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Substitutionally rhodium(I'V)-doped titania showing photocatalytic

activity toward organics oxidation under visible-light irradiation
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ABSTRACT

In this study, an aqueous solution containing rhodium(I'V) (Rh(IV)) was prepared by oxidation of
rhodium(III) (Rh(III)) with solid sodium bismuthate in nitric acid and then used as a medium for
hydrothermal titania preparation to obtain rhodium-doped titania (Rh-TiO2) composite. Rh(IV)
species were observed in Rh-TiO2 in XPS analysis. Effect of rhodium/titanium molar ratio (Rh/T1)
on the photocatalytic activity was studied. The obtained characteristics suggest successful
rhodium substitution and doping of titania to give visible-light absorption. The Rh-TiO2 composite
exhibits enhanced photocatalytic activity for acetic acid decomposition and 2-propanol oxidation
under UV-visible (> 290 nm) and visible-light (> 450 nm) irradiation, respectively. The enhanced
photocatalytic activity is attributable to the visible-light absorption induced by rhodium doping.
These results indicate that Rh-TiO; photocatalyst materials could be promising materials for high-

efficiency photooxidation reactions under visible-light irradiation.

1. Introduction

With the rapid increase industrialization in many countries, the pollution load on the
environment is increasing [1-3]. The significant rise in photocatalysis due to the increasingly
serious environmental issues has generated worldwide concern.  Photocatalysis is an

environmentally friendly technology to covert solar energy into chemical energy for the promising



10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

applications of the photoredox reactions of target organic matters [4, 5]. In recent decades,
photocatalysis research has mainly focused on water splitting, carbon-dioxide
reduction, degradation of organic pollutants, air remediation and self-decontaminating
surfaces [6, 7]. Various semiconductors including oxides, sulfides, and nitrides have been
explored as possible photocatalysts in past decades [8]. Up to now, titanium(IV) oxide (TiO>) has
been one of the most promising photocatalysts because of its easy availability, low toxicity, high
photostability, and high efficiency. However, the application of pure TiO> is limited, because it
requires ultraviolet light (bandgap: ~3.0eV), which makes up only a small fraction (< 4%) of the
total solar spectrum reaching the surface of earth. Therefore, the development of efficient
photocatalysts with visible light has become an important research direction. The doping of TiO>
with metallic and nonmetallic elemental creates localized/delocalized states in the band gap, which
extends its optical absorption to the visible region [9]. Therefore, doping is deemed to be a
promising approach to improve the utilization rate of solar energy for TiO».

Rhodium (Rh)-doped titania and/or strontium titanate (SrTiO3) photocatalysts have attracted
considerable scientific interest for their high photocatalytic properties under visible-light
irradiation. Kudo’s group published a series of papers on rhodium-doped strontium titanate and
showed that Rh-doped SrTiOs is a potentially useful visible-light water-splitting photocatalyst [ 10-
12]. In our previous study, we found that Rh-doped TiO; exhibits high photoelectrochemical
properties under visible-light irradiation via a two-photon band-gap excitation mechanism [13-15].
One of the reasons of the high-level activities is possible substitution of titanium(IV) with
rhodium(IV) (Rh(IV)) in crystalline lattice owing to their same charge and coordination as well as
to their very closed ion size. However for the efficient substitution it is necessary to oxidize Rh(III)
in available precursors before or during a doping process [13-15].

In the present study, we tried to dope Rh(IV) ions directly into the framework of TiO:
nanosheets by a novel hydrothermal method. In order to understand the valence state of rhodium
in the Rh-TiO, composite, the element characterization of Rh-TiO> composite will be accurately

analyzed by XPS. In the experiment, transparent substrates in the region of working wavelengths,
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such as acetic acid and 2-propanol, is used in the photocatalytic-activity test for photocatalysts and
for action spectrum analysis. The photocatalytic activities of the Rh-TiO2 materials is studied by
the photocatalytic decomposition of acetic acid under UV-light irradiation and the photocatalytic
oxidation of 2-propanol in water under visible-light irradiation (> 450 nm). The effect of Rh/Ti
molar ratio on the photocatalytic activity is also studied. The photocatalytic activities of Rh-TiO:

materials is evaluated with bare TiO; as a reference.

2. Materials and methods

2.1. Preparation of Rh-TiO>
2.1.1 Rh(Ill) oxidization

The Rh-TiO2 composite was prepared via three successive processes: Rh(III) oxidization,
a hydrothermal process and an acidolysis treatment. In a typical reaction, 2 mol L™ nitric acid
(HNO3), 0.1 mol L' thodium(III) chloride trihydrate (RhCl3-3H>0) and solid sodium bismuthate
were sequentially added to a conical flask. After reaction for 20 h under constant stirring at
ambient temperature, the purple Rh(IV) solution (0.0025 mol L), as a precursor solution, was
collected by centrifugation (4000 rpm, 5 min). The prepared Rh(IV) species can be detected
spectrophotometrically using the absorption band at 550 nm on a MPS-2450 UV-Visible
Spectrophotometer (Shimadzu, Japan).
2.1.2. Hydrothermal process

After collection of the Rh(IV) solution, a 4-mL portion of tetrabutyl orthotitanate was
added dropwise to 34-mL Milli-Q water under continuous stirring for 30 min. After the hydrolysis
reaction, 10 mL of the prepared Rh(IV) solution was injected under stirring for 10 min. Then, the
colloidal solution was transferred into a 100-mL Teflon-lined stainless-steel autoclave and kept at
453 K for 10 h. After the hydrothermal reaction, the gray precipitates were collected by
centrifugation, washed with water and alcohol, and dried in a vacuum oven at 353 K.

2.1.3. Acidolysis treatment



10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

To remove bismuth species, the obtained gray precipitates was redissolved in concentrated
nitric acid under continuous stirring for 3 d. Finally, the Rh-TiO, composites were obtained by
centrifugation, washed with water, and dried in a vacuum oven. Rh-TiO> composites with different

rhodium/titanium molar ratios (0 - 2.0% Rh/Ti) were prepared.

2.2. Characterizations

The synthesized Rh-TiO2 composites were characterized using different techniques. The
DRS spectra were monitored by a JASCO V-670 spectrophotometer. The SEM images were
obtained with a Shimada JSM-7400F spectroscope. The XPS analysis was carried out on Thermo

ESCALAB 250 electron spectrometer to analyze the valence state of rhodium in Rh-TiO».

2.3. Photocatalytic activity test
The photocatalytic activities of the obtained samples under ultraviolet-light and visible-
light (UV-Vis, >290 nm) irradiation were evaluated by photocatalytic decomposition of acetic acid.
5 mL of 5vol% acetic-acid solution was added to a borosilicate glass test tube, which contained 50
mg of a photocatalyst. The prepared suspension was irradiated (> 290 nm) with a 400-W high-
pressure mercury lamp (Eiko-sha) at 298 K under magnetic string (1000 rpm). The liberated
carbon dioxide (CO2) was monitored by a gas chromatograph (TCD-GC). The irradiation was
performed until an almost linear increase in the CO2 amount was observed. Rh-TiO; with different
doping levels were compared to evaluate the photocatalytic activity of the Rh-TiO> photocatalysts.
The photocatalytic activities of the obtained samples under visible-light irradiation were
evaluated by photocatalytic oxidation of 2-propanol in aqueous suspension. A 50-mg amount of
photocatalyst was suspended in 5-mL 5vol% aqueous 2-propanol in a glass test tube and then
sonicated for 30 s in the dark by shielding light with aluminum foil. Then, the suspension was
irradiated under visible light with a xenon lamp and an optical cut-off filter (Y48; > 450 nm). Then,
0.5-mL suspension was filtrated with a 0.2-pum filter membrane, and the generated acetone in a 5-

uL portion of the supernatant solution was analyzed by FID gas chromatography.
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Action spectra were measured with monochromatic-light irradiation in the wavelength range
from 300 to 630 nm using a diffraction grating-type illuminator (JASCO, CRM-FD) equipped with
a 300 W xenon lamp (Hamamatsu Photonics, C2578-02). The light intensity at each wavelength
was adjusted by stainless-steel mesh filters. The apparent quantum efficiency (QE) was measured

under the same photocatalytic reaction conditions.

3. Results and discussion

3.1. The morphology and microstructures of Rh-TiO>.

The morphology and microstructures of Rh-TiO, were characterized by SEM (Fig. 1). All the
materials showed heavily aggregated small nanoparticles, resulting in a high rock-like
macroparticle volume. After rhodium doping, a similar morphology was observed in the SEM
images of the Rh-TiO, composites. Uniform nanoparticles aggregated and randomly decorated on
the rough surface of the bulk particles. Rhodium exists homogeneously in 2% Rh-TiO», as
observed by elemental mapping (Fig.2). X-Ray diffractometry showed that the crystalline phase

of TiO2 was anatase with negligible amount of brookite.

Fig. 1 SEM images of bare TiO2 (A), 0.22% Rh-TiO2 (B), and 2.0% Rh-TiO: (C). White
bars correspond to 500 nm.
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Fig. 2 SEM and EDX-mapping images of 2% Rh-TiO2. White bars correspond to 5 um.

3.2 The valence state of rhodium in Rh-TiO:.

XPS analysis confirmed the absence of bismuth and the valence state of rhodium in the Rh-
TiO2 composites. No obvious peaks for bismuth were observed for Rh-TiO» composites,
indicating that the bismuth ions were completely dissolved and removed from the composite by
the above-mentioned strong acid treatment. The binding energies for Ti 2p3 and Ti 2p12 in Fig.
3(A) were observed at 458.5 = 0.3 eV and 464.2 + 0.1 eV, respectively, which are typical XPS
peaks of Ti(IV) in TiO2 [16, 17]. Moreover, no trace of Ti(IIl) or Ti(Il) was found, Ti 2p3/» peaks
of which have been reported to be located at 457.6 eV and 456.4 eV, respectively [18]. The O 1s
spectrum (Fig. 3(B)) can be fitted by three Gaussian components at 529.7, 531.8 and 533.3 eV.
The binding energy at 529.7 eV can be assigned to the oxygen bound to Ti(IV) ions in TiO2, while
the binding energy located at 531.8 eV can be attributed to the oxygen deficiencies of TiO2 [18].
The small shoulder at 533.3 eV related to the existence of hydroxide (-OH) groups [18, 19]. The
traces of Rh were observed in 2% Rh-TiO; by XPS, as shown in Fig. 3D. The two intense peaks
at 310.8 eV and 306.7 eV are assigned to Rh 3ds» and Rh 3ds), respectively. This indicates that
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Fig. 3. Ti2p (A), O 1s (B) and Rh 3d (C and D) XPS spectra of the obtained Rh-TiO>
composites.
the Rh** valence state was in the final composites [12, 20]. In addition, two peaks at 313.4 eV and
308.9 eV were also observed in Fig. 3D, indicating that the Rh(III) valence state was also present
in the 2% Rh-TiO; composite [10]. The Rh(IV) content in the 2% Rh-T102 composite is higher
that of Rh(III), the ratio is estimated to be 1.38:1. The lower-energy side Rh(IV) and Rh(III) peak
could also be seen in the spectrum for 0.22% Rh-TiO; (Fig 3(C)). These facts suggests that
Rh(IV) successfully substitutes with Ti(IV) in the crystalline lattice due to the very similar ionic
radii of Rh(IV) (0.600 A) and Ti(IV) ions (0.605 A) especially in low-doped (0.22%) Rh-TiO, and
high-doped Rh-TiO, might contain rhodium(IIl) oxide deposits on the surface as well as
substitutionally doped Rh(IV) in the crystalline lattice. Although rhodium-modified or rhodium-
doped materials have been widely studied [12, 15, 21-24], only Rh(III) or binary Rh(III) and

Rh(IV) valence states coexist in these materials and no evidence to exclude the possibility of
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inclusion of rhodium in the surface deposits; TiO; directly doped with the Rh(IV) valence state
has not been reported. This may be the first report of true substitutional rhodium doping of titania.

Further proof was obtained by XRD. After rhodium doped, the (110) reflection of anatase
shifted gradually from 25.43° to 25.30° with higher Rh concentrations (Fig. 4A), implying the
rhodium is included in the crystal lattice. This is because the Rh(IV) ion has the same charge and
coordination as well as the very closed ion size with Ti(IV). Therefore, the XRD results confirmed

the true synthesized substitutionally rhodium(I'V)-doped titania.
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Fig. 4 XRD patterns (A) and DRS spectra (B) of bare TiO, and Rh-TiO> composites.

3.3 The absorption bands of Rh-TiO:.

Figure 4B shows the diffuse reflection (DRS) spectra (DRS) of the obtained samples
containing 0.001—1.0mol% of Rh. The band gap of the powder samples was calculated by the
Kubelka—Munk method [15]. The approximate cut-off wavelength and band gap of bare TiO> and
the Rh-TiO, composites are listed in Table 1. A reference sample (bare TiO) prepared by the
same hydrothermal method was studied. The bare TiO» absorption spectrum exhibited an
absorption edge at approximately 394 nm, assignable to the electron transition from the valence
band composed of O, orbitals to the conduction band consisting of the empty 3d orbitals of Ti

[25, 26]. For this bare TiO> sample, the main absorption within the visible range of light can be
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Table 1 The absorption-edge wavelength and
calculated bandgap of bare TiO2 and Rh-TiO>

samples.
Sample bandgap/eV absorption edge/nm

bare TiO2 3.15 394
0.001% Rh-TiO> 3.14 395
0.01% Rh-TiO2 3.12 397
0.1% Rh-TiO> 3.10 400
0.2% Rh-TiO> 3.02 410
0.22% Rh-TiO2 3.01 412
0.3% Rh-TiO> 2.94 422
0.4% Rh-TiO; 2.92 425
0.5% Rh-TiO> 3.02 410
1.0% Rh-TiO: 2.99 415

ignored. In contrast, Rh-TiO2 samples (Fig. 4B) show broader absorption bands in the visible-
light region (ca. 400-700 nm) than the original band gap transition of the host TiO2 (< 400 nm).
This is consistent with previous reports[11, 12, 22] that doped Rh species in metal oxides such as
SrTiO; and TiO; exhibit a broad absorption band in visible-light wavelength region that extends
to far infrared wavelengths.

The absorption in the visible-light absorption bands of Rh-TiO2 became higher with the Rh
concentration. In particular, 0.3% Rh-TiO; and 0.4% Rh-TiO; exhibited stronger absorption than
the others. The bandgaps[27] of 0.3% Rh-TiO; and 0.4% Rh-TiO; are 2.94 and 2.92 eV (Table 1),
respectively. This is consistent with the powder color changes of the Rh-TiO, samples, as shown
in Fig.5. From 0.4% Rh-TiO», increases of Rh content caused surface states weakly absorbing
within visible range of light, due to the coverage of excess rhodium (oxide) deposits inhibiting

photoabsorption.
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Fig. 5 Color differences of obtained Rh-TiO> powders.

3.4 Visible-light photocatalytic activity

The photocatalytic oxidative decomposition of acetic acid was studied to evaluate the
photocatalytic activity of this novel Rh-TiO; composites. The rate of COz-generation by Rh-TiO:
was deduced from the linear fitting of the volume of CO; with illumination time, as shown in Fig.
6A. Compared with bare TiOg, all the Rh-TiO2 composites exhibited better photocatalytic activity
for the oxidative decomposition of acetic acid (Fig. 6B), indicating that the doping of Rh could
enhance the photocatalytic activity for the decomposition of acetic acid. Especially, an extremely
small amount of Rh (0.001%) could give titania an enhanced photocatalytic activity. With the
increasing Rh doping level (< 0.22%), the oxidation ability of the Rh-TiO; material increases,
which may correspond to the broader and enhanced absorption band (Fig. 4B). The best loading
amount of rthodium was 0.22 mol% with a CO; yield of 98.6 umol h'. It can be calculated that
the rate of COz liberation by 0.22% Rh-TiO; is approximately 3.2 times higher than that of bare
TiO, (Fig. 6(A)). However, excessive doping of Rh caused progressive deactivation of the Rh-
TiO2 composites, which might be due to enhanced recombination with thodium species [15, 28] to
coverage of excess rhodium (oxide) deposits inhibiting photoabsorption and/or recombination
acceleration. This is in agreement with previous studies [15, 29] showing that a higher content of
Rh in titania will have a negative effect on the photocatalytic activity. The enhanced photocatalytic
activity of CO2 production by the Rh-TiO2 photocatalyst was due to the addition of Rh species,
which may work as a cocatalyst for effective reduction of molecular oxygen, the counter reaction

of acetic-acid oxidation. The addition of Rh species mainly substitutes with Ti(IV) in the
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Fig. 6 Volume of CO; generated by 0.22% Rh-TiO2 (A) and the rates of CO> (B) and

acetone (C) production by Rh-TiO> composites with a series of rhodium doping levels

under (B) UV and (C) visible irradiation.

The visible-light photocatalytic activity of Rh-TiO; was also studied for 2-propanol oxidation
under aerobic conditions under visible-light (> 450 nm) irradiation. The photocatalytic activity of
Rh-Ti0; composites depends significantly on the rhodium doping level (Fig. 6(C)). In particular,
the 0.01% Rh-TiO2 sample shows the highest acetone generation rate, 111 nmol h-1, which is 20.5
times higher than that of bare TiO2 (5.4 nmol h™!). This is different from the photocatalytic
degradation of acetic acid under UV-light irradiation, in which the 0.22% Rh-Ti0O; sample showed
the highest CO»-liberation rate. Compared with bare TiO», all the Rh-TiO, samples exhibited
better photocatalytic activity, which is attributed to the enhanced absorption band in visible-light
wavelength region that extends to far infrared wavelengths (Fig.4B). The excess doping at >
0.2mol% might induce inhibition of visible-light absorption of substitutionally doped rhodium by
the possible surface-deposited rhodium oxides and/or enhanced recombination of photogenerated
active species. All the Rh-TiO> composites exhibited better oxidation ability. Theoretically, titania
could produce reactive oxygen species under UV irradiation, therefore, the enhanced oxidation

ability of the Rh-TiO> material may related to the abundant generated reactive oxygen species
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Fig. 7 Action spectra of the photolytic reactions of (A) acetic-acid
decomposition (by 0.22% Rh-TiO,) and (B) 2-propanol oxidation (by 0.01%

Rh-Ti0Oy). The blue lines represent diffuse reflectance spectra of the
The action spectra of photocatalytic acetic acid decomposition (CO; evolution) and 2-
propanol oxidation under aerated conditions were also observed. The apparent quantum efficiency
(AQE) was calculated as the ratio of the rate of e (h") consumption to the flux of incident photons.
Fig. 7 shows the action spectra of the photocatalytic reactions of (A) and (B) irradiation at different
wavelengths. From the above-mentioned experimental observations, the best loading amount of
rhodium was found to be 0.22 mol% and 0.01 mol% for acetic acid decomposition and 2-propanol
oxidation, respectively. Therefore, in the current study, we investigated the spectra over time for
acetic acid decomposition (CO> evolution) and 2-propanol oxidation (acetone evolution) driven
by the 0.22% Rh-TiO; and 0.01% Rh-TiO> samples, respectively. As shown in Fig. 7, the
calculated AQE values at 450 nm for the 0.22% Rh-TiO2 and 0.01% Rh-Ti0O, samples in reaction

(A) and (B) are up to 3.3% and 0.2%, respectively. The AQE decreases with increasing
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wavelength, indicating that both the CO2 and acetone evolution relies on the light absorption
property [30]. In addition, the observed spectral shape is similar to the corresponding diffuse
reflectance spectrum, suggesting that Rh-TiO2 could be used as a photocatalyst [26] at least under
UV irradiation. In the visible-light range of spectra (B), AQE was negligibly small and any
absorption feature could not be observed.

Based on these results and discussion, a possible photocatalytic mechanism of Rh-TiOz is that
a new band is introduced between the valence band and conduction band of titana, which is
supported by theoretical calculations[31, 32]. In addition, this new band in current research is
supposed to be mainly composed of the 4d orbitals of Rh(IV). The transition from valence band
of titana to the new band broadens absorption into visible-light region (400 — 700 nm) to generate
more active oxygen species[33] to enhance the oxidation ability.
4. Conclusions

For the first time, titania which is directly doped with Rh(IV) was successfully synthesized
by a hydrothermal treatment of suspension containing Rh(IV) species. The effect of the
rhodium/titanium molar ratio on the photocatalytic activity was studied, and the obtained
characteristics suggest successful substitutional doping of titania with Rh(IV) to give visible-light
absorption. The results indicate that the Rh-doped titania composite exhibits enhanced
photocatalytic activity for acetic acid decomposition and 2-propanol oxidation under UV-visible
(> 290 nm) and visible-light (> 450 nm) irradiation, respectively. The enhanced activity is
attributable to the wide range (ca. 400 — 700 nm) absorption induced by rhodium doping. These
experimental observations indicate that rhodium doping could improve the utilization rate of

solar energy for TiO; to enhance its photooxidation activity.
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Highlights

Titania directly doped with rhodium(IV) was successfully synthesized.
Titanium(IV) is possibly substituted by rhodium(IV) in the crystalline lattice.
The valence state of rhodium in the doped titania was studied.

The enhanced activity is induced by rhodium(IV) doping.

The enhancement is induced by a visible-light absorption.
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