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ABSTRACT TiO2 nanotube (TNT) electrodes were fabricated by electrochemical anodization of titanium in ethy-
lene glycol electrolyte with added NH4F (0.5 wt.%) and water (2 % w/w). The (TNT)-cadmium oxide (CdO)
composite was fabricated using potentiostatic cathodic deposition. Structural properties of the obtained coat-
ings have been investigated by scanning electron microscopy and X-Ray photoelectron spectroscopy, Raman
spectroscopy, X-Ray diffraction and transmission electron microscopy. The TNT-CdO electrode demonstrates
high efficiency in photoelectrochemical degradation of methanol, ethylene glycol, glycerol and sorbitol in aque-
ous solutions of 0.1 M Na2SO4 upon irradiation by a simulated sunlight. The highest photooxidation currents
were obtained for sorbitol. Intensity-modulated photocurrent spectroscopy shows that the photoelectrocatal-
ysis efficiency is due to suppression of the electron-hole pairs’ recombination and to increase in the rate of
photo-induced charge transfer. Thus, the TNT-CdO composite is an effective photoanode for developing the
technology of photoelectrochemical degradation of sorbitol and other alcohols by-products of biofuel produc-
tion.
KEYWORDS Nanotubes, TiO2–CdO composite, photoelectrocatalytic oxidation, methanol, ethylene glycol, glyc-
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1. Introduction

Titania – TiO2 – is widely used in very diverse fields due to its high photosensitivity, non-toxicity, simplicity of
preparation and stability in a wide pH range [1,2]. Rich variety of nanostructured titania morphologies may be fabricated,
such as nanoparticles, nanotubes and nanofibers. Harvesting solar energy by titania nanotubes (TNT) prepared by titanium
anodization [3, 4] attracts considerable attention due to higher rate of photogenerated charge transfer in comparison with
films made of titania nanoparticles [5, 6]. Large band gap of TiO2 limits light absorption to photons with energies close
to UV-range. Absorption in the visible spectral range is made possible by introducing dopants narrowing the band gap;
for example, CdS [7, 8], CdSe [9, 10], TiSi2 [11], Fe2O3 [12] and NiO [13]. In particular, admixture of CdO, a n-type
semiconductor characterized by a 2.32 eV direct and 1.36 eV indirect band gaps [14], is promising for several applications.
Nanostructured TNT-CdO materials could be obtained using different approaches including electrodeposition of CdO on
TNT substrate [15] or soaking of TNT with cadmium salts with subsequent annealing in air [16]. These composites
demonstrate noticeable enhancement of water photoelectrochemical oxidation relative to pure TNT.

Common approaches to decompose the alcohols into carbonyl compounds are characterized by harsh reaction condi-
tions, formation of abundant harmful waste and low selectivity. Novel methods based on photo-, electro- and photoelectro-
catalytic alcohols’ oxidation to precursors and intermediates for production of pharmaceuticals and other substances [17]
combined with simultaneous production of pure hydrogen are of considerable theoretical and applied interest. Among al-
cohols produced from renewable biomass sorbitol plays an important role due to possibility of its conversion into alkanes,
methanol and hydrogen by reforming in aqueous medium [18–21]. Sorbitol also serves as a precursor for medications
(e.g., isosorbide – a popular diuretic), polymers, solvents, fuel additives etc [22].

In this work we report influence of CdO promotion on photoelectrocatalytic activity of nanostructured titania pho-
toanodes in reaction of selective photoelectrochemical sorbitol degradation under simulated Solar light. The photoanodes
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were made by two-step anodisation of VT1-0 titanium alloy followed by cathodic deposition of CdO. Note that the current
study does not address the composition of the products of photoelectrooxidation of the mentioned alcohols.

2. Experimental

2.1. Materials

Chemically pure (>99 %) ammonium fluoride NH4F and ethylene glycol (99.9 %), methanol, ethylene glycol, glyc-
erol, sorbitol, Cd(NO3)2 ·4H2O, sodium bicarbonate (NaHCO3), sodium sulfate (Na2SO4) were purchased from (Aldrich,
St. Louis, MO, USA) and used in the coating fabrication without further purification.

2.2. Preparation of TNT/Ti photoanodes

The electrodes were prepared by anodic oxidation of titanium foil (VT1-0 alloy, 99.5 % of Ti, 1.0 × 1.0 × 0.3 cm) at
20 ◦C in electrochemical cell, containing solution of ethylene glycol 0.5 % (w/w) NH4F and 2 % (w/w) H2O as supporting
electrolyte, and a Pt–Ir plate (8 cm2) used as cathode. Two-step anodization procedure was employed to obtain stable and
uniform structure [23–26]. The first step was performed at a constant voltage of 60 volts for 1 hour, followed by the
coating removal in an ultrasonic bath in a 0.1 M HCl solution for 180 s. Next, the electrode was rinses with distilled
water, air-dried at 50 ◦C and subjected to a second anodization step in the same solution at a constant voltage of 60 V
for 1 hour. Subsequently, the TNT/Ti electrode was washed with deionized water, dried in air and annealed at 450 ◦C
(heating rate 7 ◦C/min) for 1 h. After cooling in the oven for 12 h, the obtained samples coated with the uniform TNTs
film were used for further investigations. The titania nanotubes grow due to two competitive reactions anodic oxidation
and chemical dissolution of TiO2 [27].

2.3. Preparation of TNT–CdO Photoanode

Cadmium oxide was deposited on the preformed TNT at a constant potential E = −0.75 V (vs. Ag/AgCl) from a
5 mM Cd(NO3)2 · 4H2O + 0.1 M KCl solution while stirring the electrolyte according to the procedure described in [28].
Depending on the deposition time, the electric charge that passed varied between 50 and 800 mC. CdO formation via
generation of intermediate Cd(OH)2 was proposed in [29].

NO−
3 +H2O+ 2e− → NO−

2 + 2OH−, (1)

Cd2+ + 2OH− → Cd(OH)2. (2)

Cd(OH)2 is converted to CdO at temperatures above 280 ◦C by the following reaction [30]:

Cd(OH)2 → CdO+H2O. (3)

2.4. Characterization of the TNT–CdO photoanodes

2.4.1. Study of the structure and phase composition of the TNT–CdO photoanodes. Morphology of the deposited TNT
and TNT–CdO, the phase composition and Raman spectra were recorded as in [31–33].

Morphology of the deposited TNT and TNT–CdO was assessed by Scanning Electron Microscopy (SEM) with a
JEOL JSM-6060 SEM and JED-2300 Analysis Station (JEOL).

The phase composition of the deposited film coatings was studied by X-ray diffraction (XRD) analysis on an Empyrean
X-ray diffractometer (Panalytical BV). Ni-filtered Cu-Kα radiation was used; the samples were studied in the Bragg–
Brentano geometry. The phase composition was identified using the ICDD PDF-2 diffraction database.

Raman spectra were recorded using an inVia “Reflex” Raman spectrometer (Renishaw) with a 50× objective. The
405-nm line of a diode laser was used for excitation, and laser power on the sample was less than 0.2 mW.

XPS spectra were obtained on an OMICRON ESCA+ spectrometer (Germany) with an aluminum anode, equipped
with a monochromatic X-ray source XM1000 (AlKα 1486.6 eV and a power of 252 W).

2.4.2. Photoelectrooxidation. Photoelectrochemical measurements were performed using a setup comprising photoelec-
trochemical three-electrode cell PECC-2 (Zahner Elektrik, Germany), a 150 W Solar spectrum simulator 96000 (New-
port) with an AM1.5G filter, and an IPC-Pro MF potentiostat (IPChE RAS, Russia). The working electrode in the cell
was a 1 cm2 TNT and TNT–CdO photoanodes. A Pt wire with a surface area of approximately 3 cm2 was used as an
auxiliary electrode. All potentials are measured with a silver chloride electrode as a reference. Potentials relative to a
reversible hydrogen electrode can be determined from the equation: ERHE = EAg/AgCl + 0.059 × pH + EAg/AgCl, where
EAg/AgCl = 0.197.

Photoelectrochemical oxidation of alcohols (methanol, ethylene glycol, glycerol and sorbitol) and Intensity modu-
lated photocurrent spectroscopy (IMPS) were carried out as described earlier in [31–33].
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3. Results and discussion

Several photoanode samples were fabricated for research. The samples with pure titania nanotube coatings are
designated as TNT. The photoanodes with modified TNT films are denoted as TNT–(0.05)CdO, TNT–(0.2)CdO, TNT–
(0.8)CdO, where the number in parentheses denotes the electric charge spent on the electrodeposition of CdO in Coulombs
per cm2 of the geometric surface of the photoanode. The technique for manufacturing photoanode samples is described
in detail in the Experimental details section.

Nanotubular structure of the TNT and TNT-CdO samples annealed at 450 ◦C is clearly visible in scanning electron
microscopy (SEM) images, see Fig. 1. The nanotubes are 20 – 22 µm long, average wall thickness is∼ 20 nm and average
diameter of nanotubes is ∼ 100 nm. Results of chemical analyses are shown in Fig. A1 and Tables A1–A4 (Appendix).

FIG. 1. SEM images (SE mode) of the TNT photoanodes obtained by two-stage titanium anodization
(see text for detail). A – pure TNT film; B, C, D – CdO cathodically deposited with 50, 200 and 800 mC,
respectively. Images A1, B1, C1, D1 were acquired at sample inclination of 45◦ relative to the incident
electron beam

X-ray diffraction patterns and Raman spectra of the TNT–(0.05)CdO, TNT–(0.2)CdO, TNT–(0.8) CdO (Fig. 2) sam-
ples show absence of peaks due to CdO or CdTiO3. The patterns/spectra are virtually identical and correspond to the
anatase polymorph of TiO2. The relative intensity of the 004 and 105 anatase reflections varies slightly between the sam-
ples, reflecting minor differences in texture of the deposited films. The 004 texture of the deposited TNT films is much
less pronounced than in our previous study of the TNT-based photoanodes [33]. The only minor change in the Raman
spectra is a slight decrease in intensity of the A1g and of the B1g peaks (517 and 395 cm−1, respectively) relative to the
Eg mode observable for the two samples with the highest amount of the deposited CdO. These variations are difficult to
discuss quantitatively, but may also correspond to texture. Fig. 1(D and D1) demonstrate that at the highest electric charge
(0.8 C) during the CdO electrodeposition the surface of the TNT becomes “smeared”, presumably, due to large amount
of defects. Nevertheless, even in this sample separate Cd-rich phase are not formed. This implies formation of cadmium
solid solution in titania.

Positions of Ti 2p transitions in X-ray photoelectron spectra correspond to anatase. Positions of the Cd 3d5/2
and 3d3/2 peaks (405.6 and 412.5 eV, respectively) are slightly higher than reported for CdO (e.g., compilation at
https://xpsdatabase.net/, accessed on 13.11.2024), which implies lowering of the electron density on Cd ions, presum-
ably, due to distortions of the TiO2–CdO solid solution lattice and/or presence of vacancies (Fig. A2, Appendix). The
shift may be also related to electron transfer from Cd to Ti as suggested in [15].

Figure A3 (Appendix) shows TEM image of a carbon replica from the TNT–(0.2)CdO sample. The TNT array
is covered by micron-size spherolites. Most likely, the formation of the spherolites results from incorporation of large
amount of Cd impurity into anatase lattice. Note that texture, pronounced in spherolites, is also manifested in Raman
spectra.

3.1. Photoelectrocatalytic degradation of methanol, ethylene glycol, glycerol and sorbitol aqueous solutions in
0.1 M Na2SO4

Figure 3A shows voltammograms of photoelectrochemical oxidation of water and of several alcohols on the prepared
TNT photoanode. Addition of the alcohols into the aqueous solution shifts the photoanode potential towards the cathode
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FIG. 2. Phase composition of the TNT–CdO samples after cathodic deposition of CdO. A – X-ray
diffraction pattern, reflections of anatase are noted. Sharp peaks correspond to titanium substrate. B –
the Raman spectrum of the initial TNT and of the TNT–(0.8)CdO sample, positions of the main anatase
peaks are indicated. The curves are displaced vertically for clarity

FIG. 3. Voltammetry of the TNT photoanode under the “light–dark” conditions. A – Voltammograms
of the TNT photoanode; B – Photocurrent transients measured at E = 0.5 V (vs. Ag/AgCl). The back-
ground solution (black curve) corresponds to aqueous 0.1 M Na2SO4 solution. Other curves correspond
to the background solution with 20 % addition of CH3OH, C2H4(OH)2, C3H5(OH)3, C6H8(OH)6, re-
spectively. Illumination is performed by a sunlight simulator with a power density of 100 mW·cm−2.
Potential scan rate is 10 mV·s−1

one; the oxidation photocurrents increase with the alcohol atomicity. Time-dependent transients of the oxidation pho-
tocurrents of water and of the alcohols on the TNT photoanode at a potential 0.5 V rel. Ag/AgCl (Fig. 3B) confirm the
voltammetry results. The oxidation photocurrents of glycerin and sorbitol are virtually equal and are the highest (0.2 –
0.3 mA) among the studied compounds. This indicated that concentration of photogenerated holes reaches plateau and
does not depend on number of hydroxyls (from 3 to 6) in the alcohol molecule.

Water photooxidation currents decrease in line with the increase of the CdO admixture to the TNT photoanode
(Fig. 4A). This also follows from behavior of photocurrent transients (Fig. 4B), measured at a potential of 0.5 V relative
to Ag/AgCl, as a function of the current spent for the Cd electrodeposition. Presumably, CdO admixture in TNT decreases
the photoelectrocatalytic activity of the photoanode in oxidation of water molecules due to changes in rates of the relevant
processes (recombination rate and rate of the charge transfer to a depolarizer molecule).

Earlier [31] we have shown that alcohol photoelectrooxidation current on an illuminated photoanode may correlate
with number of alcohol structural groups. The highest photoelectrocatalytic currents were obtained for the sorbitol, the
influence of the CdO modification of the TNT photoanodes is discussed on an example of this six-atomic alcohol. Fig. 5
shows that addition of 20 % (5.4 mM) of sorbitol into 0.1 M Na2SO4 solution leads to considerable increase of integral
photoelectrocatalytic process on all CdO-promoted TNT photoanodes in comparison with water oxidation. The largest
effect is observed for the TNT–(0.8)CdO photoanode. Fig. 6 reveals that the photoelectrooxidation currents for the six-
atomic sorbitol and for one-atomic methanol are virtually equal, but the molar sorbitol concentration is approximately six
times lower.
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FIG. 4. Electrochemical measurements for the TNT-(x)CdO photoanodes under “light–dark” condi-
tions in 0.1 M Na2SO4 aqueous solution. A – voltammograms curves; B – Photocurrent transients
measured in 0.1 M Na2SO4 aqueous solution at E = 0.5 V (vs. Ag/AgCl); C – Dependence of the wa-
ter photoelectrooxidation current at E = 0.5 V (vs. Ag/AgCl) as a function of the amount of deposited
CdO

FIG. 5. Voltammograms under “light-dark” conditions in aqueous solution of 0.1 M Na2SO4 + 20 %
C6H8(OH)6 for the photoanodes: TNT, TNT–(0.05)CdO, TNT–(0.2)CdO, TNT–(0.8)CdO

FIG. 6. Voltammograms of the TNT–(0.05)CdO photoanode under conditions “light–dark”. The back-
ground solution (black curve) is for the aqueous 0.1 M Na2SO4 solution. Other curves correspond to
the background solution with 20 % addition of CH3OH, C6H8(OH)6, respectively. Illumination is per-
formed by a sunlight simulator with a power density of 100 mW·m−2. Potential scan rate is 10 mV·s−1
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Even minimal admixture of CdO in TNT increases partial currents of sorbitol photoelectrooxidation at least two
times in comparison with pure TNT photoanode. Transients of the photoelectrooxidation currents are shown in Fig. 7.
The dependence of the sorbitol photoelectrocatalys on amount of deposited Cd is shown in Fig. 8.

FIG. 7. Photocurrent transients measured in 0.1 M Na2SO4 aqueous solution with addition of 20 % of
C6H8(OH)6 at E = 0.5 V (vs. Ag/AgCl) for the TNT –(x)CdO photoanodes. For all panels, the blue
curve corresponds to the solution with added C6H8(OH)6; the black curve – to the pure 0.1 M Na2SO4

solution

FIG. 8. Dependence of the partial current of photoelectrooxidation of 5.4 mM C6H8(OH)6 at E =
0.5 V (vs. Ag/AgCl) on the amount of deposited CdO

3.2. Estimation of recombination losses in the photoelectrooxidation of sorbitol

Figure A4 (Appendix) shows wavelength dependence of incident photon to current efficiency (IPCE %) for the TNT
and TNT–(0.05)CdO photoanodes in 0.1 M Na2SO4 aqueous solution. The sharp rise of the photocurrent is observed
below ∼ 400 nm, which is consistent with crystalline anatase. Formation of the solid solution upon Cd addition does not
shift neither the IPCE, nor the optical absorption spectra (relative to pure anatase in the latter case).

Recombination losses of photogenerated holes in the TNT photoanode in course of water and sorbitol photooxidation
were studied using Intensity-modulated photocurrent spectroscopy (IMPS) [34–36]. Monochromatic light with wave-
length of 385 nm (8 mW·cm−2 power density) was selected since it corresponds to IPCE % values (Fig. 9), providing
sufficient precision of the IMPS measurements. The IMPS spectra were obtained in 0.1 M Na2SO4 and in 0.1 M Na2SO4 +
5.4 mM sorbitol solutions at 0.2 V potential. The high frequency intercept of the IMPS curve with the abscissa gives total
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amount of photogenerated current I2. The low-frequency part gives I1, corresponding to oxidation of compounds present
in the electrolyte. For the 0.1 M Na2SO4 solution, high curvature of the IMPS trace in the first quadrant at low modulation
frequency (Fig. 9A) points to recombination losses at the TNT photoanode in course of water oxidation. Subsequently,
I1 < I2. Sorbitol addition markedly increases I2 value (the radius of the IMPS semi-circle increases). Larger I2 values
reflect higher oxidation rate of sorbitol in comparison with water; weak bending of the IMPS curve in the first quadrant
suggests lower recombination losses.

FIG. 9. IMPS (A) and normalized IMPS (B) dependences measured at E = 0.2 V (vs. Ag/AgCl) on
the TNT photoanode. Illumination is performed by monochromatic 385 nm light, 8 mW·cm−2 power
density

For quantitative analysis, the IMPS curves were normalized to I2 (Fig. 9). In 0.1 Ì Na2SO4 at E = 0.2 V, the
water oxidation photocurrent reaches 50 % of the total photogenerated current, I1/I2 = 0.5 (Fig. 9B, black curve); the
recombination losses are also ∼ 50 %, (I2 − I1)/I2 = 0.5. Addition of 5.4 mM of sorbitol reduces the losses to ∼ 7 %
(Fig. 9B, blue curve), since higher photooxidation rate of sorbitol consume the holes from surface states of the TNT
photoanode.

The IMPS measurements allow estimation of the recombination rate constant Krec and charge transfer constant Kct.
The I1/I2 ratio of the low frequency part of the IMPS spectrum is related to these constants as I1/I2 = Kct/(Krec +Kct).
The frequency of the light intensity in the semi-circle maximum in the first quadrant (fmax) is related to Krec and Kct
by the equation 2πfmax = (Krec +Kct). In case of water photoelectrooxidation on the TNT photoanode at E = 0.2 V
the calculated values of Kct and Krec are 0.247 and 0.247 s−1, respectively. For the sorbitol photoelectrooxidation Kct =
0.46 s−1 and Kct � Krec = 0.034 s−1; thus, sorbitol is more efficient acceptor of the photogenerated holes than water
molecules.

Figure 10 shows that even minute admixture of Cd in the titania nanotubes leads to marked decrease of the recom-
bination losses (there is no bend in the IMPS in the first quadrant at low modulation frequency). This observation is
in line with increase of partial photocurrents of sorbitol oxidation on the Cd-promoted anode in comparison with the
pure TNT photoanode (Fig. 7). Consequently, a photoanode based on Cd-promoted titania nanotubes is an efficient
photoelectrocataliser of sorbitol degradation. Presumably, the enhancement of this photoanode properties is due to small
recombination losses of the photogenerated charges (Krec � 0.034 s−1) and higher charge transfer rate (Kct > 0.46 s−1)
to a stronger acceptor.

Modification of TNT with CdO markedly increases sorbitol photoelectrooxidation rate both because of the smaller
recombination constant and due to larger constant of the charge transfer to more efficient holes acceptor. Therefore, CdO-
modified photoanodes from titania nanotubes may be employed for photoelectrochemical degradation of sorbitol and of
other alcohols, by-products of biofuel manufacturing.
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FIG. 10. IMPS dependences measured at E = 0.2 V (vs. Ag/AgCl) on the TNT and TNT–(0.05)CdO
photoanodes in aqueous 0.1 M Na2SO4 with 20 % addition of C6H8(OH)6. Illumination is performed
by monochromatic 385 nm light, 8 mW·cm−2 power density

4. Conclusions

Nanostructured photoanodes consisting of titania (anatase) nanotubes on a titanium substrate were fabricated by
electrochemical anodization of Ti metal foil in ethylene glycol with addition of 0.5 wt.% NH4F and 2 wt.% of water.
Subsequently, various amounts of CdO were electrochemically deposited. At the employed conditions solid solutions
CdO–TiO2 were formed. Under illumination with solar light simulator, obtained photoanodes demonstrate high activity
in photoelectrochemical degradation of alcohols, and, in particular, of sorbitol (C6H8(OH)6) in aqueous 0.1 M Na2SO4

solution. The photoactivity increases with amount of CdO in the photoanode. Results of intensity-modulated photocurrent
spectroscopy show that despite significant reduction in recombination losses due to formation of the CdO–TiO2 solid
solution, rate of water oxidation drops, presumably due to decrease of the charge transfer constant to H2O molecules.

Appendix

FIG. A1. Typical EDX spectrum of the samples TiO2–NTbs promoted by CdO and Standardless Quan-
titative Analysis of samples with different cadmium oxide content presented in the Tables A1–A3
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TABLE A1. ZAF Method Standardless Quantitative Analysis (0.05 C). Fitting Coefficient: 0.2626

Element (keV) Mass % Error % At % Compound Mass % Cation K

C K 0.277 1.97 0.05 4.73 1.2149

O K 0.525 30.27 0.47 54.57 12.6515

Ti K 4.508 67.46 0.34 40.63 85.7918

Cd L* 3.132 0.30 0.47 0.08 0.3418

Total 100.00 100.00

TABLE A2. ZAF Method Standardless Quantitative Analysis (0.2 C). Fitting Coefficient: 0.2679

Element (keV) Mass % Error % At % Compound Mass % Cation K

C K 0.277 2.17 0.05 5.02 1.3691

O K 0.525 33.10 0.43 57.51 14.6929

Ti K 4.508 64.45 0.33 37.40 83.6111

Cd L* 3.132 0.28 0.46 0.07 0.3269

Total 100.00 100.00

TABLE A3. ZAF Method Standardless Quantitative Analysis (0.8 C). Fitting Coefficient: 0.2617

Element (keV) Mass % Error % At % Compound Mass % Cation K

C K 0.277 1.62 0.05 3.91 1.0134

O K 0.525 30.89 0.45 55.88 13.1659

Ti K 4.508 65.86 0.33 39.79 83.9665

Cd L* 3.132 1.62 0.46 0.42 1.8542

Total 100.00 100.00

TABLE A4. Binding energy and the composition of the sample TiO2–NTbs promoted by cadmium
oxide (0.2 C/cm2)

Peak name Eb, eV Quant., at.%

Ti2p TiO2 459 25.95 25.95

Cd3d Cd 405.6 0.12 0.12

H2O 533 3.36

O1s

C–O 531.8 10.81
73.93

C=O 531 7.9

TiO2 530.2 51.86
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(a) (b)

(c) (d)

FIG. A2. XPS spectra of cadmium-modified TiO2–NTbs prepared by cathodic deposition of CdO
(0.2 C/cm2) (a); High-resolution XPS spectra of Ti 2p, Cd 3d and O 1s (b–d). The sample was cal-
cined at 450 ◦C in air for 1 h

FIG. A3. TEM image of the supermolecular surface structure of TNT–(0.2)CdO
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FIG. A4. Wavelength dependence of IPCE% for the TNT and TNT–(0.05)CdO photoanodes in 0.1 M
Na2SO4 aqueous solution
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