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Re-evaluating the role of phosphinic acid
(DINHOP) adsorption at the photoanode surface
in the performance of dye-sensitized solar cells
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Dineohexyl phosphinic acid (DINHOP) is a popular amphiphilic molecular insulator considered as the most

efficient co-adsorbent (co-grafter) for the improvement of the photovoltaic performance of TiO2 based

hybrid solar cells. Although the effect of its incorporation on the improvement of cell performance has been

well demonstrated, the mechanisms through which it affects the photovoltaic and electrodynamic

parameters of the cells are not yet clear. Here we re-examine the mechanism through which the DINHOP

co-adsorbent affects the photovoltaic and electrodynamic parameters of dye-sensitized solar cells. Although

DINHOP is widely believed to inhibit (passivate) recombination across the TiO2/electrolyte interface,

we demonstrate that this is sublte, noticeable only for a very high concentration (e.g. 750 mM) of DINHOP,

co-sensitized with a dye. For the most frequently used DINHOP concentrations (e.g. 75 mM and 375 mM), an

observed increase of the diffusion coefficient and recombination rate could be directly associated with a

decrease of total intra-gap states in TiO2. For a DINHOP concentration as low as 75 mM, the conduction

band edge of TiO2 moves upward due to the combined effect of charge accumulation and a decrease in the

total number of intra-gap states leading to an effective enhancement of the DCCS VOC, where the decrease

in total intra-gap states does not contribute positively. The decrease of total intra-gap states enhances both

the transport and recombination rates of charge carriers by the same fraction due to a transport-limited

recombination process. On the other hand, adsorption of DINHOP molecules at higher concentrations such

as 375 mM and 750 mM additionally modifies the distribution of intra-gap states, affecting the nonlinear

recombination parameter of charge carriers at the anode–electrolyte interface, leading to an overall enhance-

ment of the DSSC VOC. In all cases, incorporation of DINHOP results in an overall improvement of the solar

cell efficiency (B14% compared with the reference one), with a maximum for a concentration of 375 mM,

where no inhibition of recombination was observed. Interestingly, for this DINHOP concentration, we

estimate that 1 DINHOP molecule per every 12 molecules of dye occupies the intra-gap states of the TiO2

surface. The results presented in this work elucidate the physical phenomena involved in the interaction of

co-adsorbents, pre-treatments or additives with the electrolyte at the surface of the TiO2 photoanode of

dye-sensitized solar cells and can be easily adapted to study other electrochemical systems.

Introduction

Sensitized nanostructured solar cells are promising photo-
electrochemical devices for efficient, low-cost solar-to-electrical
energy conversion. Dye-sensitized solar cells (DSSCs) have
achieved conversion efficiencies beyond 11% under full sunlight
(AM 1.5 solar irradiance)1,2 and an extraordinary 32% with
indoor light (1000 lux).3 While the fabricated DSSCs show high
short-circuit photocurrent and good fill factors, their open
circuit voltages VOC are substantially lower than theoretically
predicted values.4,5 The open circuit photovoltage of a DSSC is
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determined by the difference between the electron quasi-Fermi
level of TiO2 in the active electrode under illumination (EF) and
the Fermi level (redox level) in the dark (Eref).

6 A major factor
limiting the VOC of TiO2 photoanode-based DSSCs is the back
reaction transfer (recombination) of electrons, occurring from
the TiO2 photoanode to the redox electrolyte. However, changing
the rate of charge carrier recombination, the redox potential
level and/or the band edge position of TiO2, it is possible to tune
the photovoltage of these cells (DSSCs).7–17

Several strategies of surface treatment have been employed
to either suppress the charge recombination in TiO2 photo-
anodes, or to shift its conduction band edge upwards (towards
more negative potential), in order to enhance the VOC.7–17

Among them, the use of a co-adsorbent has been very effective.
The co-adsorbents can be incorporated simultaneously with
dye molecules over the semiconductor surface of DSSCs, which
occupy the sites over the semiconductor surface uncovered by
dye molecules to suppress charge recombination18–21 Most of
the co-adsorbents are organic amphiphilic molecules containing
anchoring groups such as –COOH, –H2PO3, –SO3H, etc.

Zhang et al.18 have demonstrated the use of 4-guanidinobutyric
acid (GBA) as a co-adsorbent dye in DSSCs fabricated with
nanocrystalline TiO2 and an amphiphilic ruthenium sensitizer.
The use of GBA as a co-adsorbent not only helps in sealing the
TiO2 surface, but also inhibits the charge (electron) transfer
from TiO2 to the triiodide in the electrolyte, resulting in a shift
of the quasi-Fermi level of TiO2 and an increase of the open-
circuit voltage by 50 mV. On the other hand, Ren et al.20

demonstrated that the use of different cationic co-adsorbents
affects the charge recombination and conduction band edge
movement in different ways. Using two cholic acid (CA)
co-adsorbents such as deoxycholic acid (DCA) and sodium
deoxycholate (DCNa), they found that while DCA shifts the CB
positively by 26 mV and retards the charge recombination by
10 fold, DCNa shifts the conduction band edge negatively by
33 mV and retards charge recombination by 3 fold, resulting in
a VOC gain of 41 mV and 65 mV, respectively.

Amphiphilic co-adsorbents, grafted onto the surface of TiO2

in combination with a sensitizer, have been utilized to improve
the VOC of TiO2-based DSSCs.7–17 An amphiphilic co-adsorbent
such as DINHOP has been reported to induce an upward shift
(towards negative potential) of the conduction band edge of
TiO2, along with suppressing the interfacial recombination of
photogenerated charge carriers,11 offering the best scenario for
enhancing the VOC of a DSSC.

The phosphinic group of DINHOP is believed to bind with
titanium ions at the TiO2 surface, leaving the two neohexyl
substituents attached to phosphinic acid as a hydrophobic
insulating buffer between the TiO2 photoanode and the electrolyte
(Chart 1).11 The effect of different co-adsorbents on a used dye,
such as D29, has been studied by Rensmo et al.22 They
demonstrated that the used co-adsorbents such as DPA (decyl-
phosphonic acid), DINHOP and CDCA (chenodeoxycholic acid)
with the D29 dye have different performances. While DPA,
containing a double phosphonic acid group, bound more
efficiently to the TiO2 surface in comparison to DINHOP, both

reduce the surface coverage of dye molecules, decreasing the
photocurrent response of the fabricated devices. Very recently
Chandiran et al.23 have studied the effects of different functional
groups of co-adsorbents and adsorbents, such as carboxylic
(4-guanidino butyric acid and chenodeoxycholic acid), phos-
phinic (dineohexyl phosphinic acid), and phosphonic (dodecyl
phosphonic acid) groups, co-grafted with a hydrophobic Ru-based
dye (C106) on the TiO2 surface using ATR-FTIR spectroscopy, dye
desorption and charge extraction measurements. They concluded
that DINHOP is a true co-adsorbent, whose molecules replace
dye molecules from their binding sites of dye-adsorbed TiO2

photoanodes, rather than filling the free-space between the dye
molecules. They reported an upward shift of trap-states only for
optimum DINHOP concentration, which led to an enhancement
of open circuit voltage, without providing information on other
DINHOP concentrations. Nor did they discuss the effect of
DINHOP concentration on the carrier recombination rate
and diffusion coefficient. Although the use of DINHOP as a
co-adsorbent has been reported to be beneficial in most of the
cases,11,23 the mechanisms through which the concentration of
any co-adsorbent or adsorbent affect the TiO2 surface, modifying
the photovoltaic parameters of dye-sensitized solar cells, remained
unclear. Attempts to improve DSSC performance are not limited to
the use of co-adsorbents; novel dyes and electrolytes, electrolyte
additives, etc. have also been tested and studied.21,24,25

In this work, we examine the effects of DINHOP adsorbed at
the surface of TiO2 electrodes over the open circuit voltage and
electrodynamic parameters (transport and recombination) of
DSSCs, using a small perturbation technique such as Stepped
Light-Induced Transient Measurements (SLITM), a technique
used to obtain electrodynamic parameters of TiO2 photoanode-
based DSSCs. The well-known total electron density model for
DSSCs was used to interpret the obtained electrodynamic
parameters to establish a direct relationship between micro-
scopic (i.e. intra-gap states, electron diffusion at the conduction
band edge, etc.) and macroscopic (photo generated electron
charge density, VOC, etc.) parameters. Specifically, we examine
how the DINHOP concentration (co-grafted with Z907 dye)
affects the conduction band edge of TiO2, and transport and

Chart 1 Chemical structure of dineohexyl phosphinic acid (DINHOP).
Due to the difference in the electronegativity of the phosphorus atom
(2.17) and the oxygen atom (3.5), they form an electric dipole, which
favours the adsorption of DINHOP molecules at the titanium cation sites
(oxygen vacancies) of the TiO2 surface.
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carrier recombination kinetics, leading to an overall efficiency
enhancement of a DSSC. For the first time, we distinguished
two different contributions of DINHOP adsorbed at the TiO2

electrodes: (1) surface passivation through a decrease in the
total number of intra-gap states (Ntraps) of TiO2. The effect of
Ntraps decrease is manifested through the increase both in the
diffusion coefficient and the recombination rate (transport-
limited recombination), but does not contribute positively to
the DSSC performance, and (2) surface passivation through the
decrease of recombination rate constant k0; this is a subtle
feature, noticeable only for the higher concentrations of DIN-
HOP molecules, associated with the insulating nature of their
neohexyl groups. In all cases, incorporation of DINHOP results
in an overall improvement of the solar cell efficiency, with a
maxiumum of 7.4% for a concentration of 375 mM, mostly due
to an upward shift of the conduction band edge without
inhibition of recombination.

Experimental
Materials

TiO2 paste (18NR-T), transparent conducting oxide (TCO) coated
glass substrates (F-doped SnO2; 15 O sq�1), thermoplastic (Surlyn,
Dupont grade 1702), and Z907 dye were purchased from Greatcell.
1-Butyl-3-methylimidazolium iodide, iodine, acetonitrile and valero-
nitrile were purchased from Sigma-Aldrich. Dineohexyl phosphinic
acid (DINHOP) was synthesized as described in the literature.11

Device fabrication

TiO2 films of about 0.25 cm2 area were fabricated by depositing
the TiO2 paste (18NR-T) onto a TCO-coated glass substrate
through screen-printing. After air-drying, the deposited layers
were sintered in air at 500 1C for 1 h. The average thickness (d)
of the fabricated nanocrystalline TiO2 layers was about 12 mm
(measured by a Dektak II profilometer). While cooling, the films
were taken out of the annealing furnace at 80–100 1C, and
immersed in a acetonitrile/tert-butyl alcohol (1 : 1, v/v) solution
containing 0.375 mM Z907 dye + X mM of the co-adsorbent
DINHOP (with X = 0, 75, 375 and 750) for 16 h. Semi-
transparent counter electrodes were prepared by spreading
two drops of 5 mM H2PtCl6 solution (in 2-propanol) over
TCO-coated glass substrates and their subsequent firing at
450 1C for 1 h. The electrode (TiO2 film + Z907 dye + DINHOP)
and Pt-covered counter electrode were then sandwiched
together using a 25 mm thick thermoplastic (Surlyn, Dupont
grade 1702). After introducing the electrolyte solution into the
sandwiched electrodes, the predrilled holes of the counter
electrode were sealed with small pieces of corning glass using
the thermoplastic. The electrolyte used in the DSSCs contained
0.6 M 1-butyl-3-methylimidazolium iodide and 0.03 M iodine in
acetonitrile/valeronitrile (85 : 15, v/v%).

Device characterization

Fabricated devices were characterized at room temperature
using a 450 W ozone-free Xe-lamp (LOT-Oriel) with a water

filter calibrated to an irradiance of 100 mW cm�2 (equivalent
air mass AM 1.5G) at the surface of the solar cell as illuminating
source. The intensity of illumination at the surface of the
devices (DSSCs) was calibrated using a certified 4 cm2 mono-
crystalline silicon reference cell with an incorporated KG-5
filter. No mask was used during the photovoltaic characteriza-
tion of the DSSCs.

The SLITM of photovoltage and photocurrent is a small
perturbation technique similar to IMPS (intensity modulated
photocurrent spectroscopy), IMVS (intensity modulated photo-
voltage spectroscopy) or EIS (electrochemical impedance
spectroscopy) frequently used to measure the electrodynamic
properties (e.g. charge transport and recombination) of
DSSCs.26,27 In fact, all these three techniques provide similar
information on the electrodynamic parameters of an assembled
DSSC. For SLITM measurements, the DSSCs were probed with a
steeped modulated laser-LED beam of 630 nm wavelength
(probe) superimposed on a relatively large background (bias)
illumination, which is also a 630 nm laser-LED beam (bias).
The probe and the bias laser lights enter the cells through the
electrode side (TiO2 coated conducting glass). The photovoltage
decay due to probe light was recorded using a DPO70404
Tektronix oscilloscope, and fitted to a single exponential decay
with exponent�t/trec, where trec is the fitting parameter, termed as
electron lifetime (or recombination time).26,28 A similar procedure
was followed to estimate the electron transport-time tt. However,
in the latter case, the measurements were performed under
short-circuit conditions while recording the photocurrent tran-
sient, and the obtained curves were fitted to single exponential
decays using the exponent tt (electron transport-time).26,28

Photovoltage (VOC) and photocurrent ( JSC) at the corresponding
applied bias were also recorded. The steady-state photoinjected
electron density in the TiO2 films was estimated from the
relation n = a�1JSCt/(qd(1 � P)),29 where a is the measure of
steepness of the intra-gap state distribution or the average trap
depth,30,31 JSC is the short circuit photocurrent density estab-
lished by the bias light, P is the film porosity (P = 0.6), q is the
elementary charge (|e|), t is the electron transport-time at short
circuit or the electron lifetime under open circuit conditions,
and d is the TiO2 film thickness. Neutral density filters were
used to vary the intensity of illumination, to generate plots of
the electron recombination rate (k = 1/trecombination), diffusion
coefficient (D = d2/3.54ttransport) and open circuit voltage, VOC, as
a function of electron charge density n. The open circuit voltage
and short circuit current were recorded for each illumination
intensity.

Theoretical considerations

Electron transport and recombination in DSSCs depend strongly
on the intensity of illumination. Such intensity dependence of
transport and recombination in a semiconductor has been
attributed to the broad distribution of trap states inside its band
gap.6,26,28 The kinetics of charge transport in TiO2 is a function
of the electron density (or the quasi Fermi level), which has been
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ascribed to the trap-limited transport process.6,26,28 Electrons are
reversibly trapped in and de-trapped from energy states (shallow
and deep levels)32 beneath the conduction band, and the
de-trapping rate determines the transport kinetics.6,26,28 The
electrons in nanostructured TiO2 films (n-type semiconductor)
can be divided into two categories: conduction band electrons
and trapped electrons. In nanostructured TiO2 films, the
majority of the photo-generated electrons remain trapped. The
electron trap states remain distributed below the conduction
band, and the density of electrons in them is assumed to be
exponentially dependent on their energy with respect to the
conduction band edge ECB (Fig. 1). The distribution of electrons
in the trap states can be expressed as a function of the quasi
Fermi level EF through the relation:6,26,28

n ¼ Ntraps exp �
a ECB � EFð Þ

kT

� �
(1)

where k is the Boltzmann constant, T the temperature and Ntraps

the total number of intra-gap states (shallow and deep levels).
The open-circuit photovoltage, VOC, of the DSSC is defined as the
difference between the quasi-Fermi level EF of eletrons in TiO2

under illumination and the Fermi level in the dark Eref:

VOC ¼ �
EF � Eref

q
;

n ¼ Ntraps exp �
a ECB � Eref þ VOCð Þ

kT

� � (2)

Due to the Fermi level alignment equilibration, the position
of the Fermi level of TiO2 remains at the same level as that of
the redox electrolyte in the dark.6,26,28 For a constant charge
density, the VOC is fixed even if the recombination rate is
modified by surface passivation of the TiO2 layer. An exception
of this occurs in the case of band-edge movement.6

Band-edge movement occurs when a sufficient number of
negative or positive charges (or dipoles) build up at the surface
of the TiO2 particles to induce a change in the potential of their
Helmholtz layer.6,14,16,17 A negative surface charge built-up can
cause the edges to shift upward, toward negative electrochemical
potential, leading to a higher photovoltage. In contrast, a posi-
tive surface charge built-up can cause the conduction band edge
to move downward, toward positive potential, favouring a lower
photovoltage. However, all these are true when there is no
change in the total intra-gap states of TiO2, Ntraps.

6,14,16,17,33

The techniques used to demonstrate the band-edge move-
ment are given elsewhere.6,14,16,17 In brief, the band-edge move-
ment in TiO2 was monitored by comparing the dependence of
VOC on the photo-charge density (n) at open circuit induced by
chemical treatment or adsorption of co-adsorbent at its surface
(Fig. 1). The photo-charge density solely determines the difference
between the conduction band edge and the quasi-Fermi level
under illumination, following eqn (2). In the case of a fixed Ntraps,
a higher VOC at a constant n indicates an upward movement of the
conduction band edge; a lower VOC at a constant n indicates a
downward shift of the conduction band edge. As can be discerned
from Fig. 1a, this shift can be mathematically expressed as
Eadsorb

F � EF = Eadsorb
CB � ECB. In other words, the detected

increase in VOC at constant n due to the presence of a
co-adsorbent at the TiO2 surface can only be attributed to an
upward shift of its conduction band edge by the same amount.
On the other hand, it is well known that a chemical treatment
or adsorption of foreign molecule (such as dyes, co-adsorbents,
even the electrolyte solution) may modify the chemistry of the
TiO2 surface, leading to a change in surface charge and altera-
tion of localized intra-gap states. All these modifications can be
reflected in the photovoltaic and electrodynamic parameters of
DSSCs.6,33–36 As a consequence, if an adsorbent of negative
charge is present at the TiO2 surface affecting the total number

Fig. 1 Predicted shifts of the TiO2 conduction band edge induced by negative charge of a co-adsorbent, (a) when the total number of intra-gap states is
not affected the displacement on the quasi Fermi level, due to the co-adsorbent, is equal to the displacement of the conduction band edge (i.e. Eadsorb

F �
EF = Eadsorb

CB � ECB), and (b) when the number of intra-gap states decreases the displacement on the quasi Fermi level, due to the co-adsorbent, is larger
than the displacement of the conduction band edge (i.e. Eadsorb

F � EF 4 Eadsorb
CB � ECB), where Ntraps represents the total intra-gap states below the

conduction band edge and n the photogenerated charge density.
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of intra-gap states Ntraps we can deduct from Fig. 1b and eqn (1)
a mathematical expression for the effective conduction band
edge displacement:

DECB = DEF � mCln{Ntraps/Nadsorb
traps } (3)

where DEF = Eadsorb
F � EF and DECB = Eadsorb

CB � ECB. Consequently,
using the Ntraps/N

adsorb
traps ratio in eqn (3), we can deduce the effective

variation of the conduction band edge due to chemical treatment
of the sensitized TiO2 surface or due to the adsorption of a
co-adsorbent. Likewise, the Ntraps/N

adsorb
traps ratio can be determined

from the effect of a co-adsorbent on the charge density dependence
of diffusion coefficient D, as presented below.

The diffusion coefficient of electrons in DSSC electrodes
displays a power-law dependence with photoelectron density.37–39

This nonlinear dependence has typically been attributed to multi-
ple trapping and de-trapping of electrons during their transit
through the nanostructured semiconductor film.34,35,40–46 Within
the framework of the exclusive random walk model, a relation
between the diffusion coefficient D and the total electron density n
has been derived as:26,36,46,47

D ¼ D0
Nc

a Ntraps

� �1=an 1�að Þ=a (4)

where D0 is a surface independent parameter and is related to
the free electron mobility48 and NC is the density of states in the
conduction band. The total intra-trap states in TiO2 are believed
to be associated with surface oxygen vacancies localized at the
TiO2 surface.6 Consequently, a co-adsorbent at the TiO2 surface
can affect both its a and Ntraps. Also, the effect can be verified by
comparing the diffusion coefficient of electrons in the treated
and untreated layers as a function of n. If the co-adsorbent does
not affect the trap distribution parameter a, a decrease in Ntraps

can be understood as passivation through the intra-gap states, in
agreement with eqn (3) and (4). Likewise, if the co-adsorbent
does not modify either of a and Ntraps, and also does not affect
the electron diffusion coefficient, the passivation effect would be
reflected as the change in VOC at constant n in the VOC versus
log(n) plot, which can only be attributed to a shift of the
conduction band edge.

On the other hand, knowing that electron diffusion to the
intra-gap states controls recombination,26,39 any attempt to
improve the diffusion coefficient by decreasing the total trap
density would result in an increase of the recombination rate
k,26,34 following the relation:

k ¼ k0
Nb

c

Ntraps

� �b=an b�að Þ=a (5)

where k0 is the recombination rate constant of free electrons,
which is related to the microscopic mechanism of recombina-
tion, and b is the recombination reaction order with respect to
free electrons (or the nonlinear recombination parameter),
which depends on the nature of the TiO2 surface, and can be
varied due to modification by a co-adsorbent. Therefore, a sole
decrease of k0 can be understood as passivation through
recombination kinetics. It is important to mention that the

recombination rate k (eqn (5)) accounts for all the recombination
processes, which include recombination between the electron
of TiO2 and electron acceptors in the electrolyte (nongeminate)
and recombination between electrons and oxidized molecules
(geminate).

At this point, we can conclude that if the negatively charged
molecules adsorbed onto the TiO2 surface enhancing both the
diffusion coefficient and the recombination rate by the same
fraction (i.e. b = 1 and constant a) at constant charge density,
the effect of surface passivation occurs through the decrease of
total intra-gap states (eqn (3) and (4)). On the other hand, if the
adsorbed molecule reduces the recombination rate k and
increases the diffusion coefficient D, the effect can be under-
stood as passivation through both the total intra-gap states and
recombination kinetic (eqn (3)–(5)), the effect of which on the
conduction band edge can be estimated from eqn (3). Likewise,
if the co-adsorbent does not modify either the carrier transport
or the recombination process, there occurs charge accumula-
tion at the TiO2 surface, which led to a shift (upward or
downward depending on the nature of the charge) of the
conduction band edge. Finally, the effect of a co-adsorbent on
the surface of TiO2 can be a combination of all the processes
mentioned before, which in principle, could be monitored from
the transport, recombination and voltage versus charge density
plots, as we demonstrate below.

Results and discussion

To study the effect of the DINHOP co-adsorbent on the photo-
voltaic performance of DSSC electrodes, we used a DSSC with
no DINHOP content as reference and DSSCs containing differ-
ent amounts of the co-adsorbent (see Table 1). The reference
cell exhibited JSC, VOC and fill factor (ff) values of 12.6 mA cm�2,
755.9 mV and 66.6%, respectively, leading to a power conversion
efficiency (PCE) of 6.3%. As can be observed in Table 1, in all
cases, the use of the DINHOP co-adsorbent leads to an increase
in JSC up to 13.7 mA cm�2 for 75 mM concentration before
dropping gradually on further addition up to 12.7 mA cm�2 for
750 mM, following a similar trend to that observed by Chandiran
et al.23 On the other hand, the VOC also varied with the variation
of the concentration of the co-adsorbent. A gradual increase
from 755.9 mV to 790.3 mV was observed for the increase of
DINHOP concentration up to 750 mM. As can be observed in
Table 1, the ff also increases with the increase of DINHOP
concentration, with a maximum value of 73.6% for 375 mM
concentration of DINHOP. A maximum efficiency of 7.4% was

Table 1 Photovoltaic characteristics of DSSCs fabricated with TiO2

photoanodes sensitized with Z907 (375 mM) solution and a neohexyl
phosphinic acid co-adsorbent of different concentrations

DINHOP concentration (mM) JSC (mA cm�2) VOC (V) FF (%) Eff (%)

0 12.6 755.9 66.6 6.3
75 13.7 766.9 68.6 7.2
375 13.0 771.8 73.6 7.4
750 12.7 790.3 72.3 7.3
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obtained for the cell fabricated with a DINHOP concentration of
375 mM, mainly due to the increase in JSC, VOC and ff, resulting in
an overall efficiency increase of around 14%. Such an increase in
cell efficiency is in good agreement with the results obtained by
Chandiran et al.,23 who also noted the increase in JSC, VOC and ff
to a possible (without proof) passivation of the TiO2 electrode
surface by the DINHOP co-adsorbent. Using FTIR and dye
adsorption studies, they associated the observed decrease of
JSC at higher DINHOP concentrations to the replacement of
dye molecules from binding sites by DINHOP molecules rather
than filling the free-space between dye molecules. The variation
of VOC was explained in terms of an upward shift of the TiO2

quasi Fermi level. In our case, we observed B9% increase in JSC

when 75 mm of DINHOP is used. The subtle increase of JSC has
been explained by Chandiran et al.23 in terms of the ability of
DINHOP molecules to align the dye molecules on the electrode
surface, which favors the electron injection from their excited
states. It is also important to mention that from the point of view
of intermolecular forces, certainly there exist van der Waals
forces between the neohexyl chains of DINHOP and the two
nonyl chains of Z907 dye, which promote the de-aggregation of
the dye molecules. Hence, it is possible that (C6H13)2POO�

anions are formed and adsorbed at the TiO2 photoanode surface.
Therefore, the DINHOP could act both as co-adsorbent and dis-
aggregating agent in a DSSC, as showed by Chandiran et al.23

using dye desorption and AFTIR spectroscopy. Besides, the
voluminous hydrophobic neohexyl chains of DINHOP can
diminish the undesired attachment of the I3

� anion to the
TiO2 surface, reducing the recombination of triiodide ions and
electrons of the TiO2 photoanode. As the Z907 dye used in this
work and the C106 dye used by Chandiran et al.23 differ only in
the ancillary chains, it is reasonable to assume that the two dye
molecules get adsorbed on the TiO2 surface with a similar bond
strength. Therefore, the variations of JSC presented in Table 1 can
be explained with similar arguments used by Chandiran et al.23

In the following sections, we will refer to DINHOP as a
co-adsorbent even though it also has a de-aggregating property.
As Chandiran et al.23 did not provide electrodynamic aspects of
DINHOP incorporation, we will discuss how the conduction
band edge of TiO2 and the transport and recombination
kinetics of charge carriers are affected with the addition of
the DINHOP co-adsorbent (co-grafted with the Z907 dye), lead-
ing to an overall efficiency enhancement, in comparison with
the reference DSSCs fabricated without a co-adsorbent. The
mechanism of surface passivation of TiO2 due to DINHOP
incorporation will also be discussed. It is important to mention
that the electrodynamical analysis presented in this study can
be generalized to study the effects of adsorbents, electrolytes,
additives and other pre-treatments on the modification of TiO2

and other metal oxide based photoanode surfaces.
Fig. 2 shows the variation of open circuit voltage, diffusion

coefficient and carrier recombination rate with the variation
of charge density for a DSSC containing 75 mM DINHOP
co-adsorbent, in comparison with the reference DSSC (with
no co-adsorbent). The lines in Fig. 2a represent the best fitting
to eqn (2). Both the fitted lines revealed the same value of

a = 0.1832 (similar slopes in Fig. 2a) indicating that incorpora-
tion of a co-adsorbent at 75 mM does not significantly modify
the distribution of intra-gap states of TiO2. Fig. 2a also shows

Fig. 2 Effect of 75 mM DINHOP co-adsorbed with the Z907 dye over a TiO2

electrode. Variation of (a) the quasi Fermi level position (open circuit voltage),
upward shift of 27 mV, (b) the diffusion coefficient, increased by a factor 1.8,
and (c) the recombination rate with electron charge density, increased by a
factor 1.6, for the assembled devices. The reference DSSC was the cell
prepared with the TiO2 film exposed just to the Z907 dye (375 mM).
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that at constant n the VOC of the cell increases by 27 mV due to
DINHOP incorporation (75 mM). The increase of VOC can be
associated with an upward shift of the TiO2 conduction band
edge by about 27 mV, assuming that the total intra-gap states
does not change on the incorporation of 75 mM DINHOP. As
described earlier, this hypothesis can be tested by comparing the
variations of transport (diffusion coefficient) and recombination
(lifetime) parameters against electron charge density. Increases
of both transport and recombination rate of electrons by the
same fraction without changing a and b are the fingerprint of
change in total intra-gap states due to the incorporation of a
co-adsorbent onto the TiO2 surface. As shown in Fig. 2b and c,
due to adsorption of 75 mM of DINHOP, the diffusion coefficient
and recombination rate of electrons increased by 1.8 and 1.6 fold,
respectively. On the other hand (from the best fitting to eqn (4)
and (5)), the non-linear recombination parameter (b = 0.7785)
does not change significantly (similar slopes in Fig. 2c). There-
fore, considering that the incorporation of DINHOP (with 75 mm
concentration) modifies the total number of intra-gap states at
the TiO2 surface, and using the ratio of diffusion coefficients for
the DSSCs with and without DINHOP, we can deduce the
following relation from eqn (4):

Ntraps/Nadsorb
traps = [Dadsorb/D]a (6)

where the superscript indicates the presence or the absence of
DINHOP. Using eqn (6) and the values Dadsord/D = 1.8 (Fig. 2b)
and a = 0.1832 (Fig. 2a), we estimated a decrease of around 11%
in the total intra-gap states due to incorporation of 75 mM
DINHOP. Utilizing eqn (3) and the estimated change in intra-
gap states (around 11%), an upward shift of about 12 meV
of the conduction band edge (towards negative value) was
estimated due to the incorporation of 75 mM DINHOP. On the
other hand, using eqn (5) and a similar reasoning, we can
deduce a mathematical relation to estimate the expected
increase in the recombination rate due to the decrease of Ntraps:

kadsorb/k = [Ntraps/Nadsorb
traps ]b/a (7)

Utilizing the values of trap distribution (a = 0.1832) obtained
from Fig. 2a, the non-linear recombination parameter (b = 0.7785)
obtained from Fig. 2c, and Ntraps/N

adsorb
traps = 1.11 (obtained from

Fig. 2b and eqn (6)) using eqn (7), we could estimate a 1.6 fold
increase in the recombination rate due to the incorporation of
75 mM DINHOP, which agrees very well with the observed increase
in the recombination rate constant for a fixed n (Fig. 2c). Therefore,
we can conclude that the incorporation of 75 mM DINHOP
co-adsorbent on the TiO2 surface causes both a decrease in the
total number of intra-gap states by around 11% and an upward
shift of the conduction band edge by 12 meV. It must be noted
that the estimated upward shift of the conduction band edge
(12 meV) is very close to the 11 mV increase in open circuit
voltage of the DSSC containing 75 mM of DINHOP (see Table 1).
Therefore, the observed increase in VOC due to the incorporation
of the DINHOP co-adsorbent (75 mM) can be ascribed to the
contributions of charge accumulation at the surface of TiO2, and
about 11% decrease in Ntraps, without significant variation in the

recombination rate constant k0, i.e. no passivation through the
recombination path.

In the cases when 375 mM and 750 mM of DINHOP concen-
trations are used as co-adsorbents, the observed changes in the
electrodynamic parameters of the cell were more dramatic
in comparison with the electrodynamic parameters of the
reference DSSC (Fig. 3). As can be observed in Fig. 3a, the
subsequent increase in DINHOP concentration leads to a
modification of intra-gap state distribution in TiO2, followed
by its saturation at 750 mM. The lines in Fig. 3a represent the
best fittings to eqn (2) with a = 0.1377 for both 375 mM and
750 mM concentrations. This result indicates that the increase
in DINHOP concentration (from 75 mM) leads to an increase in
the average number of deep intra-gap states below the conduc-
tion band edge of TiO2. On the other hand, in Fig. 3b, we can
observe that the diffusion coefficient increases with the
increase of DINHOP concentration for a constant n. However,
the change in the a value (with respect to the reference cell,
black dots in Fig. 3b) is less noticeable compared with the one
in Fig. 3a. Similar behaviour was observed by Pourjarafi et al.
for their DSSCs fabricated with TiO2 in the brookite phase
obtained through different synthesis methods (acidic synthesis
and basic synthesis with acidic treatment).33

For the sake of comparison, assuming a constant slope for
all the DINHOP concentrations in Fig. 3b, we can estimate the
variations of Ntraps as a function of DINHOP concentrations
(with respect to the reference DSSC). Using eqn (6) and the
Dadsord/D values of 2.6 and 2.9 (obtained for the 375 mM and
750 mM DINHOP concentrations respectively, blue and olive
dots in Fig. 3b), and a = 0.1377 (obtained for both the 375 mM
and 750 mM DINHOP concentrations, blue and olive dots in
Fig. 3b), we estimate the decrease in Ntraps values by 14% and
16% for the incorporation of DINHOP in 375 mM and 750 mM
concentrations, respectively (compared to the reference DSSC).
On the other hand, using eqn (6) and the values Dadsord/D values
of 2.6 and 2.9 (obtained for the 375 mM and 750 mM DINHOP
concentrations, respectively) and a = 0.1832 (obtained for the
reference DCCS, black dots in Fig. 3b), we could roughly
estimate the decrease in Ntraps values by 19% and 21% for the
incorporation of DINHOP in 375 mM and 750 mM concentra-
tions, respectively (compared to the reference DSSC). So, we can
conclude that for 375 mM and 750 mM DINHOP concentrations,
the Ntraps value decreases by 14–19% and 16–21%, respectively.
However, we could not apply eqn (3) to estimate the conduction
band edge shift (DECB) for these cases (for DSSCs fabricated
with 375 mM and 750 mM DINHOP concentrations) due to the
variation in the a parameter with respect to the reference one.
Fig. 3c compares the effect of DINHOP concentration on the
carrier recombination rate in the DSSCs. As can be noticed, in
comparison to the reference device (with no DINHOP), the
recombination order parameter b of the DSSC fabricated
with 375 mM DINHOP concentration decreases from 0.7785 to
0.7572 (considering the variation in a = 0.1832 for the reference
DSSC and 0.1377 for the DSSC containing 375 mM, eqn (6)).
It is also interesting to note that for the highest DINHOP
concentration (750 mM) no further variation of b was observed
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(where a = 0.1377 both for the DSSCs containing 375 mM
DINHOP and 750 mM DINHOP).

Let us consider the sample with 375 mM of DINHOP as our
new reference. From Fig. 3a, we can observe that on increasing
the DINHOP concentration by a factor of two, no added

accumulation of negative charge (DINHOP) occurred at the
TiO2 surface, i.e. no change in the EF occurred. On the other
hand, no significant change in the value of diffusion coefficient
(at constant n) could be observed (Fig. 3b). Using eqn (6), we
obtained a small decrease in Ntraps of around 1.5% due to the
increase of DINHOP concentration from 375 to 750 mM. The
significant difference between the latter two DINHOP concen-
trations (375 to 750 mM, blue and olive dots in Fig. 3c) is a
1.7-fold decrease in the recombination rate. So, from the point of
view of the new reference (375 mM of DINHOP), the mechanism
of passivation due to DINHOP incorporation turned out mainly
through the recombination rate constant k0.

The analysis presented above is in good agreement with
results reported by Chandiran et al.23 They conclude that the
strong bonding of DINHOP molecules modifies the interfacial
electrostatic dipole moment, moving the intra-gap states of
TiO2 upwards. Additionally, we demonstrate that a change in
the total number of intra-gap states is also expected due to the
incorporation of DINHOP at the surface of TiO2, which can also
be quantified from the analysis of transport and recombination
kinetics against charge density plots. Interestingly, in contrast
to the results reported by Chandiran et al.,23 we could observe
the passivation of the surface through charge recombination
only for higher DINHOP concentrations (not for DINHOP
concentrations lower than 750 mM). This is evident in the
diffusion and recombination plots presented in Fig. 3b and c
(blue and olive dots), where for the 750 mM concentration
(olive dots), a decrease in the recombination rate is evident
when compared with the new reference, 375 mM concentration
(blue dots). It is important to mention that, due to the hydro-
phobic neohexyl chains of DINHOP, a decrease in the charge
recombination rate is always expected for all the DINHOP
concentrations. Inasmuch, due to the transport-limited recom-
bination process, the effect of an increase in Ntraps dominates
in all the cases.

Fig. 4 shows the open circuit photovoltage versus short
circuit photocurrent density for the DSSCs fabricated with
TiO2 electrodes sensitized by Z907 dye and co-sensitizer DIN-
HOP of different concentrations at different light intensities. As
can be observed, regardless of the DINHOP concentration, the
variations of VOC with JSC (in a semi-logarithmic plot) are
similar, and possess similar slope values. These plots show
the overall effect of DINHOP concentration at several short
circuit photocurrent densities.16 For 75 mM DINHOP incorpora-
tion, the collective effects of charge accumulation over the TiO2

surface causes an upward shift of the quasi Fermi level by about
DEF = 27 mV, and a decrease in the total intra-gap states by
11%, which lead to a net increase of VOC by about 11 mV (see
Table 1 and Fig. 4). On the other hand, for 375 mM DINHOP
incorporation, the collective effect of charge accumulation over
the TiO2 surface decreases in total intra-gap states, and the
variation of their distribution leads to a net increase in VOC by
about 16 mV (see Table 1 and Fig. 4). Finally, for 750 mM of
DINHOP incorporation, the collective effect of charge accumu-
lation over the TiO2 surface, the decrease in total intra-gap
states, the variation of their distribution, and a decrease in the

Fig. 3 Effect of 375 mM and 750 mM DINHOP co-adsorbed with the Z907
dye on the TiO2 surface: (a) quasi Fermi level position (open circuit
voltage), (b) diffusion coefficient and (c) recombination rate versus elec-
tron charge density for assembled devices. The reference DSSC is the cell
fabricated with the TiO2 film exposed only to the Z907 dye (300 mM).

Paper PCCP

Pu
bl

is
he

d 
on

 0
9 

D
ec

em
be

r 
20

19
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
N

ew
 E

ng
la

nd
 o

n 
1/

3/
20

20
 1

1:
13

:5
2 

A
M

. 
View Article Online

https://doi.org/10.1039/c9cp05063a


This journal is©the Owner Societies 2019 Phys. Chem. Chem. Phys.

recombination rate constant k0 leads to a net increase in VOC by
about 34 mV (see Table 1 and Fig. 4). As has been stated earlier,
negative charge accumulation at the TiO2 surface due to
DINHOP adsorption moves the conduction band edge upward,
even solely dye adsorption moves the TiO2 conduction band
edge.11 As the dye and DINHOP molecules compete with each
other to get attached to the oxygen vacancies of the TiO2 surface
it is possible that in most of the cases, electrons from DIHNHOP
molecules occupy the intra-gap states, leading to a decrease in
Ntraps, while at the same time get accumulated at the TiO2

surface, i.e. moving the conduction band edge upwards at higher
DINHOP concentrations, causing a modification of intragap
states. As can be noticed, charge accumulation is the most
important factor for the improvement of VOC in DSSCs, neither
the decrease of Ntraps nor the variation of their distribution. It is
also interesting to note that even though the effect of DINHOP
adsorption at the TiO2 surface is believed to avoid charge
recombination through blocking by the hydrophobic chains of
the co-adsorbent molecules, this effect was noticed only for
higher concentrations (i.e. at 750 mM). Even for the mostly used
concentration of 375 mM, the DINHOP molecules adsorbed over
the TiO2 surface were not enough to block the recombination
path of electrons at the TiO2–electrolyte interface.

It is illustrative to calculate the change in surface charge
density DQ that would result in a 10 mV upward shift of the
TiO2 conduction band edge. From the Helmholtz capacitance of
the TiO2/electrolyte interface C (10 mF cm�2)49 and the relation
DQ = CDV, where DV is the change in the conduction band edge
potential (10 meV), we estimate DQ of �1 � 10�7 C cm�2, which
corresponds to the addition of 6 � 1011 cm�2 electrons at the
surface. On the other hand, assuming that Z907 dye molecules
adsorbed at the TiO2 surface result in a downward shift of
the TiO2 conduction band edge by 80 mV,11 we estimate DQ

of 8 � 10�7 C cm�2, which corresponds to the addition of
24 � 1011 units of electronic charge per 1 cm2 of the electrode
surface. Therefore, for a 10 mV upward shift of the TiO2

conduction band edge, we have a DINHOP/dye ratio of 1 : 8.
Consequently, for 75 mM DINHOP concentration (27 mV upward
shift, Fig. 2a), we estimate to have at least 3 negative charges
(DINHOP) for every 24 dye molecules.

As far as the decrease of Ntraps is concerned, an effective
upward band shift of 12 mV was calculated using eqn (3), which
corresponds to one of every three DINHOP molecules occupying an
intra-gap state of TiO2. Additionally, we also infer that, at 375 mM
DINHOP concentration (assuming an effective 17 mV upward shift
of the TiO2 conduction band edge, Fig. 4), 1 DINHOP molecules per
every 12 dye molecules occupy the intra-gap states of the TiO2

surface.
Fig. 5 schematically summarizes the most important findings

of the present study. When 75 mM DINHOP is used as a co-
adsorbent (Fig. 5a), the DINHOP adsorption at the TiO2 surface
leads to: (1) an upward shift of the quasi Fermi level of the TiO2

surface (Fig. 2a) by 27 meV, and (2) about 11% decrease in the
total number of intra-gap states at the TiO2 surface (manifested
by the increases of both the diffusion coefficient and the
recombination rate, Fig. 2b and c). Finally, the upward shift of
the conduction band dominates over the decrease of intra-gap
states, leading to an effective upward shift of the conduction
band edge of around 12 meV, increasing the VOC of DSSCs by
about the same amount. It should be noted that for this DINHOP
concentration (75 mM), no inhibition of recombination was
observed. In contrast, the recombination is increased due to
the decrease of intra-gap states (transport-limited recombination
process). However, for 750 mM of the co-adsorbent (Fig. 5b),
adsorption of DINHOP molecules over the TiO2 surface leads to:
(1) a change in its intra-gap state distribution (Fig. 3a), (2) a
decrease in the total number of intra-gap states, and (3) a change
in the nonlinear recombination order along with a decrease in
the charge recombination rate (Fig. 3c). Finally, all these effects
lead to an enhancement of VOC of the DSSC by around 34 meV,
which is equivalent to an effective upward shift of the conduc-
tion band edge of around 35 meV (Fig. 4).

In fact, we assume that there is a direct relationship between
the macroscopic and microscopic electronic properties of the
TiO2 electrodes on DSSCs. In this direction, thanks to the
elemental and orbital selectivity of X-rays used in synchrotron
based electronic spectroscopies like X-ray absorption (XAS) and
emission (XES) as well as X-ray photoelectron spectroscopy
(XPS), it is possible nowadays to investigate the TiO2 electronic
states in great detail.50 Therefore, the energy shifts observed in
this work and the variations in the intra-gap states occurring in
our and other photovoltaic materials induced by chemical agents
and treatments could be experimentally verified by synchrotron
based electron spectroscopies.51,52 Naturally, these spectroscopic
techniques are currently being exploited to investigate in great
detail the charge transfer mechanism in energy materials under
in situ and in operando conditions.53 So, incorporation of soft
X-ray spectroscopies is necessary to provide direct evidence for our
main assumption. We will continue working in this direction.

Fig. 4 Open circuit photovoltage versus short circuit photocurrent
density at different light intensities for Z907 dye co-sensitized with DINHOP
at different concentrations. The reference DSSC is the cell prepared with the
TiO2 film exposed only to the Z907 dye (300 mM). The inset values (+12, +17
and +35 mV) are the enhanced VOC values of DSSCs containing DINHOP of
different concentrations.
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Conclusions

In summary, we investigated the mechanism by which the
DINHOP adsorbent affects the open circuit voltage of TiO2

based dye-sensitized solar cells by Stepped Light-Induced
Transient Spectroscopy. We demonstrate that the DINHOP
(dineohexyl phosphinic acid) co-grafted with Z907 dye onto
TiO2 monocrystalline electrodes decreases the intra-gap states
at the TiO2 surface. The decrease in intra-gap state density
increases both the diffusion coefficient and recombination rate
of the charge carriers by a similar fraction. The overall effect of
the incorporation of negatively charged DINHOP molecules in
the TiO2 photoanode is the upward shift of its conduction band
edge towards negative potential. In contrast to the earlier
reported results, for most of the used DINHOP concentrations
(75 mM and 375 mM), we did not find any evidence of passiva-
tion (reduction) of the recombination rate. In contrast, we
observed an increase in the carrier recombination rate for all
the DINHOP concentrations (compared with the reference
DSSC) due to the transport-limited recombination process.
Incorporation of DINHOP molecules in higher concentrations
(e.g. 375 and 750 mM) affects total intra-gap states, their
distribution and the nonlinear recombination parameter. How-
ever, incorporation of DINHOP molecules in very high concen-
tration (e.g. 750 mM) does not significantly affect the position of
the quasi Fermi level, rather it inhibits the charge recombina-
tion (compared with the 375 mM concentration). The results
presented in this work confirm and extend the results of Wang
et al.11 and Chandiran et al.,23 who considered similar devices
for studying the effect of DINHOP incorporation without
electrodynamic consideration. The results of a thorough ana-
lysis of the transport and recombination behaviour of electrons
interpreted by means of a total electron density model in the
DINHOP adsorbed photoanode in the present study are crucial
for the better understanding of TiO2 surface charge modification
due to the adsorption of co-adsorbents. The procedure utilized to
study the electrodynamic behaviour of a co-adsorbent grafted

photoanode surface in this work can be easily adapted to study
the changes in semiconductor photoanode surfaces due to
electrochemical treatment or incorporation of co-adsorbents.
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