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Abstract Dye-sensitized interfaces in photocatalytic and

solar cells systems are significantly affected by the choice

of electrolyte solvent. In the present work, the interface

between the hydrophobic Ru-complex Z907, a commonly

used dye in molecular solar cells, and TiO2 was investi-

gated with ambient pressure photoelectron spectroscopy

(AP-PES) to study the effect of water atmosphere on the

chemical and electronic structure of the dye/TiO2 interface.

Both laboratory-based Al Ja as well as synchrotron-based

ambient pressure measurements using hard X-ray (AP-

HAXPES) were used. AP-HAXPES data were collected at

pressures of up to 25 mbar (i.e., the vapor pressure of water

at room temperature) showing the presence of an adsorbed

water overlayer on the sample surface. Adopting a quan-

titative AP-HAXPES analysis methodology indicates a

stable stoichiometry in the presence of the water atmo-

sphere. However, solvation effects due to the presence of

water were observed both in the valence band region and

for the S 1s core level and the results were compared with

DFT calculations of the dye-water complex.

Keywords Dye-sensitized solar cells � AP-HAXPES �
DFT � H2O � Photoelectron spectroscopy

1 Introduction

Dye-sensitized interfaces have been extensively studied

due to their important role in devices that convert solar to

chemical energy, (e.g. in photocatalysis [1]) or to electrical

energy (e.g. in dye-sensitized solar cells (DSCs)) [2–4].

Energy conversion in systems such as DSCs is based on the

photoexcitation of a dye molecule adsorbed on a wide

band-gap semiconductor and charge injection from the dye

into the semiconductor. The oxidized dye is regenerated by

a liquid electrolyte or a solid hole conductor. To date, Ru-

based organometallic complexes are among the most

extensively used dye molecules for DSCs.

The energy conversion process in electrolyte-based

devices is strongly influenced by the choice of solvents.

Water-based liquid electrolytes are particularly desirable
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since water is abundant and environmentally friendly. The

performance of purely water-based solar cells is however

generally lower than state-of-the-art organic solvent elec-

trolyte-based devices. The presence of water has a direct

effect on the current–voltage characteristic of DSCs [5, 6].

Water has also been shown to accelerate device degrada-

tion and cause desorption of the dye molecules [7]. Even

when an organic solvent is used, traces of water may still

be present (as an impurity) and importantly, water often

leaks into the device during long-term use. Introducing

hydrophobic chains on the dye helps to alleviate these

problems, but yet challenges still remain [5, 8]. A molec-

ular-level understanding of the effect of water on the

functional interface would greatly aid the development of

efficient water-based DSCs but is still missing.

Photoelectron spectroscopy (PES) is a surface-sensitive

characterization technique highly suited for studying sur-

faces and interfaces present in DSCs. PES studies of DSCs

have typically been performed on dry electrodes under

ultra-high vacuum conditions, including attempts to

understand the interaction with solvent molecules [9–13].

In addition, complementary studies conducted on iodide

electrolytes using a liquid jet system have been made [14,

15]. In previous work, the effect of water on Z907 dye

molecules, with the hydrophobic ligand 4,4-dinonyl-2,2-

bipyridine (cf. Fig. 1), was investigated using vacuum-

based PES [12]. In that study, the dye-sensitized electrodes

were exposed ex situ to ethanol/water solutions of various

concentrations for 20 min and subsequently measured

using PES under ultra-high vacuum conditions. For Z907-

sensitized samples, this exposure gave no significant

change in solar cell performance, while larger changes

were observed for less hydrophobic Ru-based dye mole-

cules. The conclusions were that the hydrophobic chains

protect the Z907 dye molecule from detrimental structural

changes upon water exposure and reduce the likelihood of

it desorbing from the surface.

The recent development of ambient pressure PES (AP-

PES) has made in situ measurements possible in the pres-

ence of water vapor or even liquid water films [16–18]. AP-

PES dates back to the efforts of Siegbahn and co-workers

in the 1970s [19–21]. The technique has developed rapidly

in recent years due to the use of differentially pumped

electron lens systems in both synchrotron-based [22–26]

and laboratory-based systems [27, 28]. One of the main

challenges of AP-PES techniques is the scattering of the

photoemitted electrons by the ambient gas phase molecules

when the pressure is increased. The emitted photoelectrons

will be attenuated, depending on their kinetic energy,

compared to PES ultra-high vacuum experiments (usually

performed below 10-8 mbar), which requires careful con-

siderations in interpreting sample stoichiometries from

photoelectron line intensities. Scattering effects can be

reduced by increasing the kinetic energy of the photo-

electrons, effectively increasing the inelastic mean free

path of the photoelectrons. PES using higher photon

energies is known as hard X-ray photoelectron spec-

troscopy (HAXPES). A combination of AP-PES measure-

ments with hard X-rays (i.e. AP-HAXPES), is therefore

ideal for in situ studies of TiO2 supported dye molecules in

the presence of elevated partial pressures of gaseous water

or thin liquid films. In addition, with AP-HAXPES there is

the possibility to see through liquid films of greater

thickness, which enables the investigation of molecular

solvation.

In this paper, we have used both a laboratory-based AP-

PES system optimized for lower pressures (up to 2 mbar)

[28] and a synchrotron-based AP-HAXPES setup opti-

mized for higher pressures (up to 25 mbar), to study the

effect of exposure to gaseous water up to pressures of

25 mbar (water vapor pressure at 22.2 �C) on the chemical

and electronic structure of Z907 dye molecules adsorbed

on TiO2. The interaction between water and dye molecules

was also modeled using density functional theory calcula-

tions (DFT) and the results compared to experimental data.

2 Methods

2.1 Sample Preparation

A layer of DSL 18 NR-T TiO2 paste (purchased from

Dyesol and used as received) was screen printed on top of

F-doped tin oxide (FTO) conductive glass (Pilkington TEC

15). The substrates were heated for 5 min at 120 �C, sin-
tered at 500 �C for 30 min and left to cool over night in air.

This yielded a TiO2 layer with thicknesses between 5 and

6 lm. Before sensitization, the electrodes were re-heated toFig. 1 The structure of the ruthenium based dye molecule Z907
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approximately 300 �C for 10 min and then cooled to about

80 �C. The dye solution was a 0.3 mM solution of cis-

disothiocyanato(2,2-bipyridyl-4,4-dicarboxylic acid)-(2,2-

bipyridyl-4,4-dinonyl)ruthenium(II) (Z-907, for structure

see Fig. 1) dissolved in ethanol. For sensitization the TiO2/

FTO substrates were immersed in the Z907 containing

solution for approximately 20 h. The samples were trans-

ferred into the measurement chambers immediately after

sensitization leaving the samples in air less than 0.5 h.

2.2 Laboratory-Based AP-PES

The AP-PES measurements were performed with a system

consisting of a Scienta R4000 HiPP-2 high pressure ana-

lyzer, a monochromatized Scienta MX650 HP Al Ja
X-ray source, an analysis chamber, a load lock chamber

and a manipulator, as previously described [28]. The X-ray

monochromator is mounted at an angle of 62.5� with

respect to the symmetry axis of the analyzer pre-lens. The

pass energy of the analyzer was 200 eV. A 0.8 mm

entrance aperture was used for the electron lens entrance

which optimizes the signal intensity for gas pressures of

around 2 mbar [28]. The swift acceleration mode was

implemented to compensate for the lower kinetic energies

of the electrons using Al Ja excitation, compared to the

AP-HAXPES energies [29]. The water vapor was leaked

into the analysis chamber from a test tube via two leak

valves. To degas the water, the test tube was freeze-

pumped three times.

2.3 Synchrotron-Based AP-HAXPES

The AP-HAXPES measurements were conducted at the

bending magnet beamline 9.3.1 of the Advanced Light

Source (ALS) at Lawrence Berkeley National Laboratory

[30]. The end-station is equipped with a Scienta R4000

HiPP-2 spectrometer [31]. The angle between the photon

polarization and photoelectron emission directions is 15�
for this system. The photon energy used was 4000 eV and

the pass energy was 200 eV. A 0.3 mm entrance aperture

was employed allowing for measurements at water pres-

sures up to 25 mbar of gaseous water. Pressure equilibrium

was maintained by balancing the water vapor pumped out

of the chamber through the electron energy analyzer’s

differential pumping system by leaking water into the

chamber through a leak valve connected to a test tube

containing liquid water. The water in the test tube was

freeze-pumped twice before use. The measurement spot on

the sample was frequently changed to minimize the effects

of radiation damage on the spectra collected. The binding

energies of all spectra were calibrated versus the substrate

Ti 2p3/2 peak binding energy (458.56 eV) according to

previous measurements [9].

2.4 Density Functional Calculations

Core level binding energies for a Z907 model structure with

aliphatic chains truncated to ethyl groups interacting with

water were simulated with density functional theory (DFT)

to investigate how water coordination influences the S 1s

binding energies. In the Gaussian code [32], complexes of

the 4,4-diethyl-2,2-bipyridine analogue of Z907 with one

and two water molecules were optimized using the B3LYP

[33] hybrid density functional and (LanL2DZ) Los Alamos

effective core potentials with DZ basis sets for sulfur and

ruthenium [34] and D95V basis sets on remaining elements

[35]. Several configurations were investigated, of which a

subset for the coordination at the NCS ligands and carboxyl

groups is presented. Subsequently in the StoBe code [36], S

1s core level binding energies were obtained as the total

energy difference between the ground and core-ionized

states using gradient corrected exchange and correlation

functionals [37, 38] with the III iglo basis set [39] on sulfur,

a DZVP(PNW) basis set on Ru and TZVP(PNW) basis sets

on the remaining atoms [40]. An auxiliary basis set for

density fitting was generated from the corresponding orbital

basis using the GENA3 procedure.

3 Results and Discussion

In Fig. 2a, O 1s spectra of the dye-sensitized TiO2 sample

are shown in vacuum and at two different water vapor

pressures (11 mbar and 25 mbar). The spectra were mea-

sured with a photon energy of 4000 eV and normalized to

the substrate TiO2 O 1s contribution. The vacuum spectrum

contains a contribution on the high binding energy side of

the substrate peak due to the oxygens of the dye. With

elevated pressures a strong gaseous water peak appears at

536.4 eV. As can be seen, with increasing water pressure

additional intensity is observed at around 533 eV. We

attribute this observation to water condensing on the sen-

sitized TiO2 substrate with increasing pressure of gaseous

water in the analysis chamber. Figure 2b shows a sub-

traction of the vacuum spectrum from the 25 mbar spec-

trum, indicating a binding energy difference between this

new O 1s contribution and the O 1s peak of gaseous water

of approximately 3 eV, which is in accordance with water

adsorbed on an organic material [41]. We estimate from the

relative intensity of this water signal that the layer is not in

liquid form, but rather present in terms of specifically

adsorbed species or clusters.

Carbon, ruthenium, nitrogen, and sulfur core-levels can

be used to study the influence of water on the chemical

structure of the dye molecule. Specific effects on the NCS

ligands (see Fig. 1) are studied here using the S 1s signal,

since its higher photoionization cross section at 4000 eV
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(compared to that of the S2p level) makes it easier to

detect. The corresponding Ti 2p spectra are shown along

with the S 1s spectra in Fig. 3. The scattering of electrons

by gas molecules depends on the kinetic energy of the

photoelectrons, and so the attenuation of the intensity dif-

fers significantly for the Ti 2p and S 1s core levels. This is

clearly seen when comparing spectra that have been cor-

rected for differences in the attenuation to those without

correction. In the upper part of Fig. 3, the intensities are

normalized to measurement time. In the lower part of

Fig. 3, the intensities are adjusted for electron scattering by

gas-phase water. The attenuation at different pressures is

described by Eq. 1 [16],

Ip ¼ I0 exp ð�zrp=kTÞ ð1Þ

where Ip and I0 are the intensities at pressure p and in

vacuum, respectively. The electron scattering cross sections

(r) were obtained from reference 41 (r (1530 eV) and r
(3540 eV) equal to 1.14 9 10-20 and 5.99 9 10-21 m2,

respectively) [42] and z is estimated to be 0.5 mm (the

distance the electron has to travel in high pressure before

b

a

Fig. 2 a O 1s spectra of the dye-sensitized TiO2 samples recorded at

different pressures of water vapor with 4000 eV at the ALS beamline

9.3.1. The spectra are intensity normalized to the O 1s substrate peak

at 530 eV. The peak at higher binding energy (536.2 eV) is ascribed

to oxygen in the gaseous water molecules. A small feature around

533 eV appears at higher pressures (above 11 mbar), due to formation

of adsorbed water. b The same data as in figure a where the vacuum

data has been subtracted from 25 mbar data to highlight the signal due

to adsorbed water (inset with a magnification of a factor ten)
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Fig. 3 Ti 2p and S 1s spectra measured of the dye-sensitized TiO2

with an excitation energy of 4000 eV. The upper Ti 2p and S 1s

spectra are normalized to measurement time revealing a substantial

attenuation of intensity at higher pressures. The lower Ti 2p and S 1s

spectra were corrected for attenuation according to Eq. 1 due to

electron scattering caused by the ambient H2O molecules
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passing the entrance aperture of the first lens element) [22].

Using Eq. 1 the intensity corrections terms (Ip/I0) were

found to be 0.214 for S 1s and 0.445 for Ti 2p.

Three observations from the spectra in Fig. 3 can bemade.

First, the dependence of spectral intensity on ambient pressure

clearly shows that the gas attenuation effect is strong and

cannot be neglected when comparing relative intensities

between peaks whose kinetic energies largely differ. Second,

Eq. 1 adequately corrects for attenuation effects, such that the

intensity of the S1s peak relative to theTi 2ppeak is recovered

within the accuracy of themeasurements. Third, the S 1s peak

undergoes a small shift of 0.2 eV to higher binding energies

upon water exposure. This may be interpreted as a change in

the dye molecule electronic structure upon exposure to high

pressures of water vapor. This change may be a result of a

specific molecular reorganization of the ligand due to the

presence of condensed water. Additional information about a

possible structural change due to the presence of water can be

obtained from theC1s andRu3d spectra. The kinetic energies

of the photoelectrons arising fromTi 2p,C 1s, andRu3dusing

4000 eV photon energy are high and similar, and thus a sig-

nificant difference in gas phase attenuation is not expected. A

calculation according toEq. 1 shows that the actual difference

will be around 4 % between Ti 2p and C 1s when using a

photon energy of 4000 eV, thus a negligible effect on the

relative intensities of the spectra [42]. The spectra are shown

in Fig. 4. In accordancewith the intensity observation in the S

1s spectra, the intensity of the Ru 3d peak remains largely

unaffected by water. The C 1s intensity increases slightly,

probably due to contamination from the measurement cham-

ber over time. Since the S 1s, C 1s, and Ru 3d intensities are

mostly unaffected by the presence of water, the shift observed

in the S 1s binding energy is likely caused by specific water

adsorption at the dyemolecules anchored on the TiO2 surface.

In a previous work on Z907 no change was observed of

the sulfur signal (S 2p) due to water exposure [12]. The

present results for the S 1s level are not, however, incon-

sistent with the previous results, since the experiments

were performed under different conditions, in particular

with respect to the presence of molecular water during the

measurements. In the previous experiments the dye-sensi-

tized TiO2 surfaces were measured under high vacuum

conditions after ex situ exposure to liquid water. In the

present experiments, the electrodes were in situ exposed to

water vapor and also measured in situ in the presence of

water vapor.

In order to shed more light on the possible adsorption

geometries of the water molecules at the dye-vacuum

interface, model DFT calculations were made for the 4,4-

diethyl-2,2-bipyridine analogue of Z907 including water

molecules. The optimized geometries showed two hydrogen

bonded adsorption sites as depicted in Fig. 5. For these

geometries, the S 1s binding energies were calculated and

compared to the bare dye molecule. As can be seen, one

preferred adsorption geometry entails N–C–S–H–O–H–S–

C–N hydrogen bonding bridging between the two thio-

cyanate groups of the dye, producing an increase of

approximately 0.2 eV in the S 1s binding energy in accor-

dance with our experimental observation. The other pre-

ferred adsorption geometry involves the anchoring

carboxylate groups of the dye, leading to a somewhat

smaller S 1s shift. This geometry, however, assumes that the

water affects the anchoring of the dye to the TiO2 substrate.

There may be a significant probability for such an effect, but

a more detailed analysis would require model calculations

including also the substrate, which is beyond the scope of

the present paper. It may be noted that no stable water

adsorption sites were found on the 4,4-diethyl-2,2-bipyr-

idine—ligand side of the molecule, which is in agreement

with the expected hydrophobic character of this moiety.

Valence band spectra of Z907 adsorbed on TiO2 mea-

sured at different partial pressures of gaseous water are

shown in Fig. 6. The broad feature between 8 and 2 eV is

dominated by the valence band of the TiO2 and the small

feature at the lowest binding energy is the HOMO level of

the dye [9, 43]. The HOMO level is known to be a mixture

of molecular orbitals from the NCS-ligand and Ru [44].

When probed with high energies (here 4000 eV), the rel-

ative contributions of the Ru 4d components to the HOMO

level photoemission signal will dominate [44] due to the

Fig. 4 C 1s and Ru 3d spectra of the dye-sensitized TiO2 sample

recorded in vacuum and at partial pressures of gaseous water of

11 mbar and excited with 4000 eV. The C 1s contribution is centered

at 286 eV and Ru 3d at 281 eV. The spectra are intensity normalized

to the corresponding Ti 2p peak intensity. The increase of the C 1s

intensity is most likely due to contamination of the sample in the

chamber
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higher photoionization cross section for the d level com-

pared to p levels of lighter elements. However, in the

present experiments the possible effects of such a differ-

ence in relative sensitivity of the NCS and Ru contributions

to the HOMO peak using 1486.58 eV (Al Ka) and 4000 eV

photon energies could not be identified. At binding ener-

gies of around 10 and 12 eV, contributions from gas-phase

water can be seen for the spectra recorded at 2 and

25 mbar, respectively [45]. The contributions from adsor-

bed water are expected to overlap with the valence band of

TiO2 and hence cannot be separately identified in the

present spectra [46].

As seen in the upper part of Fig. 6a, there are no sig-

nificant differences between the valence band spectra

Fig. 5 Calculated S 1s binding energies for the free Z907 analogue (left), Z907 with one H2O molecule hydrogen bonded to the NCS groups

(middle) and Z907 with H2O molecules hydrogen bonded to both the NCS groups and one of the COOH groups (right)

a b

Fig. 6 a Upper spectra: the valence band of Z907 sensitized TiO2

measured for different partial pressures of gaseous water with Al Ja
radiation. The black spectrum is recorded in vacuum and the green in

2 mbar water vapor. The feature around 10 eV stems from gaseous

water. Lower spectra: The valence band of Z907 sensitized TiO2

measured with 4000 eV. The black spectrum is recorded in vacuum

and the red spectrum in 25 mbar H2O atmosphere. The feature around

12 eV stems from gaseous water. The broad feature between 8 and

2 eV is due to the semiconductor substrate. The peak around 1.5 eV is

due to the HOMO level of the dye molecule. b The spectra indicate a

shift of approximately 0.15 eV of the HOMO level when the sample

is subject to 25 mbar water atmosphere
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obtained in vacuum and at water pressures of 2 mbar.

When the pressure is increased to 25 mbar, however, there

is a small but significant effect on the spectrum. Specifi-

cally, the HOMO level shifts about 0.15 eV to lower

binding energy (see Fig. 6b) when the dye-sensitized

sample is exposed to 25 mbar of water vapour.

A shift in the HOMO level of the dye molecule of

0.15 eV could have a significant influence on the solar cell

performance, since the energy level alignment between the

various cell components plays a significant role in the

kinetics of charge transfer in the solar cell. Regeneration of

the dye molecules by the electrolyte occurs through electron

transfer from the electrolyte into the HOMO level of the

dye. An increase in the HOMO level of the dye molecule, as

indicated by our measurements, therefore reduces the driv-

ing force for regeneration and can slow down the rate of

electron transfer from the electrolyte to the oxidized dye [47,

48]. A loss in photocurrent and a minor blueshift of the dye

photoabsorption have been observed [5] in solar cells using

hydrophobic dye molecules similar to Z907 and a water-

based electrolyte. These results together with our observa-

tion of the shift in the HOMO level suggests that a similar

but slightly larger shift occurs in the LUMO level. This

could be further investigated by measuring the LUMO level

with e.g. electrochemical methods, inverse photoemission

spectroscopy, or X-ray absorption spectroscopy (XAS). Law

et al. [5] mainly attribute the main loss of photocurrent to a

reduced current carrying capability of the electrolyte in the

electrode pores, however our present results, combining the

core and valence level results with the theoretical calcula-

tions, indicate that the electrolyte/dye/TiO2 interface is

affected by the presence of water in specific adsorption sites.

The study presented in this paper allows the effect of the

solvent molecules on the active interface in the solar cell to

be followed, thus complementing studies characterizing the

function of dye sensitized solar cells.

4 Conclusions

AP-PES and AP-HAXPES have provided novel routes for

investigating energy related photoelectrochemical systems

in ambient conditions. In this paper, we present photoe-

mission results of the Z907 sensitized TiO2 solid surface in

the presence of condensed water and/or gas-phase water.

We have demonstrated that water is present in a condensed

phase on a dye-sensitized TiO2 substrate at a water vapor

pressure of 25 mbar and thus that sufficient high ambient

pressures of water molecules are required to create the

relevant conditions akin to the real functional interface.

The presence of water influences the chemical structure of

the interface between the hydrophobic Z907 dye and the

TiO2 via the presence of specific water adsorption sites but

does not influence the stoichiometry of the dye-molecule,

as determined by the adopted quantitative AP-HAXPES

analysis methodology. The results of this paper represent a

first step towards in-operando measurements on complete

photoelectrochemical interfaces in devices that include

liquid electrolytes. It is to be expected that the further

development of such measurements will be important aids

in the continuing efforts for optimization of photoelectro-

chemical systems, such as DSCs.
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