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Tremendous efforts have been devoted to boosting the power conversion efficiency (PCE) of organic solar cells
(OSCs) via the introduction of cathode interlayers (CILs). However, CIL materials have limited diversity and the
development of multifunctional devices is largely neglected. Herein, an acidochromic organic photovoltaic in-
tegrated device is firstly proposed by introducing an acid-sensitive stimulating-reaction organic molecule as both
the CIL of OSCs and the sensor of monitoring environmental acidity. The oxazolidine unit of acidochromic
molecule can form a ring-opening structure after acid treatment, resulting in the remarkable color change with
the direct reflection of pH value of ecological environment. The additive-free PM6:Y6 OSCs using the acid-
ochromic molecule as the CIL achieve an excellent PCE of above 15.29 %, which is 47 % higher than that of the
control device. The PCE can even maintain above 92 % after treating CIL with various strong acids (pH = 1).
Moreover, the color of acidified films and the degraded performance of acidified OSCs can be easily restored by
alkaline treatment. The successful application of CIL in other highly efficient photovoltaic systems proves its
good universality. This work triggers the promising application of acidochromic molecules in solar cells as CIL
with the additional function of recognition of acid environment.

1. Introduction

Organic solar cells (OSCs), as an effective method to relieve the
global energy crisis, have been extensively studied due to their fasci-
nating advantages of light weight, bendability, low-cost solution pro-
cessibility and semitransparency [1-5]. At present, tremendous efforts
have been dedicated to improving OSC performance with power con-
version efficiency (PCE) of up to 19%, suggesting the promise of
commercialization of OSCs in the near future [6-13]. Beyond that, the
future organic photovoltaic device could be smarter with multifunction
that can meet diverse requirements with the ability of monitoring
various environmental conditions such as UV exposure and acid rain
pollution [14-16]. For example, the photochromic OSC was firstly
proposed by Rene A. J. Janssen et al, whose device exhibited remarkable
changes in color under UV light [17]; although a very low PCE below
0.5 % was achieved [18-19]. The chemical reactivity of non-fullerene
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acceptor under acidic or basic environment was recently discussed by
Zhou et al, while the quantitative characterization of acidic environ-
ments was not achieved since the non-fullerene acceptors possess a high
intrinsic stability under acidic condition [20]. Thus, the realization of
high-performance integrated OSCs with both photovoltaic function and
monitoring pH values of the acidic environment is challenging but very
attractive.

For high-efficiency OSCs, cathode interface modification plays a vital
role in charge transport and extraction. A series of interface materials
had been successfully applied in OSCs as the cathode interlayer (CIL),
which can be mainly divided into three categories: alkali-halide salt or
metal oxides (LiF, ZnO, Aly0s, TiOy, etc.) [21-23], conjugated/non-
conjugated polymers (PFN, FTBTF-N, PEO, PEIE, etc.) or poly-
electrolytes (PFN-Br, PDINT-F3NBr, etc.) [24-28], and water/alcohol-
soluble small molecules (NDI-N, PDINN, etc.) [29-30]. Different from
these CILs reported, recently a series of molecular switches based on
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oxazolidine derivatives with good batch-to-batch reproducibility and
easy purification attract more attention due to their unique and obvious
response under multiple stimuli including light, temperature, force, and
acid/base [31-33]. In principle, the conjugated unit with suitable en-
ergy levels should endow them with excellent ability of regulating
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charge transport and extraction as the CIL in OSCs as well. Thus,
building an integrated device with an ultrathin oxazolidine layer as the
CIL in OSCs and a thick oxazolidine layer as the acid stimulation sensor
will greatly enrich the diversity of application of organic photovoltaic
technology and surely open a new frontier for molecular species of OSC
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Fig. 1. (a) Synthesis route of IODC. (b) Optimized molecular geometries of the pristine and H,SO4-treated IODC with corresponding frontier molecular orbitals
acquired from DFT calculations. (c) Absorption spectra of the IODC, IODC:H,SO,4 (1:2, mol/mol), IODC:H,SO4:NH3-H,0 (1:2:80, mol/mol) solutions. (d) Absorption
spectra, (e) corresponding CIE color coordinates and (f) transmittance intensities at 580 nm for the IODC:HPC films w/0 and w/ H,SO, treatment over a pH range of 1
to 3. (g) Absorption spectra and (h) corresponding CIE color coordinates of the HySO4-treated (pH = 1) IODC film in the reversible manner by using ammonia gas

with different exposure time.
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CILs. However, up to date, this kind of acidochromic organic photo-
voltaic integrated device has not been studied. The molecular structure
design and the reason behind performance improvement should be
explored.

Herein, an acidochromic organic photovoltaic integrated device was
successfully fabricated for the first time using an acidochromic organic
molecule (IODC, Fig. 1a) as both the CIL and the acid indicator. Due to
the strong interactions between the H of acids and the oxygen atoms
with spare electron pairs in the five-membered ring of oxazolidine
molecule of IODC, the ring-close oxazolidine isomer can turn to the ring-
open isomer with the breaking of C—O bond after acid stimulation,
which results in the fascinating color variation from light green to dark
blue with increasing acid concentration. Thus, a sensitive response to
changes of environmental acidity is successfully achieved with excellent
stability and reproducibility. On the other hand, the PCE of OSCs with
IODC as the CIL is greatly increased by 47% compared to the control
device. Besides, the OSCs using IODC as the CIL exhibit an excellent
tolerance to diverse acids with efficiencies maintaining more than 92%
of the initial PCE, indicating this new type of acidochromic organic
photovoltaic integrated device is very suitable for use in acidic condi-
tions to both generate electrical power and monitor acid concentration
of environment pollutants. Moreover, the changed color and deterio-
rated performance of acidochromic organic photovoltaic integrated
device can be easily recovered by alkaline post-treatment. Furthermore,
this new type of CIL is also suitable for other highly efficient OSCs and
Perovskite solar cells (PSCs) with good universality. This very novel and
unique work provides a new path for the wider commercial application
of OSCs or PSCs in the future.

2. Results and discussion
2.1. Acidochromic mechanism

The concise synthesis route of IODC is shown in Fig. 1a with the
related details listed in Supporting Information. The changes of molec-
ular chemical structure and spatial conformation of IODC from ring-
close to ring-open isomer induced by acid stimulation are depicted by
density functional theory (DFT) calculations based on B3LYP/6-31G, as
shown in Fig. 1b and Fig. S1, Supporting Information. The IODC mole-
cule with a ring-close structure exhibits a quite planar conjugated
backbone in the right side with the dihedral angle 6, of 1° between the
vinyl unit and the 7-diethylamino-coumarin unit, compared to the
dihedral angle 6; of 72° between the vinyl unit and the indole unit.
Correspondingly, the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) of IODC are mainly
delocalized over the vinyl and 7-diethylamino-coumarin parts. After
acid stimulation, the planarity of IODC is further increased with the
dihedral angles of 23° (01) and 4° (6-), leading to electron cloud delo-
calization over the whole molecule backbone. The theoretical calcula-
tion results reveal that IODC should be an excellent electron transport
material for OSCs when it is acidified by H,SO4 with increased planarity
and conjugacy.

The strong interaction between the H' and the oxygen atom can
break the C—O bond of five-membered ring of oxazolidine and form a
new O—H bond through protonation, which results in significant ab-
sorption color variations (Fig. 1c). The chemical structure trans-
formation of IODC by acid stimulation is confirmed experimentally by
proton nuclear magnetic resonance (*H NMR) spectroscopy, as shown in
Fig. §2, Supporting Information. After adding a tiny droplet of HySO4
into the IODC solution, a new set of proton signals are observed in the
low-field 'H NMR region with corresponding bond sites. The increased
conjugation with the addition of electron-withdrawing unit after acidi-
fication causes a redshift of aromatic proton NMR signals. In other
words, the ring-opening molecular structure has a larger positive charge
(C=N™) conjugation in the indole part, which leads to a larger molec-
ular conjugation for the acidified molecule.
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2.2. Acidochromic performance

The acidochromic characteristics of IODC dissolved in ethanol
(EtOH) are investigated by UV-visible absorption spectroscopy. As
shown in Fig. 1c, the main absorption peak at 407 nm with a light green
color for the pristine IODC solution is shifted to 570 nm with a dark blue
color for the HySO4-treated IODC solution. The hydroxy propyl cellulose
(HPC) with proper polarity is a good substrate material for keeping IODC
initially colorless and displaying color changes after acid stimulation. By
mixing IODC with HPC polymeric matrix, the thick acidochromic film
with rich color variations can be easily fabricated, which is very
attractive in practical use with less IODC consumption and easy module
manufacturing. As shown in Fig. 1d, obvious color variations of thick
I0DC films are also found under different pH conditions (pH = 1, 2 and
3) due to the gradual changes of IODC structure from ring-closing to
ring-opening. The photographs of thick IODC films after HySO4 treating
(pH = 1) and drying are displayed in Fig. S3, Supporting Information.
The CIE coordinates of reflected light from the surface of IODC films are
thus obviously changed from (0.28, 0.55) (IODC) to (0.15, 0.05) (pH =
1) (Fig. 1e). Apparently, the pH value or the concentration of H,SO4 can
significantly affect the ring-opening extent of IODC. Moreover, it can be
seen that the transmittance intensities of IODC films treated with
different pH values of H2SO4 are nearly not changed with increasing
time (Fig. 1f), indicating an excellent stability of acidochromic films in
air. Indeed, the color of the acidified IODC solution or film can be easily
recovered by NH3-H,0 or ammonia gas, as shown in Fig. 1c,g,h, sug-
gesting that it can be reused for acid detection with less material con-
sumption. Moreover, the alkalified HySO4:I0DC sample also has very
good stability in air with less change in absorption spectra after a period
of time (Fig. S4). The color recovery process of the acidified IODC film
via ammonia gas treatment is shown in Fig. S5, Supporting Information.
The acidified IODC film can almost restore its initial color in just two
minutes under the ammonia gas atmosphere at room temperature.

2.3. Cathode interlayer in acidochromic organic photovoltaic integrated
device

The schematic diagram of the acidochromic organic photovoltaic
integrated device structure using IODC as the CIL in OSCs and IODC:HPC
as the acid sensor is shown in Fig. 2a. It can be seen that two different
functions can be achieved on a single substrate. The color of the IODC:
HPC film on the left can produce a fascinating change from light green to
dark blue with the increase of acid concentrations like a pH test paper,
while the device on the right can directly convert light to electricity. The
photograph of the concrete acidochromic organic photovoltaic inte-
grated device and the related molecular chemical structures are dis-
played in Fig. S6, Supporting Information. It can be seen that the
fabrication process is very feasible for practical use (Fig. S7).

To analyze the effect of IODC as the CIL on carrier transport and
charge extraction, the ultraviolet photoelectron spectroscopy (UPS)
measurements for the bare Ag and IODC-treated Ag electrodes are car-
ried out, as shown in Fig. 2c. The work function of the bare Ag electrode
is 4.37 eV, which can be greatly reduced to 4.00 eV after IODC modi-
fication. We infer that an interface dipole should be formed between
I0ODC and Ag due to their strong interaction, as the negative chemical
shift of Ag 3d core level is observed in XPS (Fig. 2d). The amino group in
the 7-diethylamino-coumarin unit of IODC molecule can provide lone
pair electrons to Ag, resulting in the upshift of the vacuum level [34-36].
Thus, the energy level difference between the work function of Ag and
the LUMO energy level of Y6 is greatly decreased to zero, which is very
beneficial to electron extraction (Fig. 2b, Fig. S8 and Table S1, Sup-
porting Information). Besides, the surface conductivity of the PM6:Y6
active layer is greatly improved by inserting IODC, which is also
conducive to forming a good ohmic contact with the Ag electrode
(Fig. S9a-b, Supporting Information). It can be seen that the IODC
molecules are evenly distributed over the PM6:Y6 active layer with
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Fig. 2. (a) Schematic diagram of integrated structure of acidochromic OSCs. (b) Energy level diagram of OSCs. (¢) UPS and (d) XPS spectra of the pure Ag and IODC-
modified Ag. (e) J — V curves of electron-only devices w/ and w/o IODC. (f) Mott-Schottky curves of OSCs w/ and w/o IODC.

negligible roughness changes (1.47 vs 1.59 nm) (Fig. S9¢-d, Supporting
Information). The good compatibility of two adjacent layers is related to
their similar surface energies (Fig. S10, Tables S2 and S3, Supporting
Information), which is in favor of forming better interface contact.

2.4. Enhanced mobility and built-in potential

In addition to facilitating electron extraction, the improved electron
transport property in the IODC-treated PM6:Y6 film is quantitatively
evaluated according to space-charge limited current (SCLC) technique
(Fig. 2e). The structures of electron-only device w/ and w/o IODC are
ITO/ZnO/PM6:Y6/Ag and ITO/ZnO/PM6:Y6/I0DC/Ag, respectively.
The calculated electron mobility based on the Mott — Gurney law (J =
920tV s 6.66 x 10~ * cm? V157! for the IODC-modified PM6:Y6 film,
which is much higher than 7.20 x 107% cm? V~! 57! for the pure PM6:Y6
film [37-38]. The higher electron mobility reveals that IODC interlayer
can effectively boost electron transfer in PM6:Y6 based solar cells.
Furthermore, the trap density (Ny) of electron-only devices can be
extracted by N, = 2"";}#, where Vqyp denotes the trap-filled limit

voltage. The calculated total trap densities of electron-only devices are
3.47 x 107 em™2 (w/ IODC) and 4.60 x 107 ecm™3 (w/0 IODC),
respectively. The lower trap density indicates that the ultrathin IODC
interlayer can passivate surface defects of PM6:Y6 active layer and
accelerate electron transfer to the Ag electrode.

Except the above advantages listed, the IODC interlayer can also
enhance the built-in potential (V};) of OSCs and reduce the coulomb
capture radius (R¢) of photogenerated free hole-electron pairs. The
Mott-Schottky curves of OSCs w/o or w/ IODC are tested to analyze the
influence of IODC on V4, as shown in Fig. 2f and Table S4, Supporting
Information. The Vi, relative dielectric constant (¢;) and carrier density

(Np) are extracted based on the equation of %: :;XF”O;I‘CL [39-40].
Remarkably, a high V;,; value of 0.81 V is obtained for the IODC-based
OSC compared to 0.77 V for the control OSC without IODC. Besides,
the & (5.64) and Np (1.10 x 10® cm~3) of the IODC-based OSC are
much higher than those (4.66 and 0.92 x 10! cm_3) of the control OSC
without IODC, respectively, due to the ameliorative electron transport
and extraction [41]. Furthermore, the R¢ of excitons can be obtained

according to the equation: R, = W [42-43]. A smaller R¢ of 9.88 nm
for the IODC-based OSC than 11.96 nm for the control OSC indicates that
hole-electron pair can be separated more easily in the diffusion process
by overcoming their coulomb interaction under the circumstance of the
insertion of IODC. Thus, a higher short current density (Jsc) can be

achieved in the IODC-based OSC.

2.5. Device performance and analysis

The OSC is fabricated based on a typical device structure of ITO/
PEDOT:PSS/ PM6:Y6/CIL/Ag, where the PM6:Y6 layer is directly
formed by spin-coating without adding any additives or treatments. The
control OSCs w/o CIL or w/ a commercial CIL of PFN-Br are also
fabricated for comparison. Fig. 3a presents the current density-voltage
(J—V) curves of OSCs w/ and w/o the IODC CIL. A poor PCE of 10.41 %
is obtained for the OSC w/o IODC. In contrast, a much higher PCE of
15.29 % is achieved for the IODC-based OSC, which can be ascribed to
the increase of open circuit voltage (Voc) from 0.78 to 0.85 V, Jsc from
22.62 to 24.88 mA cm’z, and fill factor (FF) from 59.00 to 72.30 %
(Table 1). Meanwhile, another device with PFN-Br as the control CIL
exhibits a relatively low PCE of 14.53 % (Fig. S11, Supporting Infor-
mation), due to the larger series resistance and smaller shunt resistance
[44]. The external quantum efficiency (EQE) spectra of OSCs are char-
acterized and displayed in Fig. 3b. The small deviation below 5% is
acquired between the measured Jsc from J—V curves and the extracted
Jsc from EQE spectra, suggesting that the Jg¢ value is credible. Mean-
while, the dark current below 0.80 V for the IODC-based OSC is greatly
decreased compared with the control OSC w/o IODC (Fig. 3c), which
attributes to the increase in Vo (0.85 vs 0.78 V) [28,45-46]. Here we
emphasize that the PCE remains nearly constant over a wide range of
IODC thicknesses (Fig. S12 and Table S5, Supporting Information),
indicating it is well suited for the OSC mass production.

The time-resolved photocurrent is measured by the photo-induced
charge extraction linearly increasing voltage (photo-CELIV) for
revealing the influence of IODC interlayer on average carrier mobility
(#avg) in OSCs (Fig. 3d) [47], which is extracted based on the equation
Hayg = 2d2/(3A82,, (14 0.36Aj/jo)). Evidently, the payg is effectively
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Fig. 3. (a) J — V, (b) EQE, (c) dark current, (d) photo-CELIV, (e) TPC and (f) TPV curves of OSCs w/ and w/o the IODC CIL.

Table 1
Photovoltaic performance of OSCs w/o and w/ IODC, or w/ PFN-Br as the control CIL.
CIL Voc (V) Jsc (mA ecm™?) FF (%) PCE (%)" R Ren
«Q cm’2) (Q~cm’2)
w/0 IODC 0.78 £ 0.01 22.62 + 0.18 (22.05)" 59.00 + 0.16 10.41 £ 0.11 5.68 654.12
w/ I0DC 0.85 £+ 0.02 24.88 + 0.14 (24.33)" 72.30 £ 0.18 15.29 +£ 0.14 2.94 1091.11
w/ PFN-Br 0.85 + 0.01 24.10 + 0.21 70.93 + 0.04 14.53 £+ 0.09 3.29 1015.49

? The integrated Jsc values are obtained from the EQE spectra.
b The average values are acquired from the 10 separated devices.

increased from 1.50 x 10™* t0 1.89 x 10~* ecm? V~!s™1, which is mainly
related to the increase of electron mobility after the introduction of
I0ODC (Fig. 2e). Furthermore, performance differences are reflected in
the results of impedance spectroscopy (Fig. S13 and Table S6, Sup-
porting Information). Obviously, a small series resistance of R3 (26.84
Q) is acquired for the IODC-based OSC comparing to 59.18 Q for the
control OSC without IODC, which in turn seriously affects the FF value
increased from 59.00 to 72.30 %. R; decreases from 943.5 to 563.1 Q
when the IODC interlayer is introduced between the PM6:Y6 and Ag
electrode, which is consistent with the results of better interface contact
in Fig. S9a,b, Supporting Information. The decrease of Ry means that
finer donor/acceptor phase separation coming from low intersolubility
could be formed after spin-coating the IODC layer [48]. For further
exploring the dynamic impact of IODC on carrier lifetime and extraction,
the transient photocurrent (TPC) and transient photovoltage (TPV)
curves of OSCs w/o0 or w/ IODC are measured, respectively (Fig. 3e-f).
After the IODC interlayer is introduced, the charge extraction time is
greatly accelerated from 0.70 to 0.44 ps. Meanwhile, the prolonged
carrier lifetime of 6.49 ps is achieved in the IODC-based OSC compared
with 2.35 ps for the OSC w/o0 I0ODC, indicating carrier loss coming from
bimolecular and trap-assisted recombinations is notably suppressed
[41].

2.6. Acidification and alkalization

Amazingly, even when the IODC layer is acidified by different types
of acids, the OSCs still can keep good photovoltaic performance. The
PCEs of OSCs can remain 92 ~ 98 % of initial value after IODC is
acidified with different organic or inorganic acids, such as CH3COOH

(pH = 3), HCI (pH = 1), HNOj3 (pH = 1) and HySO4 (pH = 1) (Fig. 4a,d,
Table S7). This is very favorable to practical applications, since device
stability may be problematic in an acidic environment. Especially, the
OSC shows the best tolerance to the sulfuric acid (HySO4), which is the
main component of acid rain. The tiny decline about 2% in efficiency
may come from the excessive work function elevation of Ag electrode by
the HySO4-acidified IODC (Fig. S14, Supporting Information). Further-
more, the PCE of photovoltaic device can still reach more than 14.41 %
even when the volume ratio of H;SO4 (pH = 1) to IODC is up to 4:100
(Fig. 4b,e, Table S8). However, in case of the H;SO4/IODC volume ratio
up to 8:100, the device performance begins to deteriorate, which might
originate from the excessive residual hydrogen ions as the trapping sites
[20]. The stability of IODC-based OSCs w/o and w/ acidification
measured under a nitrogen atmosphere without encapsulation is shown
in Fig. S15. The results indicate that the device stability is slightly
reduced after IODC acidification, in which the HySO4-treated I0DC
based OSC has a relatively good stability when compared with other
organic or inorganic acids-treated IODC based devices.

With similarity to the color recovery of acidified IODC films by
ammonia gas, the performance of HySO4-acidified OSCs can also be
recovered to initial value after ammonium hydroxide treatment. By
increasing volume ratio of NH3-H»0 (pH = 11) to HySO4-acidified IODC
(8:100 vol/vol), it can be seen that the PCE is greatly improved from
10.77 % to 15.37 % (16:8:100 vol/vol) (Fig. 4c,f, Table S8), due to
gradual reverse changes of IODC structure from ring-opening to ring-
closing. The excellent tolerance of IODC CIL to acids or bases provides
a possibility for OSC to work under harsh acidic or basic conditions. In
addition, the reversible change of photovoltaic performance of the
I0ODC-based unencapsulated OSCs is directly verified by using acid
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Fig. 4. (a) J — V curves and (d) statistical PCEs of IODC-based OSCs acidified with different types of acids (acid/IODC (1 mg mL ") = 1:100 vol/vol). (b) J — V curves
and (e) statistical PCEs of IODC-based OSCs acidified with different volume ratios of H,SO4 (pH = 1) to IODC (1 mg mL ™). (¢) J — V curves and (f) statistical PCEs of
H,S04-acidified (8 % H2SO4) OSCs recovered using different volume ratios of NH3-H,O (pH = 11) to IODC (1 mg mL D).

corrosion and base recovery (Fig. S16 and Table S9, Supporting Infor-
mation). The fact that the PCE can be easily improved by ~ 18.8 %
(11.54 % vs 13.71 %) demonstrates that the alkalization method has
great practical value in recovery of efficiency. Furthermore, we specu-
late that if the deteriorated Ag electrode was removed and replaced by
fresh metal electrode, the PCE should be increased to the initial value
[49]. For other active systems like PM6:L8-BO and CsSFAMAPbI3, higher
PCEs above 16.72 % are also obtained after using IODC as the CIL
(Fig. S17a,b, Table S10, Supporting Information), verifying a general
applicability of this novel acidochromic cathode interlayer in different
types of solar cells.

3. Conclusions

In this paper, for the first time we propose an attractive acidochromic
organic photovoltaic integrated device based on an acidochromic
organic molecule with dual functions of acid indicator and CIL for solar
cells. By controlling the C—O bond breaking and C=N" bond forming
reactions in the oxazolidine unit with the assistance of hydrogen ions in
acid, the main absorption peak of IODC is greatly shifted with displaying
fascinating acidochromic features. The superior stability and good
reproducibility of acidochromic films ensure sensitive and reliable
detection of environmental acidity. Besides, the strong conjugacy in
conjunction with a large dipole effect from the 7-diethylamino-
coumarin unit can increase the electron transport and extraction in
0OSCs. Compared with the control device without IODC CIL, the PCE of
the device with IODC is greatly increased by 47%. Interestingly it can
retain more than 92% of the original value even if the IODC interlayer is
acidified by organic or inorganic acids. Likewise, the deteriorated PCE of
sulphuric acid heavy doping OSCs can also be recovered by ammonium
hydroxide post-treatment, which is very attractive in practical use with
less material consumption. Moreover, this novel type of CIL is generally
applicable in various photovoltaic systems. This work demonstrates the
feasibility of preparing acidochromic organic photovoltaic integrated
device and surely promotes the diversity of CIL for OSCs.
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