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The photoelectrochemistry of transition
metal-ion-doped TiO, nanocrystalline electrodes
and higher solar cell conversion efficiency based
on Zn%**-doped TiO, electrode
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Metal-ion-doped TiO, nanoparticles were prepared with hydrothermal method. The change
of photocurrents at different electrode potentials and wavelengths of incident light showed
two different characteristics for various transition metal-ion-doped TiO, electrodes. In Zn?*
and Cd?*-doped TiO, electrodes, a characteristic of n-type semiconductor was observed
and the incident photon to conversion efficiency (IPCE) were larger than that of pure TiO,
electrode at the thickness of electrode film of 0.5 um when the content of doped metal ion
was less than 0.5%. The effect of the thickness of films on IPCE was also investigated. The
IPCE of pure TiO; electrode was strongly dependent on the thickness of films. The change
tendency of the IPCE for Zn?*-doped TiO, (0.5% Zn?*) electrodes with its thickness was
different from that of pure TiO,. In Fe3*, Co?*, Ni?*, Cr3* and V°+-doped TiO, electrodes, a
phenomenon of p-n conversion was observed. The difference of photoresponse and the
value of photocurrents are dependent on the doping method and concentration of the
doped metal ions. The maximum conversion efficiency of RuL,(SCN),-sensitized
Zn?*-doped TiO, solar cell (1.01%) was larger than that of RuL,(SCN),-sensitized pure TiO,
solar cell (0.82%) at the same conditions when 0.5 mol-1=7 (CH3)4N -1+ 0.05 mol-1=" I, in
propylene carbonate solution was used as electrolyte. © 7999 Kluwer Academic Publishers

1. Introduction tion [14] and sol-gel method [17] were used, but the
The conversion of solar light into chemical and elec-hydrothermal method has not been used yet. However,
tric energy has attracted considerable efforts in recerthe nanocrystals with good crystallinity can be gained
years. Semiconductor materials with nanosized dimenwith hydrothermal method.
sion seem to be the most attractive materials. Efficient Although the sensitization of photoanode by narrow
semiconductor materials for this purpose must possedzgandgap semiconductor or by dye in solar energy cells
certain characteristics such as suitable bandgap energgind the doping of metal ion in Tiphotocatalyst have
stability toward photocorrosion and suitable physicalbeen studied widely, the photoelectrochemical prop-
characteristics. Of many semiconductor oxides such agrties of transition metal-ion-doped TiCelectrodes
FeOs [1], ZnO [2, 3], TiIO, [4], SnG; [5], TiO, has  were studied scarcely. In this paper,2ZnCdt, Vo+,
been shown to be the most suitable material, offeringCr**, Fe¢+, Co?*, and NF*-doped TiQ nanoparticles
the highest light-conversion efficiency, primarily be- have been prepared with hydrothermal method [18, 19]
cause of its high stability toward photocorrosion andand the photocurrents of various metal-ion-doped,;TiO
its relatively favorable bandgap energy. electrodes have also beeninvestigated. Finally, the solar
In the study of solar energy cells, the sensitization ofcells conversion efficiencyj was measured based on
photoanode by narrow bandgap semiconductors such &ss (2, 2-bipyridyl-4, 4-dicarboxylate) ruthenium (l1),
CdS [6], PbS [7], CdSe [8] or by organic dye [4, 5, 9] RuLy(SCN)-sensitized Zfi-doped TiQ (0.5% Zrf+)
was studied extensively. The sensitization of thin filmselectrodes.
of composite semiconductor [10, 11] was also studied
to investigate the mechanism and dynamics of charge. Experimental
injection. 2.1. The synthesis of metal-ion-doped
In the field of photocatalysis, the polycrystalline sys- TiO, nanoparticles
tem formed by metal-ion-doped Tias been the ob- The TiO, nanoparticles were prepared with hydrother-
ject of several studies [12-17]. In the preparation ofmal method which was reported elsewhere [18, 19].
metal-ion-doped Ti@, impregnation [12], coprecipita- The pH of reaction media was controlled at pH 1.8.
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Figure 1 The atom force spectrum (AFM) of TiCelectrode.

Metal-ion-doped Ti@ nanoparticles were prepared tilayer electrode was the same as the above. The final
according to the same procedure in the presence aifrea of electrode was about 0.5%rhe thickness of
added metal salts (excepPVwhich was obtained by electrode films was measured with Tencor Alpha-Step
dissolving \LOs in dilute HNG;3) to give an initial dop-  Profiler and the morphology of electrode film was ob-
ing level of 5% except ¥ whose molar content was served with atom force microscope (AFM). It can be
0.5%. Metal salts used as precursors for doping ions areeen from AFM showed in Fig. 1 that three-dimensional
listed as follows: ZnGl, Cd(NGs),, FeCk, Ni(NO3),, network structure existed with the particle sizes of 20
Co(NG;)2, and Cr(NQ)s. In order to study the effect nm (the unclearness of the surface of some patrticles
of metal ion content on IPCE, the Zndoped TiQ  was due to the contamination of tip).
nanoparticles with a doping level of 0.5% were also The electrodes of different metal ion doped 7iO
prepared. were designated as TM-where T and M denote Ti©

and the metal ion, respectively, aXds the content of
metal ion. For example, TZn-5 represents Zuloped
2.2. Characterization of metal-ion-doped TiO2 containing 5% ZA".
TiO, nanoparticles
The phase of the reaction products was analyzed by
X-ray diffraction (XRD) which uses a G(, radiation = 2.4. Photoelectrochemical measurements
at 40 kV, 100 mA with a graphite monochromator and of transition metal-ion-doped
scans at 4min~! (20) with a diffractometer (Model TiO, electrodes
Rigaku max-2000). Transmission electron microscopéill Photoelectrochemical measurements were carried
(TEM) (Model JEM-200CX) was used to observe theout by using a standard three-electrode system equipped
morphology and particle size of products. Diffuse re-with a quartz window, a saturated calomel reference
flectance spectra (DRS) were recorded by Shimadzelectrode (SCE) and a platinum wire counter electrode
MPS 310 UV-Vis spectrometer equipped with an inte-placed in a separate compartment. 0.1 mot é®CN
gration sphere. The element analysis was carried out bgolution (pH 4.0) was used as electrolyte. A Model 173
ICP. potentiostat was used for potentiostatic control and a
Type 3036 X-Y Recorder was used for recording the
photocurrent. All potentials reported were measured
2.3. The preparation of electrodes against SCE. The light source was an 200 W xenon
The preparation of electrode was reported elsewhert@mp and the electrode was illuminated from front-side
[19]. In this work, the suspension of Tior metal-  (the side of metal-ion doped Ti3ilm).
ion-doped TiQ with a concentration of 8.0 gim3
was dispersed ultrasonically before use. Four drops
(ca. 0.2 ml) of the suspension were applied onto &.5. RuL,(SCN),-sensitized
piece of transparent conducting glass (2.0cth8 cm, TZn-1/2 solar cells
fluorine-doped Sng 50 ©2/sq.) which was heated on The electrodes were coated with the dye by soak-
a warm plate, then the suspension was spread with imag them overnight £12 h) in 5 mmoll~! of
glass rod. The sample was sintered nail480°C for  [RuL,(SCN)]/absolute ethanol solution at room tem-
30 min, cooled to room temperature at once. A layemperature and then drying them in a warm plate. The
of porous TiQ film formed on the conducting glass. films assumed a change of color from orange to red
Then another layer of porous film was prepared on theolor with the increase of the thickness of films due
top of the first layer of film. The preparation of mul- to adsorption of the dye. To minimize rehydration of
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the TiG, or TZn-1/2 surface, which causes the dye to TABLE Il The molar content of metal ions in metal-ion-doped 3iO
desorb, the electrqdes were exposed to the dye solutiqn_ . " NEE Ct 7zttt Rt et Fét
when they were still warm (80-10Q).

The solar cell conversion efficiency, short-circuit contentofions (%) 0.10 0.1 475 4.83 0.18 550
photocurrents and open-circuit photovoltage of
Rul,(SCN)-sensitized TZn-12 electrodes were mea-
sured with two-electrode setup. Pt plate coated with

a layer of black Pt was squeezed with dye-sensitizeé'z' TEM _ _
electrode using a spring. A solution of propylene | N€ morphology and particle sizes10 nm) of metal-

carbonate containing 0.5 mdr! (CHs);N-1 and ion-doped TiQ nanoparticles were similar as pure BiO
0.05 mol- 1! 1, soaked into toilet paper was used nanoparticles prepared at the same conditions except

as electrolyte. A 200 W xelon lamp simulating solar Fe’*-doped TiQ in which small particles (Tig) with

spectrawas used as light source. The lightintensity wa1€ particle size of 10 nm and larger particlesie,Os)
53 mW/cn? and measured with an FM-91 photometer.W'th the particle size of 50—100 nm coexisted [19].
The transmittancy of conducting glass was 57% for

visible light. 3.3. The element analysis
The ICP analysis gave the content of metal ions in
. . metal-ion-doped Ti@ nanopatrticles. Table Il shows
3. Results and discussion the analytical results which were in agreement with the
3.1. XRD analysis results of XRD except Zit-doped TiQ in which the

The XRD patterns showed that anatase and brookite CQsontent of ZR+ was 4.75%. In Z#-doped TiG

existed inthe samples of metal-ion-doped 78htered  hanoparticles, no separate phase of zinc oxide or other
at 480°C for 30 min and no separate phase of metal,i . compound was detected through XRD.

compound appeared exceptCidoped TiQ in which It can be seen from the results of XRD and element
separate phase of £33 agpeared. In our earlier report 4 ysis (as well as the data of the initial pH used for the
[19], Fe,0; existed in Fé&*-doped TiQ nanoparticles  precipitation of metal ions) that Be, Cr3*, V5+ and
although it can't be detgcted by XRD. Fig. 2 shqws thezn2+ ions can hydrolyzed entirely at pH 1.8 although
XRD patterns of pure Ti@as well as Ct*-doped TiQ. e separate phase of zinc oxide cannot be detected
The above results can be explained from the value Of)y XRD. It may be attributed to a fact that ZnO was
the initial pH used for the precipitation of metal ion crystallizing and adsorbed on the surface of FiO
and the free energy of formation for related OXide-uniforme. For N#+, Cc?* and Cd*-doped TiQ, a
Table | gives the initial pH used for the precipitation smaj| part of metal ions entered into the lattice of 7iO
of several metal ions. or were adsorbed on the surface of T&bd most port of

It can be seen from Table | that the hydrolysis of ihem kept in the solution and eluted through filtration.
Fe*+ and \P* occurred at pH 1.8, while the formation

of Cr,03 phase may be due to that its free energy of
formation is lower than that of related hydrate. 3.4. DRS

The DRS showed that the absorption ofZnNi* or
Co*t-doped TiQ was similar as pure Tig) the thresh-
TABLE | Theinitial pH of the precipitation of metal ions [20,21]  0ld of absorption was nearly unchanged and no obvi-
ously enhanced absorption was found in longer wave-
Metalion ~NP* Co** Vo F&* CPt C#* Zn**  |ength (which may be dueto the content ofNor Co?*
was very small in these two ions-doped %ianopar-
ticles), while the absorption of €f, Fe*t, V>+-doped

pH >7 >7 <0 0.76 4.6 6.2 6.7
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Figure 2 The XRD pattern of pure Ti@and CP*-doped TiQ nanoparticles.
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Figure 5 Photocurrent—potential curves for Ti@nd Zn-1/2 electrodes

Figure 3 The DRS of four selected samples. (Incident light intensity: 8.7:A/cm?).

* . incident photons, is plotted as a function of excitation
;Y « TiO, wavelength. This was derived from the photocurrents
20 1 ,,7 \ « TZn-5 by means of Equation 1 [9]
/ s TCd-5
; 1.24x 10° x is(uA /crP
2 15 o ,‘ \ v TZH 1/2 IPCE (%): X X SC(H’ / )2 (1)
? / y Wavelength (nm [nc(W/m?)
a RN '
10 '/" / ‘\ \ whereig: is photocurrent densityy is light intensity.
i/ Y \ For comparison with Cit-doped TiQ (the content
s1/ e ™ a % of Cd?+ was 0.1% by ICP), Z# -doped TiQ contain-
[ e \.\\\ ing 0.5% Zrt* was also prepared and its IPCE was also
.&/‘// ‘\n-igi\;: _ measured for TZn-12 electrode. It can be seen that the
0 o - 36; 380‘ - 40'0 IPCE of TZn-/2 and TCd-5 were larger than that of
Wavelenth(nm pure TiG, while the IPCE of TZn-5 were the same as
gntom) that of pure TiQ at all wavelength range. Fig. 5 shows

Figure 4 The photocurrent action spectra for metal-ion-dopedTiO the photocurrent-potential curves of Ti@nd TZn-§2

at the wavelength of 350 nm which also demonstrates
the same tendency. Fig. 5 also shows that the photocur-
] . _rents were very small at negative potentials, increased
TiO; extended to longer wavelength apparently. Fig. 3apidly with increasing potential, and then reached sat-
shows the DRS of some representative samples. uration at a potential of about0.2 V for TZn-1/2,

—0.2 V for TiO;, electrode, respectively.
The effect of the thickness of films on IPCE was also

electrodes.

3.5. The photoelectrochemical properties studied. The results shown in Fig. 6a and b indicate that
of transition metal-ion-doped the IPCE increased with the thickness of films first and
TiO, electrodes reached maximum at a certain thickness, then reduced

The change of photocurrents with electrode potentialyith the further increase of the film thickness. Fig. 7
and wavelengths of incident light showed two differ- shows the change of IPCE with the thickness of elec-
entcharacteristics for metal-ion-doped 7ectrodes.  trode film at the wavelength of 320 nm. The IPCE of
For Zr*+ and Cd*-doped TiQ electrodes, a character- pure TiQ, electrodes demonstrated a different charac-
istic of n-type semiconductor was observed; howeverteristic with that of TZn-}2 and TCd-5 electrodes as
for Fe*", Co?*, Ni?*, Cr** and \P-doped TiQ elec-  a function of film thickness. The IPCE of pure BO
trodes, a phenomenum of p-n conversion was observedlectrodes increased rapidly from a very small value at
a thickness of 0..xm to a much large value at a thick-
ness of 0.9«um, reached a maximum at 1;8n, and
3.5.1. The characteristic of n-type then reduced slowly at 1.6m. However, the IPCE of
semiconductor TZn-1/2 and TCd-5 electrodes increased slowly from
Fig. 4 shows the photocurrent action spectra of foura high value at 0.wm to a much larger value at Oi9n
electrodes at the electrode potentiakd@f.3 Vwhenthe and also reached a maximum at L8, then reduced
thickness of electrode film was O om. The incident rapidly at 1.6um. It also shows that the TZn/2 and
monochromatic photon to current conversion efficiencyTCd-5 electrodes had much larger IPCE than that of
(IPCE), defined as the number of electrons generatedure TiG at the thickness of 0.am. At the thickness
by light in the external circuit divided by the number of of 0.9 um, TZn-1/2 electrode had a little larger value
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Figure 7 The IPCE versus the layers of electrode film (lllumination at different potentials (lllumination at 350 nm with the light intensity of
320 nm with the light intensity of 5.5A/cm?). 38.7 uWicn¥).

but TCd-5 had a little smaller value than that of pureappeared when the light was chopped off. The down-
TiO,. At the thickness of 1.3 and 1,6m, the order of ward peak generated from the reaction of electrons in
the photocurrent magnitude was inversed, i.e., the IPCEhe conduction band of Tiwith the acceptor such
of pure TiQ, electrodes was larger thanthat of TZp21  as Q or (SCN} in solution because no band bending

and TCd-5 electrodes. in TiO, nanoporous film [22]. In more positive poten-
tials, there was no decay of the photocurrent and no
3.5.2. The characteristic of p-n downward peak because of the fast transfer of electrons
photoresponse conversion through out-circuit.

The phenomena of p-n conversion were observed exten- In order to investigate the real existence of p-n junc-
sively in Fé+, Co**, Ni%t, Cr*+ and \P*-doped TiQ tion the transient photocurrents of ¥e Co?t, Ni%t,
electrodes when monochromatic light of the wave-Cr3t and \P"-doped TiQ nanoporous electrodes were
length of 350 nm was used as incident light. It canmeasured at electrode potentiaked.3 V as a function

be seen from measuring the photocurrents at differemf the wavelength of incident light. The similar phe-
electrode potentials that cathodic photocurrent (p-typ@omena of p-n conversion appeared and the result for
photoresponse) appeared at negative potentials, ar@o?t-doped TiQ was shown in Fig. 9. It can be seen
then converted to anodic photocurrents (n-type photorefrom Fig. 9 that the cathodic photocurrent generated
sponse) at positive potentials exceptFeloped TiQ  at the beginning of illumination, then converted to a
in which the cathodic photocurrent sustained at potensteady anodic photocurrent at a wavelength of 320 nm,
tial of +0.2 V [19]. As a typical case, Fig. 8 shows followed by a steady anodic photocurrent at the range
the transient photocurrents at different potentials forof 330—400 nm, and finally a cathodic photocurrent ap-
Co*"-doped TiQ electrode. When the electrode po- peared again.

tential was less thar-0.2V, an anodic photocurrent  The actual doping concentration of transition metal
generated rapidly at the beginning of illumination, de-ions in TiG; is related to the ionic radii. Table Il shows
cayed to a steady photocurrent with the time of illumi- the ionic radii for a coordination number of 6. It can
nation, then a downward peak of cathodic photocurrenbe seen from Table Il that Be, Ni>t, C*+ and \P*
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TABLE 11l The ionic radii for a coordination number of 6 [23] layer becomes thinner which favors the separation of
on FSt Ct N2t Ot VBt 72t ot Tith photogenerated electron-hole pairs, but if the concen-
tration of doping ion is too high, the space charge layer
lonic radii ) 0.645 0.745 0.69 0.615 0.54 0.74 0.95 0.605 IS very thin, the penetration depth of light is larger than
the space charge layer and the electron-hole pairs pho-
togenerated in the inner of Tixecombines easier be-
| off fore it reaches the out-circuit. Another factor reduced
500mm the photocurrents may be due to the formation of sepa-
rate phase when the concentration of doping ion is high.

<0
. =8
48%”_/ \‘} = Sothereis a optimal doping concentration which makes

the space charge layer be equal to the penetration depth

_/—\_] 3 of light.
420mm < The change of photocurrents with the thickness of
< films may be related to the absorption to light, the depth
—J———‘\_] ué_;‘ of light penetration, the separation of carriers and the
330zum . resistance of electrons traversing the electrode films.
320mm __J/ \_] <

3.6. RuL,(SCN),-sensitized Zn?*-doped
310nm — o — TiO, (0.5% Zn?*) solar cells

Table 1V shows the shirt-circuit photocurrents),
open-circuit photovoltagev,.), fill factor (ff) and so-
Figure 9 The transient photocurrent of €b-doped TiQ electrode at  lar cell conversion efficiencynf of Zn**-doped TiQ
different wavelengths (electrode potenticd.3 V). electrode at different thickness of films.

It can be seen thatthe fill factor (ff) changed only a lit-
tle and open-circuit photovoltag¥{;) increased from
0.56 V at the thickness of 0,b6m to a larger value of
0.68 V at the range of 0.9—2/6m, and then reduced to
0.66 V at the thickness of 3;Am. Meanwhile the short-
circuit currents and solar cells conversion efficiency in-
creased gradually with the thickness of electrode films,
reached maximum at the thickness of 21, and then
decreased with the further increase of the thickness of
films.

The maximum conversion efficiency (0.82%) for

on 40s

may enter into the lattice of TiDeasier, while Ct,
Zr**t and Cd* were difficult to enter into the lattice
of TiO,. The concentration of metal ions entered into
the lattice of TiQ were very small. In transition metal-
ion-doped TiQ nanoparticles, metal ions entered into
the lattice of TiQ to form solid solution. The existence
of p-n junction can be explained from the formation
of the microzone of p-type by substituting lowervalent
metal ions for Tt in ;&oz [24]. The formation of mi-
crozone of p-type in V" -doped TiQ may be related to R » i

. " uLo(SCN)-sensitized TiQ without dopant was also
the change of ¥ valance. While for Z&+ and Cd+- obtained at the thickness of 2dn. The open-

doped TiQ, the phenomena of p-n coexistence were".

: it voltage was 0.617 V, short-circuit voltage was
not been observed, which may be due to thatZand cireu . ' )
Cd?* entered into the interstitial of the lattice of TiO 0.92 mA/cnt and fill factor was 0.42, respectively.

; : : Fig. 10 shows thei—V characteristic curves for
and increased the electrons in conduction band [24]. " )
In a recent report [25], chemically modified Ni/TiO RULy(SCN)-sensitized TiQ and TZn-12 solar cells

nanocomposite films also showed the characteristic o‘ﬁ"?rgrf trr?::k;g?/;nrggﬂﬁgri&gg:g?eeenﬁgt the maximum
p-n conversion. The bandgap energy of the solid so- '

lution is smaller than that of pure TO(n accor- conversion efficiency and open-circuit voltage ofZn

dance with DRS) and the cathodic photocurrent (p-typeﬁjOped T'.Q (containing 0.5% Zff) were !e_lrger than

photoresponse) competed and offsetted with anodi at of TiO, solar cell at the same conditions. In our

photocurrent (n-type photoresponse). At negative po-

tentials, the cathodic photocurrent predominated in de- B

termining the sign of the photocurrent, while the anodic' ABLE 1V Parameters of RU(SCN)-sensitized TZn-42 solar
. . L . ells with the thickness of films

photocurrent predominated in determining the sign of

the photocurrent at positive potentials. The photocurThickness 05 09 13 16 20 25 31

rents were much smaller than that of pure Jl¥@cause parameters um — um  pum  um  pm - pum - um

of the mutual offset of anodic and cathodic photocur—isc(mAlcmz) 0.066 0240 0396 0579 100 0700 0.506

rents at positive potential. _ C VeV) 0560 0.670 0.680 0.680 0.680 0.670 0.660
For Zr?+ and Cd*-doped TiQ nanoparticles, solid 047 046 043 045 045 041 046
solution was also formed with a very low content of (%) 0053 024 038 058 121 064 051

metal ions, so separate phase of ZnO was formed whem - -
the content of Z&* was 5% although ZnO can not be 'ﬁf:;gﬁg;g;'gfg;:gg;ﬁ%’gl\;\’s"s: .

. . (1)
d_eteCte(_j by XRD, it may a_dsorbed on the iu_rface 0ﬁ:maximum output power/(short-circuit currenbpen-circuit volt-
TiO, as ill crystals. The doping of Zﬁ and Cdtions  age)
in TiO, formed the permanent electric field, as the con-

%) short-circuit current (mAcn?) x open-circuit voltage(V) ff
. . . 0) =
tent of doping metal ion increases, the space charg%

light intensity (mWcm?) x transmissive coefficient
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Figure 10 The i-V characteristic curves for R4(SCN)-sensitized  12.
TiO2 and TZn-%2 solar cells. 0.5M (Ck)4N - 1 + 0.05M I, propylene
carbonate solution as electrolyte. The area of electrode was 6.8 cm 13,
14.

experimental conditions, the conversion efficiency of
solar cells was small (1.2%) comparing with Gratzel's g
work [4, 9], which may be due to the poor electrolyte
(inlatter, 0.5 mol 171 Lil +0.05mol- 1711, in ethylene
carbonatet propylene carbonate solution was used as
electrolyte and L ion plays a role in increasing the
short-circuit photocurrent), high square ohm of con-;g
ducting glass (in latter, the square ohm wag)8the

imperfect design of solar cells and other factors. The opi9.

timum conditions to improve the conversion efficiency
will be investigated in our next work. The other results
for RuL2(SCN)-sensitized metal-ion-doped TiGo-

lar cells will be reported recently. 22
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