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ABSTRACT

In this paper, three types of low pressure plasma including hydrogen (HP), oxygen (OP) and nitrogen (NP)
treatments have been utilized for the first time to improve DSSCs based on rutile TiO, array photoan-
odes. Their effects on the photoanodes and the cell performance have been systematically compared by
characterizing the dye loading amount, flat-band potential, donor concentration, electron lifetime and
the photovoltaic parameters. Experimental results show that all the three plasma treatments increase
the dye loading owing to improved hydrophilicity or enhanced surface roughness. It is found that NP and
OP treatments significantly increase the TiO, donor concentration and decrease trapping sites. By this
way, the electron transport is enhanced and the electron recombination is effectively restrained. These
comprehensive effects make NP and OP treatments beneficial for the overall performance, by which 13%
and 5% increases in efficiency are achieved. However, HP treatment causes obvious reduction in the donor
concentration and more severe electron recombination, which decreases the efficiency by about 15%.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Since the first reportin 1991 by Graetzel and coworkers [ 1], dye-
sensitized solar cells (DSSCs) have been regarded as the promising
alternative to traditional silicon based solar cells due to their
low fabrication cost, facile assembly process and high light-to-
electricity conversion efficiency [2-4]. Titania is now the most
commonly used DSSC photoanode material as it owns physical and
chemical stability under illumination in liquid electrolytes, as well
as an appropriate band structure [5-7].

In recent years, one-dimensional titania materials such as
nanorods [8-10], nanowires [11], nanotubes [12,13], become
the focus for constructing DSSC photoanodes since they are
expected to build up direct electron transport pathways. Generally,
one-dimensional anatase electrodes can result in higher light-to-
electricity conversion efficiencies than rutile. However, they are
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routinely fabricated on Ti substrate and need to be transferred
to transparent FTO substrates before use. Otherwise, only back-
illuminated cells with much lower efficiency can be assembled.
In contrast, one-dimensional rutile DSSC can be fabricated much
easily since rutile nanorod arrays can grow directly on FTO sub-
strates by a facile hydrothermal process [14]. Furthermore, rutile
has smaller bandgap (3.02 eV) and better light reflecting properties
than anatase [15-17]. These combinative benefits arouse attention
to rutile array as DSSC anode materials and many related studies
have been reported [18-20].

In order to improve the photovoltaic performances of rutile
array DSSCs, various post-treatment techniques have been devel-
oped. For example, Lv et al. [21] proposed a chemical etching
method to reinforce the adhesion of rutile arrays onto FTO substrate
and an efficiency of 5.94% was achieved. Wang et al. [22] found
that TiCl, post-treatment on rutile array photoanodes could induce
the formation of anatase nanoparticles, which could increase
their surface area and dye loading abilities. Ling et al. [23] used
hydrogenation post-treatments to increase the electron density
in the rutile arrays and increased the efficiency from 0.28% to
0.45%.
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Recently, plasma surface treatments have been applied to
enhance the performance of DSSCs. For instance, Kim et al. [24]
applied H, plasma to treat anatase nanoparticles and improved
electron lifetime in the cell. Wang et al. [25] tried O, plasma to treat
anatase nanotube arrays and achieved an optimized cell efficiency
of 7.37% in a back-illuminated cell. However, most of the studies
have only tried one specific type of plasmas and there is still a lack of
systematic comparison about photovoltaic performance after dif-
ferent types of plasma treatments, especially in one-dimensional
rutile array electrodes.

In this paper, three types of low pressure plasma including
hydrogen (marked as HP), oxygen (OP), and nitrogen (NP) have
been used to treat rutile array photoanodes of DSSCs. By taking
tests on Mott-Schottky (MS) plot, impedance electrochemical spec-
troscopy (EIS) and open-circuit voltage decay (OCVD), the effects of
different plasma treatments on the electrode’s flat-band potential,
the electron transport and the electron recombination behavior are
systematically investigated. Based on the above results, the effect of
plasma treatments on the light-to-electricity conversion efficiency
of DSSCs is finally discussed. It is expected that this paper can give
anoverall understanding of the plasma treatment effect on the elec-
trochemical properties of TiO, and provide basis for the selection
of appropriate plasma treatments for improving DSSCs.

2. Experiment
2.1. Fabrication of rutile array photoanode

The fabrication of the rutile array photoanode was modified
from a literature procedure [21]. In brief, FTO substrates were
ultrasonically rinsed in ethanol, deionized (DI) water, acetone and
ethanol sequentially and further dried at 60°C. 0.5 ml of titanium
tetrabutoxide (Ti(OBu),) was added into 20ml 1:1 hydrochloric
acid, followed by 10 min of ultrasonication to obtain a transpar-
ent solution. Then four pieces of as-cleaned FTO substrate were set
into a 40 ml Teflon autoclave vertically with a customized holder.
A hydrothermal treatment process was carried out at 170°C for
6h, and thereafter the autoclave was cooled down to room tem-
perature. After the samples were rinsed with DI water, it was
further chemically etched by another hydrothermal process using
hydrochloric acid (1:1, vol:vol) at 150°C for 4 h. After rinsed with
DI water for several times, the samples were calcined at 450°C for
30 min.

2.2. Plasma surface treatment

As-fabricated photoanodes were subjected to a low pressure
plasma treatment. Under 140 W RF power, one of the three pro-
cess gas (hydrogen, oxygen, nitrogen) was introduced at a constant
working pressure. All plasma treatments were taken for 10 min (See
photographs in SI).

2.3. Assembly of DSSCs

The photoanodes were immersed for 24h in 0.3 mM
N719 (Di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,2’-
bipyridyl-4,4’-dicarboxylato)-ruthenium(Ill)) dye solution in
acetonitrile/tert-butanol (1:1, vol:vol) mixed solvent. The elec-
trode was then rinsed with acetonitrile and dried. Then one
drop of electrolyte, composed of 0.1 M lithium iodide (Lil), 0.6 M
tetrabutylammonium iodide (TBAI), 0.05M iodine (I,), and 0.5M
4-tert-butylpyridine dissolved in acetonitrile, was deposited onto
the electrode. A sputtered platinum FTO counter electrode was
clipped on to form a photovoltaic cell for further characterization.

Fig. 1. XRD patterns of plasma treated rutile nanorod arrays.

2.4. Characterizations of samples

Compositions of the samples were investigated by X-ray diffrac-
tion (XRD, D/max 2550V, Rigaku Tokyo) and Raman spectroscopy
(DXR Raman Microscope with an excitation length of 532 nm,
Thermo Fisher). The morphology was characterized with field emis-
sion electron microscope (FESEM, Hitachi S4800). Water contact
angle (WCA) was measured by automatic contact angle meter
(Model SL200B, China) to characterize the surface hydrophilicity.
X-ray photoelectron spectroscopy (XPS) analysis was conducted
using Al Ko (ESCAlab250, Thermo Fisher Scientific). Electrochemi-
cal impedance spectroscopy (EIS) measurements were carried out
on a CHI 660D electrochemical workstation and further fitted by
Z-view software. The Mott-Schottky (MS) plot measurement was
performed by a potentiodynamic impedance spectroscopy apply-
ing a tri-electrode system on CHI 660D. The dark currents were
characterized by taking linear sweep voltammetry (LSV) measure-
ments with an applied bias set from 0 to 1.1 V. The electron lifetime
determined by open-circuit voltage decay (OCVD) measurements
was recorded on Solartron 1400A analytical center with a poten-
tiostat. The photocurrent-voltage (I-V) curves were recorded using
Keithley 2400 meter under simulated AM1.5G solar irradiation
(100 mW/cm?2).

Fig. 2. Raman spectra of plasma treated rutile nanorod arrays.
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Fig. 3. FESEM images of the top and cross-sectional views of plasma treated rutile arrays. The images are blank samples without plasma treatment (a and b), HP (c and d),
OP (e and f), NP (g and h), respectively. Inset images are the top views of the magnified details in the selected area.
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3. Results and discussion
3.1. Morphologies

Fig. 1 shows the XRD patterns of the rutile arrays grown on the
FTO substrate and those after hydrogen, nitrogen or oxygen plasma
treatments. From the patterns we can figure out the highest diffrac-
tion peak of (10 1), followed by a weaker (00 2), indicating that the
rutile crystals grow with (10 1) plane parallel to the substrate and
the nanorods with the direction of (002) [26]. Fig. 2 shows the
Raman spectra of the prepared samples. Three sharp peaks located
at 144.10, 445.91 and 610.79 cm~! all refer to Byg, Eg, A mode of
rutile, respectively and the broad band near 231 cm~! is a second-
order phonon of rutile [27,28]. These signify the formation of rutile
TiO,. From Fig. 1 and 2, no obvious changes in the XRD patterns
and Raman spectra can be noticed after three types of plasma post-
treatment, suggesting that these treatments do not alter the rutile
crystalline phase of TiO,.

Fig. 3 shows the FESEM images of the grown rutile array. It can
be seen that densely aligned TiO, nanorod arrays with a diameter
of ca. 150 nm are uniformly grown on the FTO substrate. From the
cross-sectional view of the film, it can be found that the lengths of
the nanorod arrays are ca. 2.5 pm.

Furthermore, comparing the top view of the images, we can
find out that the tops of the four samples, blank, OP, HP, and NP
possess clearly different morphologies. The blank and HP sam-
ples are relatively smooth with no sharp edges. However, for the
OP and NP samples, each nanorod tip possesses over ten of pro-
truding sharp pillars, i.e., the nanorod tips become much rougher.
These sharper characteristics of OP and NP samples can also be
seen from the cross-sectional view shown as Fig. 3f and h. These
structural changes should result from the etching of the unsta-
ble chemical states at the rutile grain boundary by plasmas [29].
The much significant morphological changes of OP and NP samples
can be attributed to the higher physical etching abilities of oxy-
gen and nitrogen plasmas as reported in previous researches [30].
The negligible morphological change after HP treatment means that
hydrogen plasma treatment has milder etching abilities, which is
consistent with the report that hydrogen plasma is much weaker
than oxygen plasma|[31,32]. As aresult, the HP suffers little from the
plasma treatment while the other two present obvious footsteps
caused by the stronger etching effects. However, no differences
can be discerned in XRD patterns and Raman spectra, indicating
that these physical etching does not harm the main structure of
the rutile nanorod arrays.

3.2. Light absorption and dye adsorption

Usually, post treatments of the photoanodes may affect the cell
performance through two pathways, one is enhancing light harvest
efficiencies and the other is improving the carrier transfer abilities.
The former is often achieved by more light absorption and higher
dye loading amount [33,34]. Fig. S2 shows the UV-vis transmission
spectra of FTO/TiO; electrodes. The curves of the electrodes with
and without plasma treatments demonstrate nearly no difference,
meaning that the numbers of photons exposed to the TiO,-dye
interface are almost the same. On the other hand, dye adsorp-
tion results in Table 1 indicate an obvious increase of dye loading
after plasma treatment, from 31.7 nmol/cm? for blank to 38.8, 42.9,
41.3 nmol/cm? for NP, HP, OP, respectively. The increments of dye
loading amounts imply that under the same illumination condi-
tion, the number of photo-induced electrons that inject into the
conduction band of titania increases after plasma treatments.

In order to explore the reasons for these dye adsorption incre-
ments, we investigate the difference in hydrophilicity of the
samples by measuring their water contact angles (WCAs) and

Table 1
Summary of WCA and dye-loading of plasma treated electrodes.

Samples WCA (°) Dye loading (nmol/cm?)
Blank 344 31.7
HP 14.6 429
NP 34.2 38.8
OoP 10.0 41.3
Table 2

Summary of calculated parameters of Mott-Schottky plots.

Samples Vi, vs. Ag/AgCl (V) Ng (x10%/cm—3)
Blank —0.458 8.51

HP —0.386 5.54

NP —0.446 12.9

oP -0.421 9.30

the results are shown in Table 1. It can be seen that the WCAs
decrease from 34.4° for blank sample to 14.6° and 10.0° for HP
and OP, respectively. This clearly shows that the hydrophilicity of
the rutile array electrode is remarkably enhanced after hydrogen
and oxygen plasma treatments. This is within expectation as previ-
ous researches have pointed out that the material surfaces can be
converted to a —OH group abundant surface after hydrogen and
oxygen plasma treatment [31,35]. Such a great enhancement in
hydrophilicity leads toa30.3% and 35.3% increase of the dye adsorp-
tion for HP and OP, respectively. In contrast, only a minor change
of the hydrophilicity takes place after nitrogen plasma treatment,
as the WCA of NP (34.2°) is almost identical to that of blank sam-
ple (34.4°). Therefore, the 22.4% increment in dye adsorption of NP
should mainly be attributed to the increased roughness of the NP.
Briefly, all three plasma treatments could enhance the dye
adsorption and generate more photo-induced electrons.

3.3. Band edge movements

Fig. 4 shows the MS plot of the photoanodes acquired by poten-
tiodynamic electrochemical impedance spectroscopy. A standard
three-electrode system was utilized for the measurements with
FTO/TiO, as the working electrode, platinum wire as the counter
electrode and Ag/AgCl electrodes as the reference, respectively. The
electrolyte used was 0.1 M LiClO4 in carbonate propylene in order
to avoid double layer capacitance interference in aqueous solution.

Fig. 4. Mott-Schottky plots of plasma treated rutile nanorod arrays.
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The flat-band potential (Vg,) and donor concentration (Ng) results
are listed in Table 2, which is calculated through Eq. (1):

1 (2(v — Vi — kBT/eo))

C2 880€0NdA2

(1)

where &g is the permittivity of free space, ¢ is the relative permit-
tivity of rutile (in this case, we used ¢ = 180[36], the value along the
c-axis, to evaluate the Ny), eg is the elementary charge, kg is the
Boltzmann constant, T is the temperature and A stands for surface
area. The slopeisinversely proportional to Nq and Vy, is determined
when 1/c2=0.

As Mora-Sero et al. [37] previously uncovered, the ZnO nanorod
array cannot be simply treated as flat surfaces, since each nanorod
owns its depletion layer that grows toward the nanorod center.
Thus, in this work, the calculation of effective surface area of rutile
nanorod array should also include the side surface area incre-
ment. According to SEM images in Fig. 3, the average rod density
and the average rod size are estimated to be 1.4 x 10°/cm? and
160 nm x 160 nm x 2500 nm (each rod seen as a cuboid), respec-
tively. Since each nanorod increases surface area by 1.6 x 10-8 cm?,
the effective surface area of nanorod array is estimated to be
23.4cm? per square centimeter. Besides, the equivalent circuit
measuring the capacitance of thin film can be described as an elec-
trolyte resistance in series with a parallel association of the charge
transfer resistance and the space charge capacitance [37-40].
The parallel charge transfer resistance obtained from frequency
dependence of impedance measurement (see SI, Fig. S3) is esti-
mated to be 0.56 M<2, a high resistance that ensures the charge
transfer is avoided during measurements.

From Table 2, we can see that the Vj, of the blank sample, HP, NP,
OP are —0.458,—-0.386,—0.446 and—0.421V, respectively. Namely,
all three plasma-treated samples demonstrate a positive shift of
V. It has been widely reported that oxides bounded to TiO, [41,42]
highly influence its Vg, value. In this case, for HP and OP, the —OH
surface groups added through plasma treatment affect the chemical
environment of TiO,-solution interface, leading to an more obvious
positive movement of Vg,. Yet for NP, as the sample owns slightest
hydrophilicity change, the smallest Vg, shift means the least surface
group modified among three plasma treated samples. It is widely
known that the gap between Vi, and E,qqox Of I~ /I3~ couple deter-
mines the open circuit voltage (Vo). Therefore, all the three types
of plasma treatments are expected to cause a decrease in Vi as the
Vi, all move positively.

3.4. Electron transport

It is known that the donor concentration greatly affects the
electron transport behaviors in semiconductor electrodes. How-
ever, no quantitative assessment of the TiO, donor concentration
change after plasma treatment has been reported. In this study,
we calculate the donor concentration before and after plasma
treatment from MS measurements above and the results are also
shown in Table 2. It can be seen that the Ny for blank sample is
8.51 x 10", while it increases to 9.30 x 101> and 12.9 x 10'> for
OP and NP, respectively. These increased donor concentrations will
enhance the electron transport within the rutile array. On the con-
trary, the donor concentration for HP decreases to 5.54 x 10'° after
plasma treatment, which will restrain the charge transfer within
the electrode. Considering previous researches about the notion of
trapping-detrapping process [43,44], we believe that such donor
concentration difference might be due to the change of the inner
chemical states of the Ti and O species caused by plasma treatments.
That is, in the process of plasma treatments, some Ti** ions might
transfer to Ti3*. These increased Ti3* 3d! sub-bandgap states will
prohibit the electrons from being trapped and therefore improve

Fig.5. XPS highresolution spectra of blank sample and NP. (a) is O 1s high resolution
spectrum and (b) is N 1s.

the electron transport. Meanwhile, the rise of Ti3* concentration
means more oxygen vacancies are produced after surface treat-
ment, which will also increase the donor concentration of the thin
film [45].

Thus, XPS spectra measurements were carried out to clarify the
changes of surface states after plasma treatment. Fig. 5 shows high
resolution O 1s and N 1s XPS spectra of the untreated and nitrogen
plasma treated samples (all the XPS spectra, including hydrogen
and oxygen plasma treated, are shown in S, Section 4). Fig. 5a shows
the O 1s high resolution spectra of the two samples. The fitting
results imply that three types of oxygen species exist at the surface
of samples, which can be recognized as oxygen in 02~ (TiO, ), oxygen
in OH~(Ti»03) and surface hydroxyl oxygen (Ti-OH), respectively
[24]. The peak area ratio of Tiy03/TiO, increases from 0.126 to
0.212 after nitrogen plasma treatment, indicating that nonstoichio-
metric Ti» O3 (Ti3*) species increases, which also means that more
oxygen vacancies are generated and the donor concentration may
increase. For HP and OP, we can also learn from Table S1 that the
ratio changes to 0.117 and 0.155, respectively. Such surface state
changes of rutile array coincide with the variation of calculated
donor concentrations, which convinces us that the surface chemi-
cal states, especially Ti; O3 (Ti3* and oxygen vacancies) affects the
electron transport of rutile arrays.

Additionally, for NP, we have also noticed the doping effect of N
after plasma treatment. As in Fig. 5b, only one peak near 400 eV can
be distinguished in the N 1s high resolution spectrum of the blank
sample, which is believed to be the absorbed N, on the rutile array



148 W. Wang et al. / Applied Surface Science 324 (2015) 143-151

Fig. 6. Nyquist plots of plasma treated DSSCs assembled by rutile nanorod arrays.

surface. Yet for NP, the N 1s spectrum can be separated into two
fractions: one is the absorbed N, at 400 eV, the other is at 398.4eV.
Although the XPS N 1s high resolution spectrum in TiO5 is still con-
troversial in the community, our results are similar to that of Ma
et al. [46], and we believe that the peak at 398.4 eV refers to the
O—Ti—N structure, which is suggested to proceed during the sub-
stitution doping process. Since the N atomic content increases from
0.53% in the blank sample to 0.81% in NP, the slightly N-doping
effect can also promote the production of TiO,_,Nj, contributing to
the donor concentration increment in NP.

The above MS plot measurements provide useful information
about the electron transport behavior of the semiconductor half
cells. Furthermore, electron transport performances of the whole
cell under illumination are also characterized using EIS measure-
ments. Fig. 6 presents the typical Nyquist patterns between 0.1 Hz
and 100 kHz at an applied bias of Vi, with the inset of Fig. 6 depict-
ing the equivalent circuit model [47,48] In general, two typical
semicircles can be interpreted into two resistances in the plot. The
smaller left semicircle represents the resistance of electrolyte/Pt
electrode (R ) and the larger right one shows the charge transfer
resistance (R.) of the semiconductor-electrolyte interface (SEI).

From Fig. 6, we can notice that the values of Rce are almost the
same in the samples, indicating a similar working condition of the
Pt counter electrode. However, the R values distinguish remark-
ably from one another. It can be noticed that the R for the blank
sample is 455 €2, and it decreases to 315 and 370 €2 for NP and OP,
respectively. On the contrary, the R for HP increases to 736 2. It is
generally known that smaller R. represents better electron trans-
port in the cell. Therefore, it can be concluded that the electron
transport is improved by NP and OP, respectively, while becomes
worse by HP. Interestingly, the R.; decreases in the order of HP,
blank sample, OP and NP, while Ny just increases in the same order.
As all the dye loading amounts of plasma treated samples have
increased, the consistency between R.: and N4 concentration means
that the Ngq concentration of the photoanode might determine the
charge transfer in the cells. As a result, nitrogen and oxygen plasma
treatments play positive roles and enhance the charge transfer both
in the rutile nanorod array photoanode and in the cell, while hydro-
gen plasma restricts the charge transfer.

3.5. Electron-hole recombination

Macro photoelectrochemical (PEC) tests shown in SI (Fig. S5)
briefly illustrate the recombination behavior of the half cells. As
Fig. S3 shows, the photocurrents for NP and OP are higher than
that for the blank sample, whereas that for HP is a bit lower. It

Fig. 7. Linear sweep voltammetry curves of plasma treated DSSCs assembled by
rutile nanorod arrays.

can be inferred from the PEC test that nitrogen and oxygen plasma
treatment can improve the electron-hole separation and restrain
the recombination in the semiconductor electrode, while hydrogen
plasma treatment shows a slightly detrimental effect.

To directly investigate the recombination in the whole cells,
dark current leakage test have also been taken. The dark current
of a DSSC is mainly due to the back redox reaction of electrolyte,
i.e., the I3~ to I~ reduction reaction, near the photoanode [49]. The
dark current represents the charge recombination and surface trap
effect near the SEI [50]. The results are shown in Fig. 7. As seen from
the figure, the onset potential is about 0.6 V for the blank sample, HP
and NP, while it increases to about 0.8V for OP. Moreover, under
a higher bias, the dark current values become different from one
other. For example, under 0.9V bias, the dark current is 0.73, 0.60,
0.29, 0.42mA/cm? for the blank sample, HP, OP and NP, respec-
tively. These dark current differences represent their discrepancies
in surface trap states [51], which is consistent with those of the
above PEC test.

The electron life time (t,) is normally considered as a kinetic
parameter to describe the electron recombination of the DSSC
[52-54]. It is a derived parameter from OCVD test, obeying the
following Eq. (2):

_ —kgT (dv\7!
Tn = e (a) (2)

where kg is the Boltzmann constant, T is the absolute temperature,
e is the elementary electron charge and dV/dt is the first order dif-
ferential of OCVD curve. It can be easily inferred from Eq. (2) that
Tp is shorter when the measured curve has a higher slope of mea-
sured potential over time (i.e., decayed faster). Fig. 8a shows the
voltage-time decay curve and Fig. 8b shows the calculated t, vs.
potential plot in a logarithmic presentation. It can be seen that the
T decreases in the order of NP, OP, HP and blank sample, especially
in the low voltage region. For example, at —0.7V, t,; of NP is 2.35s,
and that of OP is 1.89s, while those of HP and the blank sample
are 1.62s. The longer 7, of NP and OP than that of the blank sam-
ple implies a lower charge recombination, and consequently, more
electrons can be expected to be collected by FTO substrates. In con-
trast, no electron lifetime change is observed after HP treatment,
implying that the hydrogen plasma shows no beneficial impact on
recombination constraint.

Both the test results in the half cells and in the whole cells
show that nitrogen and oxygen plasma treatments restrain the
recombination yet the hydrogen plasma treatment does not. This
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Fig. 8. Open-circuit voltage decay curves of plasma treated DSSCs assembled by rutile nanorod arrays. (a) is the voltage-time decay curve and (b) is the calculated electron

lifetime (presented logarithmically) vs. voltage.

Fig. 9. Photocurrent-voltage characteristics of plasma treated DSSCs assembled by
rutile nanorod arrays.

is coherent with the electron transport trend discussed in Section
3.4.

3.6. Cell performances

Fig. 9 shows photovoltaic performances of assembled DSSCs
measured under AM1.5G irradiation. The photovoltaic parameters
of the DSSCs are calculated from the obtained I-V curves, including
the short circuit photocurrent density (Js¢), the open circuit voltage
(Voc), the cell fill factor (FF), and the power conversion efficiency
(PCE). Specifically, PCE obeys Eq. (3):

PCE = Vma)l()'.]max « 100% = VOC ‘JSC - FF

in in

x 100% (3)

The P;, represents the power of light source, i.e., 100 mW/cm?
under AM1.5G irradiation, and Vmax and Jmax are the voltage and
the current density under the maximum output condition, respec-
tively.

The photovoltaic parameters of DSSCs are listed in Table 3,
which shows the corresponding effect of three types of plasma
post-treatment. The V¢ of the blank sample is about 0.875 V, which
is relatively higher than those reported for anatase TiO,-based
DSSCs. This is due to the higher conduction band of rutile than
anatase. Compared with the blank sample, the V,. of HP shows
no change, while those of NP and OP undergo a decrease of 0.012V
and 0.045V, respectively. These small decreases of Vo in NP and
OP should be attributed to the positive movement of Vg, discussed

Table 3

Summary of detailed parameters of plasma treated DSSCs.
Samples Voc (V) Jsc (mA/cm?) FF EFF/%
Blank 0.875 5.4 41.6 1.90
HP 0.875 5.6 32.1 1.62
NP 0.865 6.6 38.2 2.15
oP 0.830 6.6 36.8 2.00

in Section 3.3. However, turning to the Js, the cell exhibits a rela-
tively lower current density compared with those based on rutile
nanorod arrays by previous researches [14,21]. This is mainly due
to the insufficient dye loading amount resulting from the much
shorter nanorods utilized in our present work, as can be seen from
SEM images in Fig. 3. In this experiment, the current densities of
NP and OP are both ca. 6.5mA/cm?, much higher than that of ca.
5.5mA/cm? for the blank sample. This should be a combined result
of the higher dye uptake, the increased Ny and the retarded recom-
bination after plasma treatment. While for HP, in spite of a nearly
35% increment in the dye loading amount, the results obtained in
Sections 3.4 and 3.5 indicate that the hydrogen plasma treatment
leads to poorer electron transport and more severe recombination.
These two counteracting effects make the Jsc of HP exhibit almost no
change compared to that of the blank sample. As a result, NP shows
a highest photo-to-electricity conversion efficiency of 2.15%, fol-
lowed by 2.00% for OP, 1.90% for the blank sample and 1.62% for HP.
These overall efficiency results demonstrate that nitrogen and oxy-
gen plasma treatment are beneficial for DSSC performance, while
hydrogen treatment leads to a negative effect.

4. Conclusions

Three types of plasmas (hydrogen, oxygen and nitrogen) are
introduced to improve the performance of DSSCs based on rutile
nanorod array photanodes. It is found that the post-treatments
affect the surface roughness and hydrophilicity and further increase
the dye loading of the photoanodes. After nitrogen and oxygen
plasma treatments, although the flat-band potentials of NP and
HP move positive for a little, which slightly reduces the V, of the
cell, the Ny value increase. As a result, the electron transport is
enhanced and the charge recombination is effectively restrained.
For HP, the hydrogen plasma contrarily reduces the Ny of the
sample, which leads to worse charge transfer and more severe
recombination. Comprehensively, the NP and OP show 13% and
5% enhancement in the overall efficiency compared to the sam-
ple without treatment, whereas, the HP causes a 15% reduction in
efficiency.
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