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Abstract 

The development of p-type dye sensitized solar cells (p-DSSCs) offers an opportunity to 

assemble tandem photoelectrochemical solar cells with higher efficiencies than TiO2-based 

photoanodes, pioneered by Grätzel and O’Regan. This paper describes an investigation into 

the behavior at the interfaces in p-DSSCs, using a series of bodipy dyes, BOD1-3. The three 

dyes have different structural and electronic properties which lead to different performance in 

p-DSSCs. We have applied photoelectron spectroscopy and transient absorption 

spectroscopy to rationalize these differences. The results show that the electronic orbitals of 

the dyes are appropriately aligned with the valence band of the NiO semiconductor to promote 

light-induced charge-transfer, but charge-recombination is too fast for efficient dye-
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regeneration by the electrolyte. We attribute this fast recombination, which limits the efficiency 

of the solar cells, to the electronic structure of the dye and the presence of Ni3+ recombination 

sites at the NiO surface. 

 

Introduction 

 

The aim of this study was to probe the energy alignment and electron transfer dynamics at the 

interface between a series of three bodipy dyes and NiO. This light induced charge transfer at 

this interface is key to the efficiency of dye-sensitized photocathodes in p-type and tandem 

dye sensitized solar cells (DSSCs). While the dye|semiconductor interface is well understood 

with n-type metal oxides such as TiO2, much less is known for p-type semiconductors such as 

NiO. The information learned is useful to understand why NiO DSCs perform less well than 

TiO2 DSSCs and to develop new approaches to improving p-type DSSCs. 

Dye sensitized solar cells are photoelectrochemical devices which contain a thin film of a 

transparent, mesoscopic semiconductor, such as TiO2, coated with dye molecules to absorb 

light.1 Light induced charge-separation takes place at this interface, followed by diffusion of 

electrons through the TiO2 to the conductive substrate (typically conductive glass), and 

diffusion of an oxidized species in an electrolyte solution to “regenerate” the ground state of 

the dye. The reduced electrolyte species is re-oxidized at a counter electrode, typically 

platinized conductive glass, to complete the circuit.1 Low cost processing methods, such as 

screen or ink-jet printing, can be used to deposit the materials, so the technology lends itself 

to roll to roll production and a range of substrates such as glass, plastic and metal foils can be 

used.2 The devices are semi-transparent and the choice of colors provides an opportunity for 

artistic designs and building-integrated photovoltaics.3,4 A key benefit of the DSSC over 

established photovoltaic technology is the relatively high efficiency of DSSC under low or 

diffuse light conditions (i.e. indoors or overcast days). Technologies with up to 28.9% efficiency 
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under these low light conditions have been achieved, opening possibilities for powering small 

electronic devices within the home.5 However, under standard testing conditions (AM1.5, 1 

kW cm-2 irradiance) the highest efficiency  reached for n-type DSSCs is 14.3%, and only 

incremental improvements to performance have been made over the last 20 years.6 

Pairing an n-type (TiO2) photoanode and a p-type photocathode in a tandem DSSC increases 

the theoretical maximum efficiency by adding the voltage of the individual devices. Using 

complimentary dyes, e.g. harvesting high energy photons on the n-type photoanode and lower 

energy photons on the p-type photocathode, would harness a larger portion of the solar 

spectrum by reducing the spectral overlap of the dyes.7 Much research has been invested in 

TiO2–based devices, but p-type dye-sensitized solar cells are less developed and the 

efficiencies are considerably lower.8 Typically, NiO is chosen as the transparent, mesoporous 

p-type semiconductor. The mechanism differs as electrons are transferred from the valence 

band of the NiO to the photoexcited dye and the holes which are produces then diffuse through 

the NiO electrode to the conductive glass substrate, while the reduced dye is regenerated by 

the electrolyte. The standard redox electrolyte contains iodide/triiodide for compatibility with 

typical TiO2-based DSSCs. As with n-type DSSCs, there are several recombination processes 

that lead to losses in the device. These are shown in Figure 1, together with the typical lifetimes 

for the processes. For a high-efficiency device, the lifetimes for the forward processes (driving 

the photocurrent) must be much longer than the reverse (charge-recombination) processes. 

Therefore, studying the electronic properties and electron-transfer dynamics at the dye-

semiconductor interface in p-type DSSCs is essential to developing better materials and 

higher performing devices. 
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Figure 1. Charge transfer processes in p-type DSSCs following photoexcitation. 

 

Much of the research into p-type DSSCs has focused on developing new photosensitizers. 

The requirements are as follows. High absorption coefficients are necessary due to the limited 

film thickness of the NiO electrode (c.a 1.5-3 µm).9 An anchoring group, typically a carboxylic 

acid, is necessary to facilitate strong adsorption onto the metal oxide surface and to enable 

efficient photoinduced charge transfer at the interface.10 The HOMO of the dye must be 

positioned at a more positive potential than the valence band edge of the semiconductor and 

the LUMO must be more negative than the redox potential of the electrolyte.11 The dye should 

be stable under operational conditions and the absorption spectra should span the region 

transmitted by TiO2 photoanodes, which is typically the red-NIR.12,13 Bodipy dyes are ideal for 

tandem cells because they have high absorption coefficients, their reduced forms are stable 
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and the optical and electrochemical properties can easily be tuned with simple chemical 

transformations.  

We have previously shown how the electronic communication with the NiO can be optimized 

by structural changes, such as tuning the angle between the chromophore and anchoring 

group and adding electron donating/accepting groups.14 In this paper, we used simpler dye 

structures with intense, characteristic spectroscopic signals to examine the interfaces of the 

dye with the NiO surface and the electrolyte. This approach should enable us to distinguish 

between different intermediates and electronic states, despite low concentrations. A series of 

three bodipy dyes, BOD1-3 (Figure 2), each with a carboxylic acid anchoring group, were 

prepared and characterized. We then examined how the structural and electronic properties 

of the dyes affected the p-DSSC characteristics and then performed a series of experiments 

to examine the electronic properties and electron-transfer dynamics in the photocathodes. 

BOD1 was previously shown to be an effective photosensitizer for NiO DSSCs.14 The methyl 

substituents at the 1,7 positions fix the benzoic acid anchoring group perpendicular from the 

dipyrrene, so the chromophore is electronically decoupled from the NiO surface. The redox 

potentials and electrochemical stability of BOD1 are appropriate for NiO. However, the 

absorption spectrum (λmax = 528 nm in CH2Cl2) is unfavorable for tandem devices as it overlaps 

with the region of the visible spectrum where state of the art dyes for n-type DSSCs operate. 

In this study, we prepared two derivatives, BOD2 and BOD3, in which the methyl substituents 

are replaced by an aromatic subsituent, enabling rotational freedom around the benzoic acid-

dipyrrene axis. These new dyes have broader absorption and emission bands, which are 

shifted bathochromically compared to BOD1. This enables more light harvesting across the 

optical spectrum, which could be exploited either in a tandem device or a co-sensitized cell. 

BOD3 contains phenol (rather than the phenyl substituents in BOD2) which extends the 

chromophore through B-O coordination.15 This approach, forming a chiral, boron-chelated 

bodipy, has been used previously for applications requiring red/NIR-absorbing/emitting 
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dyes.16–19 This manuscript describes the impact of these structural modifications on the 

properties of NiO photocathodes. 

 

Figure 2. Structures of the series of dyes, BOD1-3, investigated in this paper. 

 

Results 

Synthesis and characterisation of the photosensitizers 

The dyes BOD1-3 were synthesised as described in the supporting information. Initial 

attempts using regioselective halogenation of the bodipy core and subsequent deprotection of 

the methyl ester protecting group were unsuccessful, a reworked synthesis pathway provided 

two novel bodipy dyes with benzoic acid anchor groups suitable for use in a DSSC.  
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Figure 3. UV-Visible absorption spectra of BOD1 (pink), BOD2 (purple) and BOD3 (green) 

recorded in dry, degassed acetonitrile. 

 

Table I: Photophysical properties of BOD1, BOD2 and BOD3 in acetonitrile solution. 

 λabs / nm  

(ε / dm3mol-1cm-1) 

λem / nm E0-0 / eV 

 

BOD1 528 (20 400) 536 2.33 

 

BOD2 515 (14 300) 541* 2.35* 

 

BOD3 625 (24 800) 654 1.93 

 

* 538 nm excitation 
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The photophysical properties of the dyes BOD1-3 are provided in Table I, the absorption 

spectra are given in Figure 3 and the emission spectra are given is Figure S2. BOD1 exhibits 

absorption and emission spectra that are characteristic of a bodipy S0 to S1 transition. BOD2 

has a much broader absorption spectrum then BOD1. A hypsochromic shift of ca. 13 nm and 

a lower molar absorption coefficient was observed when the α, β alkyl groups of BOD1 were 

substituted for α-phenyl substituents in BOD2. The emission spectra of BOD2 similarly contain 

weak, broad bands with different intensities. The weak fluorescence is consistent with similar 

bodipy systems with phenyl substituents which are able to rotate freely.20 The excitation 

spectra (Figure S3) associated with these two peaks reveal the presence of two emissive 

species in solution. Emission at 538 nm is associated with an excitation spectrum containing 

a narrow band with a shoulder at higher energy than the maximum, which is typical for bodipy. 

Excitation at 580 nm is associated with a broad featureless excitation spectrum, lower in 

intensity and bathochromically shifted by 8 nm compared to the excitation spectra associated 

with the higher energy emission band. This is consistent with the formation of J-aggregates.21 

In BOD3, B-O coordination forces the phenyl groups towards the plane of the dipyrromethene 

chromophore. Accordingly, both the absorption and emission of BOD3 are bathochromically 

shifted compared to both BOD1 and BOD2, and the bands are more intense.  

The redox potentials of BOD1-3 were measured in acetonitrile solution to determine their 

suitability for use in a p-type DSSC. We were unable to reduce the dye when directly attached 

to the semiconductor because the reduction potential lies in the NiO band gap. The results 

from cyclic voltammetry and differential pulse voltammetry in acetonitrile solution are provided 

in the supporting information and are summarized in Table II. The reduction  (BOD/BOD-) was 

reversible for all three dyes, but the oxidation (BOD+/BOD) was only reversible for BOD1. The 

redox potentials were used to estimate the driving force for charge transfer between the dye 

and the semiconductor, which are included in Table II. ΔGinj was substantial for all three dyes, 

highest for BOD2 and lowest for BOD3. ΔGreg also was favorable for all three dyes but was 

highest for the alkyl substituted BOD1.  
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Table II. Electrochemical properties of BOD1-3 in acetonitrile solution with 0.5 M TBAClO4 and 

calculated driving forces for electron transfer processes within p-DSSC device. All potentials 

are reported vs Fc/Fc+. 

 

 E(D+/D) / V E(D/D-) / V E(D*/D-) / V ΔGinj / V ΔGreg / V ΔGrec / V 

BOD1 0.62 -1.54 0.79 -0.91 -0.72 

 

-1.42 

BOD2 0.67 -1.28 1.07 -1.19 -0.46 

 

-1.16 

BOD3 0.69 -1.29 0.64 -0.76 -0.47 

 

-1.17 

E(D+/D) (ground state oxidation potential) and E(D/D-) (ground state reduction potential) were 

determined from the differential pulse voltammograms. E(D*/D-) (excited state reduction 

potential) was calculated using E(D*/D-) = E(D/D-) + E0-0. ΔGinj = e[EVB(NiO) - E(D*/D-)] and 

ΔGreg = e[E(D/D-) - E(I3-/I2-)], ΔGrec = e[E(D/D-) - EVB(NiO)] where (EVB(NiO) = −0.12 V vs 

Fc/Fc+), E(I3-/I-) = -0.28 V vs Fc/Fc+, E(I3-/I2-) = -0.82 V vs Fc/Fc+.22 

 

Density Functional Theory Calculations 

Density Functional Theory (DFT) calculations were performed to determine the molecular 

orbital distributions within BOD1-3, to visualize the electronic transitions that occur when the 

dye is excited. A range of exchange functionals and basis sets were tested and the B3LYP 

exchange functional and 6-31G* basis set were found to match closest to the trends in 

experimental data. The HOMO-LUMO orbital distributions for BOD3 are provide in Figure 4. 

The HOMO-LUMO orbital distributions for BOD1 and BOD2 with their respective orbital and 

transition energies are provided in Figures S5 and S6. In all cases, the HOMO is distributed 
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across the dipyrromethene and pyrrole substituents, but there is node at the meso position 

and a lack of electron density on the benzoic acid anchoring group. In contrast, the electron 

density in the LUMO is distributed across the entire molecule, including the anchoring group.  

 

 

 

 

 

 

Figure 4. The optimized geometry (left) and the orbital distribution of the HOMO (middle) and 

LUMO (right) of BOD3 with MeCN solvation calculated using the PCM with B3LYP as 

functional and 6-31G* basis set. 

 

Dye-sensitized Solar Cell Characteristics 

Nickel oxide dye-sensitized solar cells were assembled with dyes BOD1-3 to compare the 

photoelectrochemical performance of the three sensitizers. The experimental details are 

provided in the supporting information. Briefly, mesoporous NiO thin films on conductive glass 

were immersed overnight in acetonitrile solutions of the dyes. The UV-visible spectra of the 

dyes adsorbed on the NiO surface (Figure S4) broaden compared to the solution spectra, 

indicating electronic communication between the dye and the NiO. The light harvesting 

efficiency (LHE) at the maximum wavelength of the dyes has been estimated from these 

spectra and included in Table III to compare the relative absorbance of the sensitized NiO 

films. The photocathodes were combined with a platinum counter electrode using a 25 µm 

thick Surlyn spacer and cells were filled with a redox electrolyte containing iodide/triiodide in 

acetonitrile. Two triiodide concentrations were used, 0.1 M and 0.5 M. Photocurrent density– 



11 
 

voltage curves were recorded to determine the solar cell characteristics, which are 

summarized in Table III. For reference, p-DSSCs with P1 as the sensitizer were also tested.  

 

Table III. Photovoltaic performance of nickel oxide dye-sensitized solar cells containing 

BOD1-3 and reference P1, with an acetonitrile electrolyte prepared by adding 1.0 M LiI and 

either 0.1 M or 0.5 M I2 to form I3-. 

 [I3-] / M JSC / mA cm-2 VOC / V FF / % η / % LHE / % 

BOD1 0.1  0.12 0.07 36 0.004 55 

0.5 0.56 0.07 38 0.015 

BOD2 0.1  0.48 0.04 29 0.006 75 

0.5 0.58 0.02 28 0.003 

BOD3 0.1  0.21 0.06 29 0.003 65 

0.5 0.42 0.02 29 0.002 

P1 0.1  2.12 0.12 32 0.080  

0.5 2.26 0.11 33 0.080  

JSC = short circuit current density, VOC = the open circuit voltage, FF = fill factor, η = solar to 

electrical power conversion efficiency. LHE = Light Harvesting Efficiency at the maximum 

absorption wavelength = 1 – 10-A
. The equilibrium constant for triiodide dissociation is K = 6.3 

× 106 L mol−1 in acetonitrile.22
 

 

Hard and Soft X-Ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (PES) has been used previously to characterise the dye-

semiconductor interface in n-type TiO2 based devices, however, studies involving p-type NiO 

are less common.23,24 In this study, the electronic and molecular properties of dyes BOD1-

BOD3 adsorbed on FTO and NiO were studied with different photon energies. This enabled 

us to probe the photocathode surfaces at different depths and to investigate the electronic 
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states of the dye, the semiconductor and the dye-semiconductor interface. The valence states 

of the NiO semiconductor were compared to the HOMO of the dye to evaluate the driving force 

for charge-separation in the p-DSSC and to compare this with the values estimated from 

electrochemistry of the separate components. Core level spectra of the dyes adsorbed on 

FTO and on NiO are shown in Figures S16 to S19. The binding energy (BE) scale was 

calibrated using an external gold reference (Au4f 84.00 eV or Fermi level 0.00 eV). 

 

Table IV. Measured core level binding energies (BE) for dyes BOD1-3 adsorbed on FTO and 

NiO at 2200 eV X-ray excitation energy. 

BOD1 FTO / eV NiO / eV Δ BE / eV 

C1s (main) 285.3 284.9 -0.4 

N1s 400.1 399.3 -0.8 

F1s 686.2 685.8 -0.4 

BOD2 FTO NiO  Δ BE 

C1s (main) 285.1 284.6 -0.5 

N1s 399.9 399.4 -0.5 

F1s 686.1 685.6 -0.5 

BOD3 FTO  NiO  Δ BE 

C1s (main) 285.1 284.8 -0.3 

N1s 400.3 399.7 -0.6 
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Table V. Measured core level binding energies for the substrates FTO and NiO at 2200 eV X-

ray excitation energy in the absence and presence of BOD1-3.  

 
FTO: Sn3d / eV NiO: Ni2p (main) / eV 

FTO only 487.2  

NiO on FTO  853.5 

BOD1 487.2 853.6 

BOD2 487.2 853.6 

BOD3 487.2 853.6 

 

The C1s, N1s and F1s core level energies for the dye adsorbed on FTO and NiO at 2200 eV 

photon energy are summarised in Table IV. The core level spectra of the dyes were consistent 

with the structural differences in BOD1-3. The B1s core level spectra of bodipy dyes can be 

weak and we were not able to extract an exact binding energy position. However, the 

synchrotron source enabled us to achieve sufficient signal to noise to observe a shift to lower 

binding energy for BOD3 compared to BOD1 and BOD2 (Figure S19). This is consistent with 

the change of coordination, where B is coordinated to two N and two O atoms in BOD3 and 

to two N and two F atoms in BOD1 and BOD2. Likewise, the F1s spectra are consistent with 

the structural differences, (Figure S17), with signals present at similar binding energies for 

both BOD1 and BOD2, and absent for BOD3. All three bodipy dyes contain two equivalent 

nitrogen atoms which appear as one peak in the N1s core level spectra on NiO (Figure S18). 

BOD3 contains a second nitrogen peak on FTO but not NiO, which seems to be 

contamination. All core levels for the dyes on NiO are shifted to lower binding energy and are 

narrower compared to on FTO (Table IV). The exact magnitude varies slightly for different 

core levels for BOD1 and BOD3 with the N1s peaks showing a larger shift. For BOD2, the 

observed shifts are consistently 0.5±0.05 eV. We compared dye loading from the UV-visible 
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absorption spectra of the BOD|NiO and the BOD|NiO samples, accounting for the differences 

in absorption coefficient. The amount of dye on FTO was similar for BOD1-3. However, there 

appeared to be more BOD2 adsorbed on NiO compared to BOD1|NiO and BOD3|NiO (Figure 

S4). 

 

Figure S20 and Figure S21 show the valence photoelectron spectra for BOD1-3 deposited on 

FTO and FTO only at excitation energies of 2200, and 120 eV. As the excitation energy is 

increased, the shape of the spectra changes as the probing depth increases with the kinetic 

energy of the measured electrons and as the relative photoionisation cross-sections of the 

orbitals contributing to the signal can change. A larger contribution from the valence orbitals 

of the dyes is observed with 120 eV, whereas the with 2200 eV the major contribution to these 

spectra is from the FTO substrate though the Sn 4d peak at 26.4 eV and its valence band 

features between 12 and 4 eV binding energy.23 Filled states are also observed up to the Fermi 

level, which have been assigned to bandgap states in the n-doped FTO.25 These states are 

not observed at 120 eV, possibly due to relative changes in cross section. Instead, a shoulder 

or tail before the onset of the FTO VB edge observed with 120 eV excitation energy is assigned 

to the HOMO levels of the dye (Figure S21). Figure S24 shows the calculation of dye-only 

spectra obtained through subtracting the FTO signal from the dye on FTO spectra at 120 eV 

when both spectra had been normalised to the Sn4d intensity. After this analysis, a clear 

HOMO peak can be observed for BOD2. Broader features were observed for BOD1 and 

BOD3. 
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Figure 5. The valence photoelectron spectra for NiO|BOD1, NiO|BOD2, NiO|BOD3 and NiO 

only measured with a photon energy of 120 eV X-ray excitation energy (left). Expansion of 

the lower valence region -0.5-5 eV (right) of the four samples. The spectra were calibrated 

against an external Au reference and normalised to the height of the lowest binding energy 

valence band peak. 

Figure S22 and 5 show the valence photoelectron spectra for the dye-sensitized NiO and NiO-

only samples at excitation energies of 2200 and 120 eV. As for the dye|FTO samples above, 

the shape of the spectra varied with excitation energy. With 2200 eV the major contributions 

are from NiO.26 With 120 eV, the intensity of the signals associated with the valence orbitals 

of the dyes increased, but the HOMOs lie underneath the NiO valence band. While the FTO 

core levels were unaffected by the dye, the NiO core levels and the valence band edge were 

shifted to higher binding energy (about 0.1 eV) when the dyes were absorbed (Table V and 

Figure S22 and 5). This means that the dyes do not change the Fermi level on FTO while they 

slightly shift the Fermi level of NiO away from the valence band. The shift is consistent with 

changes at the semiconductor surface on adsorption of the dye, such as displacement of 

surface hydroxyl residues and the reduction of Ni3+ surface states, which alter the valence 

band edge energy of the NiO.27 To compare the energy alignment of the dyes on NiO, it is 

important to consider the core level shifts of both the dyes and the NiO, as the position of the 

dye levels changes relative to the Fermi level on FTO and on NiO. Figure 6 and Figure S24 
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show a comparison of the dye-only valence spectra (determined from FTO, see paragraph 

above) to the NiO valence band spectra at 120 eV. To enable this comparison, the valence 

band spectrum of NiO was shifted to higher binding energies (by 0.1 eV, the shift determined 

from the Ni2p core level), while the dyes were shifted to lower binding energies by the energy 

difference observed in the C1s core level position between FTO and NiO (Table IV). From this 

analysis, it can be seen that the HOMO orbitals overlap with the NiO valence band (Figure 5), 

and BOD2 shows the deepest HOMO level (i.e. higher binding energy) in agreement with the 

electrochemistry. 

 

Figure 6. Dye only valence spectra overlaid with NiO valence band at 120 eV. NiO was shifted 

by 0.1 eV, BOD1 by -0.4 eV and BOD2 by -0.5 eV. Solid lines give the confidence intervals of 

the shifts.  
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Transient Absorption Spectroscopy 

 

Figure 7. Sub-ps resolution transient absorption spectra of BOD1 (top), BOD2 (middle) and 

BOD3 (bottom) at selected time delays. Left: in CH3CN solution; right: adsorbed onto NiO 

film with LiTFSI in acetonitrile electrolyte. (Excitation wavelengths: BOD1 and BOD2 λex = 

537 nm; BOD3 λex = 600 nm). 

 



18 
 

To evaluate the rate of photoinduced electron transfer at the dye|NiO interface, sub ps-

resolution transient absorption spectroscopy was performed with solutions of the BOD1-3 in 

acetonitrile or dye|NiO films, using an excitation wavelength of λex = 537 nm for BOD1 and 

BOD2 and λex = 600 nm for BOD3. The transient spectra at different delay times after 

excitation are shown in Figure 7, the decay was fitted to the minimum number of components, 

the decay associated spectra are provided in Figures S29 - S31, and the lifetimes are 

summarized in Table VI. The transient spectra for BOD1 and BOD3 contained a characteristic 

bleach corresponding to the ground state absorption, a negative signal to longer wavelength 

corresponding to stimulated emission and a positive band to shorter wavelength, ca. 400-470 

nm, all of which did not decay within the 1 ns timescale of the experiment, consistent with the 

typical excited state lifetime of a bodipy (τ BOD* = ca. 6 ns).14 The transient spectra for BOD2 

were similar in shape to those of BOD1 and BOD3 but the bands decayed fully within the 2 

ns time resolution of the experiment and the excited state lifetime was τ = 270 ps. This is 

consistent with the weak photoluminescence of BOD2*. The lifetime is much shorter than that 

of a typical bodipy dye, probably because of the ability of the pendant phenyl substituents to 

rotate freely, providing non-radiative decay pathways, and the tendency for the dye to 

aggregate in solution. 

The transient spectra of the films, BOD1|NiO, BOD2|NiO and BOD3|NiO in contact with inert 

electrolyte of LiTFSI (0.1M) all decayed within the time resolution of the experiment, indicating 

a new excited state decay pathway was present. The transient absorption for the dye|NiO films 

were similar in shape between 400-500 nm to the reduced dyes generated electrochemically 

(Figure S26-S28), for BOD1|NiO, e.g. there is a ca. 10 nm blue shift of the transient absorption 

maximum compared to BOD1*), and a weak, broad absorption was observed in the red region. 

This is consistent with the formation of the charge separated state, BOD-|NiO+.28 The transient 

absorption decayed fastest for BOD1|NiO followed by BOD2|NiO and BOD3|NiO. The 

negative signal corresponding to stimulated emission decayed much faster (τ (BOD*) < 2 ps). 
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This is consistent with rapid electron transfer from NiO to BOD1-3, but the short lifetime of 

BOD-|NiO+ indicates that charge-recombination is also fast.  

The addition of a drop of I3-/I- electrolyte in acetonitrile to the films led to a change in the 

lifetimes of some of the components. The lifetime of the shortest component (τ1), which we 

assigned to the excited state BOD*, was unchanged. For I3-/I-|BOD1|NiO, (τ2), which was 

assigned to the charge-separated state, was still present but a nanosecond component, (τ3 > 

2 ns), appeared and the amplitudes were slightly enhanced compared to the samples with 

inert electrolyte. τ3 contained a ground state bleach, no stimulated emission, and the transient 

absorption matched the reduced dye, BOD1-. The reduced electrolyte species I2--, which 

should absorb at 425 nm was not observed on this short timescale.28 This suggests that adding 

the redox electrolyte increases the lifetime of the reduced dye, rather than decreasing it by 

oxidative quenching. A long lived τ3 was also observed for I3-/I-|BOD2|NiO and I3-/I-|BOD3|NiO, 

and in the latter case the transient spectra lived longer than the resolution of the instrument.  

 

Table VI. Lifetimes for BOD1-3 in acetonitrile or dye|NiO films in contact with both inert and 

redox electrolyte estimated from global analysis. 

 τ1 / ps τ2 / ps τ3 / ps 

BOD1 0.5 50 inf 

BOD1|NiO 2.1 248  

I3-/I-|BOD1|NiO 1.3 30 2790 

BOD2 1.2 270  

BOD2|NiO 1.1 12 661 

I3-/I-|BOD2|NiO 1.1 26 3000 

BOD3 2.2 81 inf 

BOD3|NiO 1.9 18 100 

I3-/I-|BOD3|NiO 3.4 780 inf 
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Discussion 

The solar cell characteristics were typical for p-type dye-sensitized solar cells, partly due to 

the low built-in potential of the devices from the small potential difference between the NiO 

valence band and the redox potential of the electrolyte.8 The VOC for all three p-DSSCs 

decreased with increasing I3- concentration, suggesting that charge-recombination at the 

electrolyte/electrode interface increases. The dark J-V curves are provided in the supporting 

information, and the increased dark J for devices with the higher I3
- concentration is consistent 

with this, however it is counterintuitive that increasing the concentration of oxidized species 

should increase recombination at the photocathode/electrolyte interface. We have previously 

proposed that the increased recombination could be due to recombination with free iodine in 

the electrolyte.29 The dark current was lowest and the VOC was highest for BOD1, which 

suggests that the alkyl substituents protect the surface of the photocathode from the 

electrolyte. While it is possible that the valence band may be shifted according to the different 

dipoles arising from the dye at the surface, the PES data show that the shifts are similar with 

all the dyes (Figure S25). 

A combination of soft and hard X-ray Photoelectron Spectroscopy was applied for the first time 

to study the frontier orbital alignment or organic photosensitizers with valence states in NiO. 

Typically, the energy levels in photoelectrochemical devices are estimated from solution-

based experiments. While vacuum experiments have limitations, especially when comparing 

to photoelectrochemical reactions in solution, we note that the trends in energy (vacuum) are 

consistent with the trends in electrochemical potential (solution) and solar cell results. 

Advantages of the technique include the surface sensitivity of the PES and the extra 

information in electronic environment. By studying the dye adsorbed onto NiO, it was possible 

to examine the alignment of the HOMO levels relative to the NiO valence band. The relative 

HOMO position and dye loading from the PES were consistent with the electrochemical 

measurements and UV-visible absorption spectroscopy. We observed that adsorption of the 

dye on the NiO surface has a small but significant effect on the band edge position relative to 
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the Fermi level at the dye|semiconductor interface. This shift in the valence band edge could 

be due to a displacement of surface groups such as -OH, or an electron withdrawing effect 

induced by the dipole of the dye. The shift in band edge should affect the driving force for 

electron transfer at the interface, potentially decreasing the ΔGinj. BOD2 was found to have 

higher loading on the NiO surface and we could fully resolve the HOMO for this dye and 

compare it to NiO. The relative position is consistent with the estimated driving force (ΔGinj ≈ 

-1.2 eV) and the BOD2 HOMO overlaps with the NiO valence states.  

The photocurrent densities were disappointing given the favorable driving force for charge 

transfer at the interfaces between the dye and the semiconductor and the dye and the redox 

mediator. Despite that BOD3 absorbed furthest towards to red region of the visible spectrum 

(λmax = 625 nm), BOD2 produced the highest JSC of the three bodipy sensitizers, which was 

consistent with this dye having the highest absorbance and the highest driving force for charge 

separation. BOD2 had the lowest absorption coefficient in solution of the three bodipy dyes 

but the highest LHE, in agreement with the highest loading on the NiO surface within this 

series, as shown by PES. BOD1 produced the lowest JSC and the lowest LHE. Increasing the 

concentration of I2 added to the electrolyte to 0.5 M lead to an increase in the JSC for all three 

bodipy sensitizers and the trend in JSC followed that of the LHE (BOD2 > BOD3 > BOD1). This 

suggests that the JSC is limited by the dye-regeneration step, i.e. the interception of the 

electron in the photoreduced dye by I3
- in the electrolyte, when the I3

- concentration was ~0.1 

M. When the concentration of I3
- was increased to ~0.5 M, the current was limited by the 

amount of dye on the surface. Transient absorption spectroscopy was used to investigate the 

electron transfer dynamics to rationalize this.  

The transient absorption spectra show that light-induced charge-separation at the dye|NiO 

interface is rapid (< 5 ps). Charge-separation forming BOD-|NiO+ is more than an order of 

magnitude faster than the excited state lifetime for the BOD1-3, suggesting that this process 

is efficient in all three systems. This is consistent with our electrochemistry and PES 

experiments, which show that electron transfer from the valence band of NiO to the lowest 
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partially filled orbital of the excited dye is thermodynamically favorable for all three dyes. In 

the absence of redox electrolyte, the recombination of the charge separated state is also very 

fast, and the reduced dye is immediately quenched. This is consistent with the low 

photocurrent density recorded for the BOD1-3-sensitized solar cells. The kinetics are 

heterogeneous, which is typical for dye-sensitized mesoscopic systems. The rapid 

recombination for dye-sensitized NiO, which is in contrast to much longer-lived charge 

separation in dye-sensitized TiO2 systems, is believed to be caused by recombination to an 

intra-bandgap state.30 Liu et al. proposed that ΔGinj ~ -0.8 eV is required for high charge-

separation yields.31 Despite the substantial ΔGinj for BOD2 (-1.2 eV), the lifetime of the excited 

state is shortest for this dye, suggesting that injection is not in the Marcus inverted region. 

Possibly this large overpotential leads to injection into deeper lying states in the NiO. Charge-

recombination with this state would lie in the Marcus inverted region and, therefore, be slower 

than recombination with the intra-bandgap state.30  

Another reason for the rapid recombination could be the electronic structure of the excited 

state of BOD1-3. The DFT calculations reveal the spread of the LUMO across the anchoring 

group and the chromophore, which could promote electron transfer from NiO back to the dye. 

This electronic configuration would be ideal for TiO2, but a better configuration for p-type 

systems, in which the direction of electron transfer is reversed, could be to have the electron 

density located on the anchoring group in the HOMO and not in the LUMO. This can be readily 

achieved by placing the anchoring group on the pyrrole substituents. To improve charge-

separation, an electron withdrawing substituent could be placed at the meso position to pull 

electron density away from the NiO surface.  

The lifetime of the BOD-|NiO+ increased slightly in the presence of the redox electrolyte, rather 

than decreased as would be expected when the electron in the dye would be intercepted by 

the I3-. Previous work by Gibson et al. showed that I- is oxidized at the surface of NiO, resulting 

in the immediate formation of triiodide even without an applied bias, which suggests that Ni3+ 

states at the surface are reduced.29 Tian et al. demonstrated that Ni3+ surface states of NiO 
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can be reduced by other chemical reductants such as sodium borohydride, and that 

E(Ni3+/Ni2+) lies  ca. 200 mV more positive than E(I3-/I-).27 We suggest here that reducing the 

Ni3+ surface states blocks the fast recombination pathway and leads to a longer BOD-|NiO+ 

lifetime. This behavior was previously shown for a cationic dye, but here we show that this 

observation also applies to neutral dyes.32 This is consistent with processes occurring at the 

electrolyte|electrode interface rather than electrolyte|dye interface. Figure 8. illustrates these 

competing recombination pathways for dyes adsorbed onto NiO with and without electrolyte 

present. Nonetheless, even in the presence of electrolyte, the amplitude of the signal in the 

ns timescale is small compared to that immediately following excitation. This suggests that 

only a small amount of reduced dye survives long enough to react with the electrolyte, leading 

to low JSC in the devices. 

 

Figure 8. Scheme proposing two competing charge recombination processes at the interface 

between the dye and NiO in a p-DSSC; a) without iodine electrolyte; b) with iodine electrolyte. 

In (b), reduction of surface Ni3+ leads to slower recombination, increasing the lifetime of the 

reduced dye. 
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Conclusions 

This paper outlines a surface sensitive approach to investigate the behavior at the interfaces 

in p-type dye sensitized solar cells. A series of bodipy dyes, BOD1-3, with different structural 

and electronic properties, each able to anchor onto the surface of NiO were studied both in 

solution and on surfaces. All three dyes displayed favorable properties for use in p-DSSCs, 

such as reversible electrochemistry in solution, high extinction coefficients and suitably placed 

frontier orbitals to promote electron injection from the NiO and regeneration by the 

triiodide/iodide electrolyte. The JSC values appeared to be limited by the dye regeneration in a 

system with low concentrations of I3
- in the electrolyte. BOD2 was least affected by the 

reduction of iodine in the electrolyte composition indicating that the regeneration of BOD2 in 

the p-DSSC was most efficient out of the three dyes. Additionally, according to the PES data, 

driving force for charge separation was highest for BOD2, which agrees with the solar cell 

results.  

We compared the trends in driving force for electron transfer at the dye|NiO and dye|electrolyte 

interfaces with the lifetimes of the charge transfer and used the trends in structural and 

electronic properties to rationalize the solar cell characteristics. The initial charge separation 

process was fast (< 5 ps), however in absence of the redox electrolyte the recombination of 

charges in the dye and semiconductor is also very fast (< 2 ns). In the presence of electrolyte, 

the lifetime for the charge-separated state increased into the ns timescale for all three dyes. 

We propose that the electrolyte passivates the surface states responsible for the fast 

recombination pathway. 

We hope that the approach and results in this manuscript provide guidelines on how to 

effectively study the interfaces found in these devices. As the trend in research into p-DSSC 

moves towards looking for new p-type semiconducting materials to increase the performance 

of the devices, systematic studies such as this, especially involving photoelectron 

spectroscopy with soft X-rays to probe the interface, should enable us to understand more 

about photosensitization of p-type semiconductors, which is much less understood compared 
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to n-type materials such as TiO2, ZnO and SnO2. Meanwhile, engineering of the 

photosensitizer to overcome the challenges of NiO is necessary if alternative p-type metal 

oxides with more favorable properties cannot be found.  
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