sun and 35 C
All but the following four samples (two in each series) were put to a 1000 h aging test.

Samples excluded from the aging test

Printed 2 Jsc (mAcm?) Voc (V) FF n (%) R can (Q)
P6 87 | 0658 DE7ZIIN 6.05 503
dif from ave 21 % 0.7 % -3.4% -4.8 % 23.3%
P7  MEENIINN 06se  OESSHNNNN 579 553
dif from ave 11 % -1.4 % -6.5 % -8.9 % 354 %
Reference 2 Jsc (mA/cm?) Voc (V) FF n (%) R o (Q)
Rz H86 0639 DG4I 563 558
dif from ave 2.8 % -1.5% 7.5% -“11.4 % 36.8 %
RS {400 o652 [DBASIINNN 587 593
dif from ave 0.1 % 0.5% -8.0 % 1.7% 45.3 %
Notes Seven cells with printed dye (P1...P7) and five reference cells (R1...R5) were prepared

and characterized, of which five and three highest efficiency cells were selected for the
aging study, respectively. The excluded lower efficiency cells (P6, P7, R2, R5) had high
Rcell, most likely due to bad electrical contacts, and therefore lower FF. P6 and P7 had
addionally slightly lower Jsc than the top five cells in the same group. The excluded P6
and R5 were aged in parallel, at the same conditions, while monitoring their performance
with an in-situ measurement set-up, and exhibited similar aging behaviour as the rest of
the cells (data not shown). P7 and R5 were stored and not used for further

measurements.
Aging test
0 Hours N
Printed 5  Jgc (MAlcm?) Voc (V) n (%) R e (Q)

P1 6.68 338
P2 6.52 304
P3 6.64 374
P4 6.29 457
P5 6.55 331
ave 14.1 0.650 0.715 6.53 36.0
std 0.1 0.010 0.014 0.15 5.9
std/ave 0.5% 1.5% 2.0% 23% 16.4 %
sem 0.0 0.004 0.006 0.07 2.6
95% Cl 0.1 0.012 0.018 0.19 7.3
Reference 3 Jsc (MAlcm?) Voc (V) R e (Q)
R1
R3
R4
ave 37.9
std 6.0
std/ave 25% 1.3 % 23% 20% 15.9 %
sem 0.2 0.005 0.010 0.08 3.5
95% Cl 0.8 0.021 0.041 0.32 15.0




250 Hours N
Printed 5  Jsc (mAlcm?) Voc (V) R can (Q)
P1 353
P2 288
P3 360
P4 367
P5 302
ave . . 6.58 334
std 0.6 0.015 0.015 0.06 3.6
std/ave 4.1 % 23 % 21 % 0.9 % 10.9 %
sem 0.3 0.007 0.007 0.03 1.6
95% ClI 0.7 0.018 0.018 0.08 4.5
Reference 3 7 (%) R (Q)
R A D CE
Re  [ZENN DGSSII ws
Re [ DESEI s
ave 14.3 0.664 0.711 6.73 34.3
std 0.1 0.001 0.008 0.11 24
std/ave 1.0% 0.2% 11 % 1.7 % 6.9 %
sem 0.1 0.001 0.005 0.07 14
95% ClI 0.3 0.003 0.020 0.28 59
500 Hours
Printed 5 R can (Q)
Z w5
P2 0o
Ps 62
Pa 6o
Ps st2
ave . . . 32.9
std 0.5 0.016 0.013 0.10 23
std/ave 3.5% 24 % 1.9 % 1.5% 7.0 %
sem 0.2 0.007 0.006 0.04 1.0
95% ClI 0.6 0.020 0.016 0.12 2.8
Reference 3 Jgc (MAlcm?d) R e (Q)
R1 0666 296
R3 0669 338
R4 0668 324
ave 14.2 0.667 0.715 6.76 32.0
std 0.4 0.002 0.007 0.21 21
std/ave 2.6 % 0.2% 09 % 31% 6.6 %
sem 0.2 0.001 0.004 0.12 1.2
95% ClI 0.9 0.004 0.017 0.52 5.3




750 Hours N
Printed 5  Jsc (mAlcm?) Voc (V) R can (Q)
P1 326
P2 306
P3 347
P4 345
P5 292
ave 323
std 24
std/ave 74%
sem 1.1
95% ClI 3.0
Reference 3 R can (Q)
X 30
R3 s
Ra 34
ave 33.8
std . 24
std/ave 5.0 % 1.2 % 01% 3.8% 7.0 %
sem 04 0.005 0.000 0.14 14
95% ClI 1.7 0.020 0.001 0.62 59
1000 Hours
Printed 5 R o (Q)
P1 327
P2 318
P3 340
P4 321
P5 281
ave . . 6.44 31.8
std 0.6 0.017 0.014 0.20 2.2
std/ave 4.5 % 2.6 % 2.0% 31% 71%
sem 0.3 0.007 0.006 0.09 1.0
95% ClI 0.8 0.021 0.018 0.25 2.8
Reference 3 n (%) Rcai (Q)
R1 324
R3 w4
R4 330
ave . . 6.34 34.6
std 0.8 0.016 0.007 0.28 3.3
std/ave 6.1 % 24 % 1.0% 4.4 % 9.6 %
sem 0.5 0.009 0.004 0.16 1.9
95% ClI 20 0.040 0.018 0.69 8.3




Table 2. Comparison of the two type of cells during the aging test

N Jsc (mA/cm?) Voc (mV) FF (%) 1 (%) Reei (Q)
0h
Printed 5 14.1+0.1 650 + 10 71.5+14 6.53+0.15 36+6
Reference 3 13.8+0.3 660 + 8 71.2+1.6 6.47 £0.13 38+6
Difference 2.1 % -1.5% 0.4 % 1.0 % -5%
p-value 0.29 0.19 0.80 0.57 0.69
250 h
Printed 5 14.1+£0.6 656 + 15 711+1.5 6.58 + 0.06 33t4
Reference 14.3+0.1 664 + 1 71.1+£0.8 6.73 £ 0.11 34+2
Difference -1.0 % -1.2% 0.1% 2.2 % -3%
p-value 0.62 0.31 0.94 0.14 0.67
500 h
Printed 5 143205 651+ 16 71+1.3 6.63 £ 0.1 33+2
Reference 14.2+0.4 667 + 2 71507 6.76 £ 0.21 32+2
Difference 1.3 % 25% -0.7 % -2.0% 3.0 %
p-value 0.57 0.08 0.49 0.39 0.58
750 h
Printed 14.3+£0.7 644 + 15 71+1.5 6.52+0.15 32+2
Reference 13.4+0.7 6708 725+ 0.1 6.52 £ 0.25 34+2
Difference 6.3 % -3.9% 21 % -0.02% -4.3 %
p-value 0.16 0.02 0.09 0.99 0.45
1000 h
Printed 14.2+0.6 636 + 17 71.1+£14 6.44+0.2 32+2
Reference 13.1+£0.8 672+ 16 72+0.7 6.34 £ 0.28 35+3
Difference 8.6 % 53% -1.3% 1.5% 8.3 %
p-value 0.11 0.04 0.27 0.63 0.27

Table 3. Comparison final vs. initial performance for each type of cells

N Jsc (MA/cm?) Voc (mV) FF (%) 7 (%) Reen ()
Printed
Ohours 5 14.1+0.1 650 £ 10 71.5+14 6.53 £ 0.15 3616
Rel. stdev 0.5% 1.5 % 2.0% 23 % 16.4 %
1000 hours 5 14.2+0.6 636 £ 17 71.1+14 6.44+0.2 32+2
Rel. stdev 4.5 % 2.6 % 2.0% 31 % 71%
Difference 1.2% -2.0% -0.5% -14 % -11.9%
p-value 0.58 0.14 0.46 0.47 0.17
Reference
0 hours 3 13.8+0.3 660 + 8 71.2+1.6 6.47 £0.13 38
Rel. stdev 25% 1.3 % 2.3% 20% 15.9 %
1000 hours 3 13.1+£0.8 672+ 16 72+0.7 6.34 £ 0.28 35%+3
Rel. stdev 6.1 % 24 % 1.0 % 4.4 % 9.6 %
Difference -4.9 % 1.9% 1.3 % -1.9% -8.7%
p-value 0.30 0.27 0.37 0.39 0.24
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Differences between the two types of cells during the aging test (Table 2)

At the end of the aging test at 1000 h, V. was 5 % lower in the printed dye cells compared to the
reference cells (4 % lower at 750 h), whereas all the other IV parameters, and the conversion
efficiency, do not show any statistically significant differences between the two types of cells.

Aging behavior of each cell type (Table 3)

Table 3 compares the initial and final (1000 h aged) performance of each type of cell. The statistical
testing (paired Student’s t-test at 95 % confidence) shows no significant aging in either of the cell
types. The final data differ less than 5 % from the initial data for all IV characteristics, except for
R, which decreased by 7 % in the printed dye cells and 9 % in the reference cells, however as
already mentioned, these changes are not statistically significant. Accordingly, the changes in the
average values of the IV parameters and efficiency were similar or smaller than the standard
deviations. We can therefore conclude that if any degradation happened, it was less than the
standard deviations, which were only a few percent for all the IV parameters. In more practical
terms: no significant aging took place.

Finally, we note that the R.; has relatively high standard deviation (underlined in the table),
possibly due to a problem occurred in the preparation of the electrical contact to the cells, but this
did not inflate the standard deviations of the other parameters, nor the efficiency. Aging also
increased the standard deviation of Jy, V, and 7, but it remained less than 5 % in all the cases,
except for the Ji. of the aged reference cells (6%).

About statistical analysis in Tables 1, 2, and 3

Statistical testing

Statistical confidence level 95% a: 0.05

Criteria for practically significant difference and acceptable sample-to-sample variation (rel. stdev)

Criteria Jsc (mMA/cm?) Voc (mV) FF (%) 1 (%) Reen ()
Practically signif. difference 5% same same same same
Acceptable Rel. stdev 5% 5% 5% 10% 15%

Underlined in the tables are:
- p-values lower than or equal to « (e.g. 0.05 for 5 % significance)

- Differences larger than the practical significance level
- Relative standard deviations larger than the acceptable value

11



Nomenclature

N
ave
std

std/ave, Rel. stdev
sem

95% ClI

Difference

p-value

Jsc
Voc
FF

n
Rcell

Number of samples

Average

Standard deviation

Relative standard deviation compared to average

Standard error of the mean

Half of the full 95 % confidence interval based on Student's t-distribution

Relative difference of average values: Printed vs reference, or Batch 2 vs Batch 1.

Calculated with two-tailed two-sample t-test with unequal variances. A paired t-test
was used for comparing the initial and final data of the same batch of cells.

Short circuit current density
Open circuit voltage

Fill factor

Efficiency

Cell resistance (inverse slope of the IV curve at V)

12



Statistical analysis of the EIS results

The tables 4 — 6 below show results from the electrochemical impedance spectroscopy of the printed dye and reference DSSCs. See ref [MO]
for the description and definitions of the equivalent circuit impedance model and its parameters shown in the tables. The results are
commented with conclusions below the tables in the panel “Notes”.

Table 4. Difference in the initial EIS characteristics

N SERIESR PHOTOELECTRODE COUNTER ELECTRODE DIFFUSION TOTALR
Printed 5 Peree  Cee(F)* Q cpe, e Borce CalF)* zels)* fe(H)*| Ro(Q) 7ols)  flo(H2)*
= BHBSE v 6ZE-06 1833 3339
P2 0764  WSOHEN 108105 (14720 886
P3 0.711 [li84c-06 [5B61E-06 3504
P4 ] B.8o4E-07 [2iB85E-06
P5 0.824 AIB59E061 9.434E-06
ave 11.2 12.3 4.058E-04 0.982 3.688E-04 4.547E-03 35.3 3.16 9.581E-05 0.705 2.866E-06 7.575E-06 26541 6.64 1.67 9.568E-02 334
std 23 11 2.182E-05 0.014 2.115E-05 4.501E-04 34 1.12 6.480E-05 0.107 1.781E-06 3.262E-06 16894 0.40 0.13 7.950E-03 4.1
std/ave 20.1 % 9.1% 5.4 % 1.4 % 5.7% 9.9 % 9.6 % 352 % 67.6 % 15.1 % 62.2 % 431 % 63.7 %) 6.0 % 78% 8.3 %) 12.3 %
sem 1.0 0.5 9.756E-06 0.006 9.460E-06 2.013E-04 15 0.50 2.898E-05 0.048 7.965E-07 1.459E-06 7555 0.18 0.06 3.555E-03 1.8
95% ClI 28 14 2.709E-05 0.017 2.627E-05 5.589E-04 42 1.38 8.045E-05 0.132 2.211E-06 4.051E-06 20977 0.50 0.16 9.871E-03 5.1
Reference 3 Rs (Q) Rpe(Q) Q cpe, pe B cee,pe Coe(F)*  7pe(s)* f pe(H2) *| Re(QQ) Q cpe, e B ceece Ce(F)* 7ce(s)™ f'cs (Hz) *| Ro(Q) 7p(s) f‘D (Hz) * | Rror (Q2)
R RSEERBN 1550051 10269
R3 BHloiE-06 [9196E-06 {7807
R4 BiBE-06 931306 [{i7089
ave 10.9 12.5 3.847E-04 0.990 3.647E-04 4.568E-03 35.0 3.9 1.315E-04 0.670 3.027E-06 1.134E-05 14888 6.27 1.54 1.034E-01 336
std 29 0.5 2.271E-05 0.016 2.482E-05 3.750E-04 3.0 0.6 5.079E-05 0.070 1.501E-06 3.605E-06 4002 0.21 0.06 4.240E-03 3.0
std/ave 26.9 % 43 % 5.9 % 1.6 % 6.8 % 8.2% 8.6 % 15.2 % 38.6 % 10.5 % 49.6 % 31.8% 26.9 % 34% 4.2% 4.1 %) 9.0 %
sem 17 0.3 1.311E-05 0.009 1.433E-05 2.165E-04 17 0.3 2.933E-05 0.041 8.664E-07 2.081E-06 2310 0.12 0.04 2.448E-03 1.8
95% ClI 7.3 1.3 5.641E-05 0.040 6.165E-05 9.315E-04 75 15 1.262E-04 0.175 3.728E-06 8.956E-06 9941 0.53 0.16 1.053E-02 75
* Quantities marked with "*" are calculated from the unmarked values in the previous columns. The unmarked values were obtained by fitting an equivalent circuit model to the measured EIS data.
Comparison of two groups
SERIES R PHOTOELECTRODE COUNTER ELECTRODE DIFFUSION TOTALR
N Rs (Q) Rpe (Q) QCPE,PE('lo-s) Boepe  Coe(MF)* 7pe(ms)* fop(H2) *| Ree(Q) Q cee e (10%)  PBoece  Coe(WF)* 7 (us)* f e (kHz) ¥ Ro(Q) 7o(s)  fp(mHz) ¥ Rror(Q)
Initial data
Printed 5 112+23 | 12311 041+002 098+0.01 037+002 45+05 35+3 3.16+1.12 0.1+0.06 0.7+0.11 29+18 76+33 2717 66+04 1670.13 96+8 33+4
std/ave 20% 9% 5% 1% 6% 10% 10% 35% 68% 15% 62% 43% 64% 6% 8% 8% 12%
Reference 3 109+29 | 125+05 0.38+0.02 099+0.02 036+002 46+04 35+3 3.94+06 0.13+005 067+0.07 3x15 11.3+3.6 15+4 63+02 154+006 1034 34+3
std/ave 27% 4% 6% 2% 7% 8% 9% 15% 39% 10% 50% 32% 27% 3% 4% 4% 9%
Difference 28% -14% 55% -0.8 % 11 % -05% 0.8 % -19.7 % 271 % 53% -5.3 % -332% 783 % 5.9 % 8.5% -75% -0.8 %
p-value 0.886 0.769 0.263 0.522 0.824 0.946 0.914 0.247 0424 0.595 0.896 0.214 0.204 0.137 0.108 0.124 0.916

* Quantities marked with "*" are calculated from the unmarked values in the previous columns. The unmarked values were obtained by fitting an equivalent circuit model to the measured EIS data.

Rs and all CE parameters have high relative standard deviations in both type of cells. This means that the experimental accuracy of these parameters is somewhat limited, limiting also the comparison between the two types of cells with respect to these
parameters. For example std/ave is 35% and 15% for Rce in printed and reference cells respectively. However, in this study the PE performance is a more relevant subject for comparison. Moreover, the Rce is so low that the large variation in its value is
practically insignificant from the point of view of device performance as a whole. None of the EIS parameters show statistically significant differences between the two types of cells. For example for the PE parameters this means that any differences that
might exist are smaller than the relative standard deviations, which were less than 10 % in all cases.

13



Table S. Difference in the final (1000 h aged) EIS characteristics

LTI ~  sEriESR PHOTOELECTRODE COUNTER ELECTRODE DIFFUSION TOTALR
Printed Rs(Q) | Ree(Q) Q cpepe Beepe  Coe(F)*  7pe(s)* f pe(Hz) *| Ree(Q) Q cpe, e Bore Cal)* 7i(s)* fa(H)*| Ro(Q) 7o(s)  f'o(Hz) * | Rror(Q)
P1 [B¥805E-05 0.730 [BI682E-06 [7:619E-06
P2 B 4E-05 0.793 [#I923E06 8.965E-06
P3 BiBboE-05 0.736 [864E-06 #707E-06
P4 2FISSEDZ 0.624 [BI8BbE-06 51838E-06
P5 [1.257E-04 0.678 BB0E-06 51822E-06
ave 8.7 11.8 4.606E-04 0.987 4.305E-04 5.078E-03 314 2.34 1.024E-04 0.712 2.877E-06 6.490E-06 25924 6.37 1.72 9.322E-02 292
std 14 0.7 3.191E-05 0.008 2.660E-05 2.715E-04 1.7 0.40 7.185E-05 0.064 1.171E-06 1.758E-06 6557 0.40 0.15 7.732E-03 24
std/ave 15.7 %) 6.2% 6.9 % 0.8 % 6.2% 53 % 5.5% 171 % 701 % 9.0 % 40.7 % 271 % 25.3 % 6.2% 8.9 % 8.3 % 8.2 %
sem 0.6 0.3 1.427E-05 0.004 1.190E-05 1.214E-04 0.8 0.18 3.213E-05 0.029 5.238E-07 7.864E-07 2932 0.18 0.07 3.458E-03 1.1
95% ClI 17 0.9 3.962E-05 0.010 3.303E-05 3.371E-04 21 0.50 8.922E-05 0.079 1.454E-06 2.183E-06 8141 0.49 0.19 9.601E-03 3.0
Reference 3 Rs(Q) | Ree(Q) Q cpepe Beere  Coe(F)*  Toel(s)* floe(Hz) *| Ree(Q) Q cpE, e Beorce CelF)* 7els)* fle(H)*| Ro(Q) 7o(s)  f'o(Hz) * | Rror(Q)
Ri WAOSEOA 5650E03 2847 | [2470.] Wooscos  0e01  BOZNENOBN 1491E-05 0871 3069
R 0986  [EBEED: 5003£:03 312500 (35630 BEZeos o745 [EEG9Eo 1389E05 [ids7 360
R BUZSEDS 4760E03 G3G0NIN|SA1GNNN B@Ecos 0732  [ESG0o 9910EGc {605 sise
ave 8.8 13.7 4.224E-04 0.980 3.790E-04 5.174E-03 30.9 3.2 4.903E-05 0.794 4.273E-06 1.291E-05 12729 6.37 1.74 9.257E-02 320
std 0.8 0.8 4.970E-05 0.008 2.926E-05 4.406E-04 26 0.6 2.684E-05 0.093 1.594E-06 2.644E-06 2911 0.32 0.24 1.237E-02 15
std/ave 8.8 %) 5.8 % 11.8% 0.8 % 7.7 % 8.5% 8.3 % 18.7 % 54.7 % 11.8 % 373 % 20.5% 22.9 % 5.0 % 14.0 % 13.4 %) 4.7 %)
sem 0.4 0.5 2.869E-05 0.005 1.689E-05 2.544E-04 15 0.3 1.549E-05 0.054 9.204E-07 1.526E-06 1680 0.18 0.14 7.142E-03 0.9
95% ClI 1.9 2.0 1.235E-04 0.019 7.268E-05 1.094E-03 6.4 15 6.667E-05 0.232 3.960E-06 6.567E-06 7230 0.79 0.61 3.073E-02 3.7
* Quantities marked with ™" are calculated from the values unmarked values in the previous columns. The unmarked values were obtained by fitting an equivalent circuit model to the measured EIS data.
Comparison of two groups
SERIES R PHOTOELECTRODE COUNTER ELECTRODE DIFFUSION TOTALR
N Rs (Q2) Ree(Q)  Qeoepe(-10°)  Bepepe  Coe(MF)* 7pe (ms) * flee(H2) *| Ree(Q) Qerece (110°)  Boece  Cee(RF)* T (ps)* f e (kHz2) ¥ Rp(Q) 75(s)  f'o(mHz)* Rror(Q)
1000h
Printed 5 8714 | 118107 046+0.03 099+0.01 043+0.03 51%03 312 234+04 0.1+£0.07 0.71+0.06 29%12 65+18 26+7 64+04 1.72+0.15 93+8 29+2
std/ave 16% 6% 7% 1% 6% 5% 5% 17% 70% 9% 41% 27% 25% 6% 9% 8% 8%
Reference 3 88+08 | 13.7+08 042+005 098+0.01 038+003 52+04 31+3 3.15+059 0.05+0.03 079+009 4316 129+26 13+3 64+03 174024 93+12 32+1
std/ave 9% 6% 12% 1% 8% 9% 8% 19% 55% 12% 37% 20% 23% 5% 14% 13% 5%
Difference -1.3% -13.5% 9.0 % 0.8 % 13.6 % -1.9% 1.6 % 257 % 108.9 % -10.3 % 327 % -49.7 % 103.7 % 0.0 % 14 % 0.7 % -8.7 %
p-value 0.887 0.030 0.319 0.263 0.067 0.756 0.781 0.122 0.189 0.270 0.271 0.032 0.008 0.992 0.890 0.940 0.091

* Quantities marked with "*" are calculated from the values unmarked values in the previous columns. The unmarked values were obtained by fitting an equivalent circuit model to the measured EIS data.

Statistically significant difference is found only for the printed cells vs. reference cells: Rpe (-13.5%) and CE time constant (-50%). The difference in Rpe is modest though. Since also Voc showed statistically significant difference in this case (-5.3%)
definite analysis for the difference in Rpe is beyond the scope of this data. Considering the high relative standard deviations in the CE parameters, the 50 % lower CE time constant in printed cells, could well be a false positive. We can thus conclude that the
printed cells do not markedly differ from the reference cells after the aging test, in terms of their EIS characteristics measured at open circuit condition under one Sun equivalent illumination.




Table 6. EIS aging behavior of each cell type

Comparison of each up before and after aging

Difference

-4.2 %

13.5%

0.5 %

16.7 %

11.7 %

-10.9 %

SERIES R PHOTOELECTRODE COUNTER ELECTRODE DIFFUSION TOTALR
N Rs(Q) | Ree(Q) Qepepe(-10°)  Berere  Cre(mF) * zpe(ms)* floe(Hz) *| Re(Q) Qepece(-10°)  Borece  Ce(BF)* zce(ps)* f e (kHz)*| Ro(Q)  zols) £ o(mHz) *| Rror(Q)
Printed
Initial 5 11.2+23 123+1.1 0.41+0.02 0.98 £0.01 0.37 £0.02 45+05 35+3 32+11 0.1 +0.06 0.7 +0.11 29+18 76+33 27 £17 6.6+04 1.67 £0.13 96 + 8 33+4
std/ave 20 % 9% 5% 1% 6 % 10 % 10 % 35% 68 % 15% 62 % 43 % 64 % 6 % 8 % 8 % 12%
1000h 5 87+x14 11.8+0.7 0.46 £ 0.03 0.99+0.01 0.43%0.03 51+03 31+2 23+x04 0.1 +0.07 0.71 £ 0.06 29+x1.2 6.5+1.8 267 6.4+04 1.72+0.15 93+8 29+ 2
std/ave 6% 7% 1% 6% 5% 5% 17 % 70 % 9% 41 % 27 % 25% 6% 9% 8% 8%

Difference

-19.6 %

9.1 %

-1.0 %

3.9 %

13.3 %

-20.0 %

412 %

13.8 %

-14.5 %

1.6 %

26.0 % 6.9 % 11% 0.4% EVERA 23% 4.0 % 27 % 26%
Pp-value i 0023 [T 0.093 0.096 0.127 0.851 0.865 0.987 0.398 0.934 0317 0.581 0.594

Reference

Initial 3 109+29 | 125+05 038+002 099%002 0.36+002 46%04 35+3 39:06  0.13+005 067+007 315 11336 15%4 63+02 154006 1034 34:3
std/ave 27 % 4% 6% 2% 7% 8% 9% 15% 39 % 10% 50% 32% 27% 3% 4% 4% 9%

1000h 3 88:08 | 137208 042005 098+001 038003 52%04 31+3 32:06 005:003 079:009 43:16 129+26 13%3 64:03 174+024 93z12 32+ 1
std/ave 9% 6% 12% 1% 8% 9% 8% 19 % 55% 12% 37 % 20% 23% 5% 14% 13 % 5%

p-value

0.242

0.146

0.238

[ N:x1:3

0.069

0.060

0.430

0.372

* Quantities marked with "*" are calculated from the values unmarked values in the previous columns. The unmarked values were obtained by fitting an equivalent circuit model to the measured EIS data.

0.274

Notes . |
High relative standard deviations are observed for Rs and the CE paramaters. Statistically significant difference of the EIS parameters after aging compared to their initial values is found only for Cpe (+17%) and Rtot (-12.5%) of

the printed cells and Rce (-20%) of the reference cells. Note that no change in the Rpe was observed, which means that any changes that might have occured to the PE parameters are smaller then the relative standard deviations,
which were less than 10 % for all PE parameters. This stability of the EIS characteristics is well in line with the stability of the IV characteristics, showing that neither the printed nor the refence cells showed any significant
degradation of their electrochemical characteristics. Quite the contrary, the only (abovementioned) statistically significant changes in the EIS parameters were all performance improvements.

About statistical analysis

Criteria for practically signifigant difference and acceptable sample-to-sample variation (relative standard deviation, std/ave)

Criteria ** Rs(Q) Rpe (Q2) Q cpe pe B cee,pe Cee(F)*  7ee(s)* fee(HZ)*| Ree(Q) Q cpe,ce B coece Ce(F)* 7al(s)* f(Hz)*| Ro(Q) 7o(s) fo(H2)* | Rror(Q)
Acceptable std/ave. 10 % 10 % 10 % 10 % 10 % 10 % 10 % 10 % 10 % 10 % 10 % 10 % 10 % 10 % 10 % 10 % 10 %
Practically signif. difference 20 % 20 % 20 % 20 % 20 % 20 % 20 % 20 % 20 % 20 % 20 % 20 % 20 % 20 % 20 % 20 % 20 %

* Quantities marked with ™" are calculated from the values unmarked values in the previous columns. The unmarked values were obtained by fitting an equivalent circuit model to the measured EIS data.

** These criteria are subjectively chosen by the researcher to set a criteria for satisfactory repeatability of one type of sample and practically relevant difference between different type of samples

Statistical testing
Statistical confidence level

95 %

a

0.05

The p-value is calculated with two-tailed paired t-test

Underlined in the comparison table are:
- Relative standard deviations (std/ave) larger than or equal to the acceptable value (also highlihted with pink in in the data table)
- Differences larger than or equal to the practical signifigance level
- p-values lower than or equal to « (e.g. 0.05 for 5 % signifigance)

Nomenclature

N number of samples
ave average
std standard deviation
std/ave relative standard deviation compared to average
sem standard error of the mean
95%Cl Half of the full 95 % confidence interval based on Student's t-distribution
Difference relative difference of average values: Printed vs reference, or Batch 2 vs Batch 1.



Statistical analysis of the IV results: aging test at half Sun and 60 C

Initial Jsc (mA/cm?) Voc (V) n (%)
P1 6.15
P2 6.38
P3 6.32
P4 6.38
P5 6.39

ave 6.32

std 0.10

std/ave 1.6 %

sem 0.05

95% CI 0.13
170 hours n (%)
P1 6.25
P2 6.14
P3 6.14
P4 6.21
P5 6.26

ave 6.20

std 0.06

std/ave 0.9 %

sem 0.03

95% Cl 0.07
386 hours n (%)
P1 6.45
P2 6.10
P3 6.21
P4 6.17
P5 6.40

ave 6.27

std 0.15

std/ave 24 %

sem 0.07

95% CI 0.19
530 hours n (%)
P1 6.60
P2 6.40
P3 6.20
P4 6.28
P5 6.49

ave 6.39

std 0.16

std/ave 25%

sem 0.07

95% Cl 0.20
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986 hours 5  Jgc (mAcm?) Voc (V) FF n (%)

P1 6.52
P2 6.11
P3 6.29
P4 6.05
P5 6.06
ave 12.9 0.623 0.734 6.21
std 0.3 0.014 0.019 0.20
std/ave 2.6 % 2.3% 2.6 % 32%
sem 0.2 0.006 0.009 0.09
95% ClI 0.4 0.018 0.024 0.25
1154 hours 5  Jgc (mMAlcm?) Voc (V) FF 7 (%)
P1 T 6.42
P2 . 136 6.17
P3 127 6.01
P4 134 6.02
P5 129 6.25
ave 13.2 0.617 0.721 6.17
std 0.4 0.014 0.011 0.17
std/ave 31 % 23 % 1.5% 2.8 %
sem 0.2 0.006 0.005 0.08
95% CI 05 0.017 0.013 0.21
N  Jsc (mAlcm?) Voc (mV) FF (%) 7 (%)
Initial 5 11.5+0.5 690 + 13 76 + 1 6.3+0.1
170 hours 5 12+0.7 671+ 25 75+ 2 6.2+0.1
386 hours 5 12.4+0.3 652 + 19 75+ 2 6.3+0.2
530 hours 5 13105 644 + 17 74 +2 6.4+0.2
986 hours 5 12.9+0.3 623 + 14 7342 6.2+0.2
1154 hours 5 13.2+ 0.4 617 + 14 72+ 1 6.2+0.2
Difference -0.13 0.12 0.05 0.02
p-value 0.01 0.00 0.01 0.25

Aging behavior of the printed dye cells in the additional 1154 hours at half Sun at 60 °C type (Table 7)

Table 7 shows that the efficiency of the five DSSCs did not degrade at all in the additional aging test carried
out at half Sun at 60 °C for 1154 hours: the drop from 6.3 % to 6.2 % is within the standard deviation of the
five cells, which was relatively low. Statistically significant decrease of V¢ and FF was nevertheless observed,
however, their effect on the cell efficiency was compensated by a significant increase of Jsc during the aging.
It therefore seems the photoelectrochemical properties of the photoelectrode changed, however, without
affecting the photovoltaic efficiency.
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N Number of samples
ave Average
std Standard deviation
std/ave, Rel. stdev aRVeeI?:gllz standard deviation compared to
sem Standard error of the mean
95% ClI Half of the full 95 % confidence interval based on Student's t-distribution
Difference Relative difference of average values: Printed vs reference, or Batch 2 vs Batch 1.
p-value For two different groups of samples, the p-value is calculated with two-tailed

two-sample t-test with unequal variances, whereas for the comparison of same
before and after certain aging it is calculated with paired t-test.

Jsc Short circuit current density
Voc Open circuit voltage
FF Fill factor
n Efficiency

About statistical analysis in Table 4

Statistical testing

Statistical confidence level 95 % a: 0.05

Criteria for practically significant difference and acceptable sample-to-sample variation (rel. stdev)
Criteria Jsc (mMA/cm?) Voc (mV) FF (%) 1 (%)

Practically signif. o

difference 5% same same same

Acceptable rel. o o o o

stdev 5% 5% 5% 5%

Underlined in the tables are:
- p-values lower than or equal to « (e.g. 0.05 for 5 % significance)
- Differences larger than the practical significance level
- Relative standard deviations larger than the acceptable value
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