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Abstract: 

The (M,N) codoping of TiO2 and the formation of heterojunctions by association with co-

catalyst nanoparticles are two approaches that can improve the efficiency of TiO2 used as 

photoanodes for PEC water splitting. In this study, reactive pulsed laser deposition (PLD) of 

CoO nanoparticles on the surface of (M,N)-codoped TiO2 nanotubes has been used to 

combine these two methods. The (M,N) codoping reduced the band gap of TiO2 nanotubes 

and the subsequent nanodecoration significantly increased the photocurrent production under 

simulated sunlight and visible light conditions. The most significant improvement was 

obtained for (Nb,N) TiO2-NTs decorated with CoO-NPs, which showed a factor of 3 increase, 

and a significant contribution from the visible part of the spectrum, which accounts for 40% 

of the photocurrent generated in this sample. Our results suggest that this enhancement is due 
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to a synergistic effect between the (M,N) codoping of TiO2-NTs and the presence of CoO-

NPs through the formation of a high density of local triple phase interfaces (TPI) (n-TiO2/p-

CoO/electrolyte). A modification of the band energy structure at these TPIs allows better 

extraction of charge carriers generated by visible light in (M,N) TiO2-NTs thanks to the 

presence of CoO nanoparticles. 

Keywords: Photoelectrochemistry, TiO2 nanotubes, Pulsed laser deposition, cobalt oxide 

nanoparticles, OER catalyst, water splitting. 
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1. Introduction 

 Hydrogen is a promising fuel for heavy transportation and to reduce the carbon 

footprint of heavy industries.[1] Most of the H2 produced so far relies mainly on steam 

reforming of methane, which produces a large amount of CO2, and it is urgent to develop 

greener approaches for H2 production, such as direct water splitting using renewable primary 

energy sources.[2] Photo-electrochemical (PEC) and photocatalytic (PC) water-splitting are 

promising approaches for the direct conversion of abundant solar energy into clean H2.[3] 

Nevertheless, the efficiency and stability of these approaches need to be improved to 

demonstrate their economic viability.[4] To ensure efficient solar-to-chemical energy 

conversion, photo-active devices must absorb a large portion of the solar spectrum, present 

good charge carrier transport properties, and have high catalytic activity while being stable in 

water.[5,6] So far, no material can meet all these criteria, and the formation of novel 

heterostructures through the combination of several materials, each designed to perform a 

specific function in the reaction, increases the chances of meeting these requirements.[7–9] 

For instance, heterojunctions between the SC and co-catalyst nanoparticles (NPs) will assure a 

more efficient charge transfer for one of the half-reactions (Hydrogen or Oxygen Evolution 

Reactions; HER or OER).[6] The heterojunction between the SC and the co-catalyst also 

provides a built-in electric field inside the heteronanostructure which acts as a driving force 

for charge carriers separation.[10] In this perspective of forming heterostructures with 

enhanced properties for PEC, this work proposes, for the first time, the rationale association 

of recent advances in the field of SC materials for PEC: (M,A) codoping of TiO2 nanotubes 

(M= metal cation; A = anion) and their decoration by PLD with non-noble metal co-catalyst. 

 The codoping of TiO2 has been first proposed from DFT calculation, as a way to 

redshift the light absorption of TiO2.[11,12] This strategy combines the substitution of Ti
4+

 by 

a transition metal cation M
(4+n)+

 with the substitution of O
2-

 by an anion A
(2+p)-

.[13] While 
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mono-doping approaches, such as N doping of TiO2, allow visible light absorption, the 

photoconversion efficiency and stability remain limited due to the creation of defects such as 

oxygen vacancies to compensate for the charge introduced by N
3-

.[14,15] Achieving 

passivated codoping of TiO2 material (also referred to as coalloying),[16] with a 

stoichiometric charge balance between A and M, according to equation 1, should lead to a 

more stable structure with fewer defects acting as charge recombination centers. 

       
    

       
   

 

 
  

    

 
 

      
       (eq. 1) 

As a consequence, a large number of heteroatoms can be introduced into the lattice of TiO2 

and result in the hybridization between p and d orbitals of the doping species and the orbitals 

of TiO2 to form a continuum of energy above the valence band that lowers the band gap.[13] 

To date, few studies have reported the synthesis of codoped TiO2 materials.[17–24] 

Significant improvements in visible light absorption have been reported, although the 

stoichiometric balance of the charges as defined in eq. 1 has never been reported, probably 

due to the predominance of intrinsic defects of TiO2.[25] Our group was the first to apply 

(M,N) codoping to aligned TiO2-NTs which resulted in a 3-fold higher visible light PEC 

activity (λ > 400 nm) and better stability than its N-doped counterpart.[19,22] 

 On the other side, the nanodecoration of photoelectrodes with co-catalysts was 

proposed to reduce the overpotential of the OER, which is a complex reaction involving 4-

electron transfer with slow kinetics.[26] Among the possible co-catalysts, IrO2 and RuO2 have 

been identified as state-of-the-art candidates,[27] but their cost limits their application. 

Cobalt- and nickel-based materials have proven to be among the most promising non-noble 

metal co-catalysts to enhance the OER efficiency while being stable in alkaline 

electrolytes.[28,29] Heterostructures associating electrodeposited CoOx NPs and TiO2-NTs 

were found to double the photocurrent compared to bare TiO2-NTs.[30] Nickel oxide NPs 

were also electrodeposited onto TiO2-NTs electrode and found to double the efficiency of 
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photocatalytic degradation of 4-chlorophenol.[31] These improved activities were ascribed to 

better charge separation at the TiO2/NiO interface. Recently, we have demonstrated the 

potential of pulse laser deposition (PLD) for the deposition of NiCo, CoO, and NiO NPs onto 

TiO2-NTs arrays for PEC splitting.[32,33] The PLD is a non-equilibrium physical technique 

that has been proven to be very effective in depositing high-purity crystalline materials NPs 

with strong adhesion to the substrate.[34–37] In our previous results, two main factors explain 

the enhanced PEC performance after CoO NPs deposition: firstly, a more favorable interfacial 

electronic band structure at the p-n CoO/TiO2 heterojunction allows a better separation of 

charge carriers compared to the NiO/TiO2 system. Secondly, with a bandgap of ~2.5 eV, CoO 

can harvest visible photons (λ < 500 nm) and convert them into charge carriers. 

 While (M,A) codoping of TiO2 and the decoration of TiO2-NTs by CoO-NPs have 

been proven to individually improve the performance of the photoelectrodes, we propose in 

the present study to capitalize on the combination of both approaches to achieve (M,N) 

codoped TiO2-NTs decorated with CoO-NPs. These novel heterostructures are investigated to 

determine the contribution of each component to the overall efficiency of the photoanode for 

the PEC water-splitting. By combining spectroscopic and PEC experiments, we aim to 

determine whether we can benefit from a synergistic effect or the additional contributions of 

(M.N)-codoping and CoO-NPs-decoration. Our results indicate that, for optimal conditions, 

the PEC performance of CoO-NPs and (M,N) codoped modified TiO2-NTs has more than 

tripled compared to their bare TiO2-NTs counterparts while keeping stable performances for 

more than 35h. Due to the improved separation of charge carriers from absorbed visible light 

photons, the synergistic effect is particularly pronounced in the visible light region. 

Consequently, CoO-NPs decorated (Nb,N) TiO2-NTs were found to produce as much H2 and 

O2 using only visible light (λ > 400 nm), as bare-TiO2-NTs electrodes under full solar spectra. 
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2. Material and methods 

2.1. Codoped TiO2-NTs synthesis and decoration 

 Undoped and M-doped TiO2-NTs (M = Nb or Ta) were synthesized by anodization 

from titanium, Nb-Ti or Ta-Ti alloy foils ([M] = 5%at.). The metallic foils were cleaned by 

ultrasonication in acetone, ethanol and ultra-pure water successively and used as an anode in a 

2 electrodes cell. The electrolyte was composed of ethylene glycol, 0.3%w/w of NH4F, and 

1%v/v of ultra-pure water. The synthesis of the nanotubes was performed by applying 45V 

with a Bio-Logic SP300 potentiostat until a charge density of 5 C.cm
-2

 was reached. The 

electrodes were then thoroughly rinsed with ultra-pure water. To incorporate N atoms into the 

(M,N) TiO2-NTs samples, a post-anodization thermal treatment was performed at 500°C in 

NH3 at 500°C for 12h (details of the synthesis and annealing process can be found in ESI). 

 The deposition of CoO NPs on the undoped or (M,N) codoped TiO2-NTs was 

performed through the pulsed laser (248 nm KrF laser) ablation of a cobalt metallic target 

under a partial pressure of 300 mTorr of oxygen, which is placed parallel to the samples 

holder. Before each CoO-NPs deposition, the target was systematically cleaned by ablating its 

surface for 5 min. The number of laser pulses (NLP) was adjusted to vary the CoO-NPs 

loading (NLPs = 500, 2000, 3500, 5000, 7500, or10000). 

2.2. Characterization methods 

 The surface composition of the photoelectrodes was studied by X-Ray Photoelectron 

Spectroscopy (XPS Thermo VG Scientific). The morphology of our samples was examined 

using SEM (Gemini-SEM 500; Zeiss) and TEM (JEOL JEM-2100F) equipped with EDS 

elemental analysis. X-ray diffraction patterns were measured using a Bruker D8 

diffractometer equipped with a LynxEye PSD detector. The UV-vis optical properties were 

characterized by using a Perkin-Elmer Lambda 950 spectrometer equipped with a 100 mm 

integration sphere. Photo-electrochemical measurements were performed in a 3-electrode cell, 
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filled with 100 mL of electrolyte (0.01 M NaOH + 0.1 M Na2SO4). This cell was composed of 

2 compartments: one with a platinum mesh acting as a counter electrode and one with the 

photoanode and the reference mercury sulfate electrode ((MSE; E = 0.64 + 0.059 × pH V vs 

RHE). Cyclic voltammetry (CV) measurements were performed at a scan rate of 10 mV.s
-1

 

between -1.3 and -0.1 V vs. MSE under simulated solar light irradiation (AM1.5G filtered Xe 

arc lamp; 100 mW.cm
-2

). A 400 nm long pass filter was added between the lamp and the cell 

to measure the efficiency under visible light only (70 mW.cm
-2

). The external quantum 

efficiency (EQE) was measured between 280 and 800 nm by a Newport 1/8 Cornerstone 

monochromator at an applied potential of 1.15 V vs. RHE. The stability of the photoanodes 

was investigated for at least 35 h in chronoamperometry at 1.05 V vs RHE under UV 

irradiation (365 nm LED; 7.5 mW.cm
-2

). The gas production was determined with a micro gas 

chromatograph (µ-GC; SRA Instrument R-3000) connected to the PEC cell. For O2 detection, 

a 14m column (He carrier gas) was used, whereas a 30m column was used to measure the H2 

produced (Ar carrier gas). During the experiment, a bias of 1.15 V vs RHE was applied and 

the samples were irradiated with either AM1.5G simulated solar light or visible light and 

nitrogen was used as carrier gas. Acquisition of the chromatograms was performed with an 

injection time of 50 ms at 90°C every 3 minutes. 

3. Results and discussion 

3.1. Photoelectrodes characterizations 

 Typical SEM images of the annealed (Nb,N) and (Ta,N) codoped TiO2-NTs are 

presented in Figure 1.a & 1.b, respectively. Their dimensions averaged on 10 measurements 

at different positions on the electrode, are 4.05 ± 0.15 µm in length, 110 ± 10 and 50 ± 10 nm 

in external and internal diameter, respectively. These values are comparable to those of 

undoped TiO2-NTs grown from titanium foil with the same anodization parameters.[38] This 
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control of the growth of NTs was achieved by limiting the anodization reaction to a given 

charge instead of a time. Indeed, the charge transferred can be directly related to the quantity 

of metal oxide formed by electrochemical anodization, independently of the synthesis 

parameters, and consequently, it gives a reliable indicator of the film thickness. 

 

Figure 1: (a) and (b) are the respective SEM images of (Nb,N) and (Ta,N) codoped TiO2-NTs 

(observation with a tilt of 45°; insets are magnifications on the nanotubes opening). The 

bottom-line images are top-view SEM images of the (Nb,N) TiO2-NTs surface before (c), and 

after their PLD-nanodecoration with CoO-NPs at NLP=2000 (d) and NLP =10000 (e). 

 

 Figures 1.c, 1.d & 1.e are representative top views of the (Nb,N) TiO2-NTs samples 

before and after their decoration with CoO-NPs at 2000 and 10000 NLP. The thin honeycomb 

structure at the top of the TiO2-NTs film is a residual of the initiation layer left by the pre-

anodization step. The openings of the NTs, with an inner diameter of ~50 nm, can be 

observed below. Comparing the top-view SEM images of the NTs before (fig. 1.c) and after 

their decoration with CoO (fig. 1.d&e) reveals the presence of the PLD-deposited CoO-NPs 

appearing brighter on the edges of the nanotube walls. As the NLP is increased from 2000 to 

10000, the density of NPs on the NTs surface significantly increases with a tendency to 

agglomerate and covers completely the top edges of the NTs. To determine precisely the size 

of the CoO-NPs, we gently scratched the surface of the electrodes and observed the detached 

materials by TEM. Figure 2.a shows a TEM image of a bunch of aligned TiO2-NTs and 
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Figure 2.b is a magnification on the top part of the TiO2-NTs, where a high concentration of 

CoO-NPs is expected according to the SEM images. On fig. 2.b, one can distinguish two 

types of nanostructures: (i) relatively large features (bottom and left) which correspond to the 

TiO2 crystallites constituting the NTs; and (ii) small particles (center-right of the image) with 

a size of ~5 nm which correspond to CoO-NPs. This particle size, consistent with our 

previous results done on CoNi-NPs,[32] explains why no X-ray diffraction peaks associated 

with any cobalt or cobalt oxide phases were observed on these samples. Indeed, according to 

the Scherrer equation, such a size should result in peaks with an FWHM of around 2° and 

given the small volume of these NPs compared to the volume of TiO2, these peaks would not 

be observable by XRD. To further ascertain the crystalline characteristic of these NPs, high-

resolution-TEM (HRTEM) was conducted (Fig. 2.c) and after FFT filtering, to enhance the 

contrast in some areas, distances between the atomic plans were calculated. For the largest 

particles (left square in Fig 2.c), an average distance of 3.5 ± 0.1 Å was measured and for the 

smallest ones located at the surface, this distance was found to be 2.5 Å or 2.1 ± 0.1 Å. These 

values could correspond to TiO2 anatase (101), CoO (111) and CoO (200) plans, respectively 

(more images available in Fig. S3.a & b). To determine the spatial distribution of CoO co-

catalyst in the NTs film, STEM EDS mapping was done for (Ta,N) TiO2-NTs sample after 

deposition of 10000 NLP of CoO. Figure 2.d presents the composite image of the different 

elements for a bunch of NTs with Ti, Ta and Co in red, blue and green respectively (more 

images are available in ESI figures S1, S2, S3). An accumulation of cobalt can be observed at 

the top of the NTs array. In square 1 at the top of the nanotube film (figure 2.e) the atomic 

ratio of cobalt, titanium, and tantalum are 8, 87 and 5 % respectively, while in the other part 

of the nanotube array, this ratio decreases below 1% (square 2 & 3). It should be noted that an 

overestimation of Co concentration is likely to come from the secondary X-ray (fluorescence) 

due to the presence of Tantalum which has a high atomic number. Nevertheless, the result of 
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this EDS mapping confirmed the presence of Co NPs all along the NTs with a more important 

density on the top-side of the NTs array, in agreement with our previous works on PLD of Co, 

Ni and CoNi NPs on TiO2-NTs.[32,33] 

 

Figure 2: TEM images of TiO2-NTs after their decoration with CoO-NPs at NLP = 10000: (a) 

whole nanotubes (orientation given by the white arrow); (b) zoomed TEM image of the top 

part of the NTs array (yellow square on fig. 2.a); and (c) HRTEM of the green squared zone 

in (b). (d) STEM EDS mapping of a bunch of detached (Ta,N) TiO2-NTs decorated 10000 NLP 

of CoO (Ti, Ta and Co are represented in red, blue and green respectively; more details in 

ESI); (e) zoomed mapping on the upper part of the NTs bunch in figure 2.d. 
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 The XPS spectra of (Nb,N) and (Ta,N) codoped samples after CoO-NPs deposition at 

NLP = 10000 are presented in Figure 3. The presence of cobalt was confirmed by SEM and 

TEM EDS, but more information about the nature of the co-catalyst was obtained by the XPS 

of Co 2p region presented in Figure 3.a. Both samples display a doublet Co 2p3/2 and 2p1/2 

with respective binding energies of 780.4 and 795.1 ± 0.2 eV. The binding energies of this 

doublet along with its energy split (ΔE=14.7 eV) are very consistent with Co
2+

 in CoO.[39]. 

The Co 2p doublet is also associated with two satellite peaks, whose shapes are characteristic 

of Co
2+

, at 785.7 and 803.7 ± 0.2 eV. These XPS results along with EDS and HRTEM 

indicate that the nanoparticles formed during the PLD process consist of the CoO phase. The 

XPS spectra of Ti 2p, O 1s and C 1s (ESI Figure S5) are typical for TiO2-NTs with binding 

energy for the doublet Ti 2p3/2 & 2p1/2 characteristic of Ti
4+

 in TiO2.[40] Similarly, the Nb 3d 

and Ta 4d core level spectrum (Figure S4.b & c) are characteristic of Nb
5+

 and Ta
5+

.[41] In 

the binding energy range around 400 eV, besides a broad contribution of Ta 4p3/2 (404.4 eV; 

Fig. 3.b) 2 peaks of nitrogen, labeled N 1si and N 1ss, are observed at 400.1 and 396.2 ± 0.2 

eV and are attributed to interstitial and substitutional nitrogen, respectively. The N/M surface 

concentration ratios determined by XPS are 0.3 for (Nb,N) and 0.4 for (Ta,N) codoped TiO2-

NTs samples, suggesting a non-complete charge compensation between anionic and cationic 

doping elements contrary to the ideal case expected from eq. 1. Nevertheless, XPS is a 

shallow surface method and a surface enrichment of doping cations cannot be excluded. In 

order, to confirm the presence of Nb or Ta cations in the TiO2 lattice, Le Bail profile matching 

was performed on the XRD patterns of the nanotube samples (ESI Figure S6 and Table S1). 

The results confirm a lattice volume increase for TiO2 anatase of 0.44 and 0.64% for (Nb,N) 

and (Ta,N) codoped samples in comparison with the undoped TiO2. 
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Figure 3: high-resolution XPS spectra of Co 2p (a) and N 1s (b) core levels of (Nb,N) and 

(Ta,N) TiO2-NTs after their PLD decoration with CoO-NPs (at NLP= 10000). 

 

 The optical properties of the TiO2-based nanotubes were measured by UV visible 

spectroscopy in transmission mode after removing the nanotube film from the metal substrate, 

using a procedure detailed elsewhere.[42] A part of this film is then immobilized between two 

quartz slides and installed at the entrance port of an integrating sphere. The normalized UV-

visible spectra of the doped and pristine TiO2-NTs samples are presented in Figure 4.a. All 

the samples exhibit an exponential background in the visible region which is attributed to 

light diffusion on the particles constituting the film immobilized between the glass slides. The 

undoped TiO2-NTs and the cationic doped samples present an absorption edge starting at 

~400 nm, while both (Ta,N) and (Nb,N) codoped samples are found to exhibit a second 

absorption edge around 500 nm. It should be noted that the two absorption edges observed in 

these codoped materials suggest the presence of two domains in the samples with different 

optoelectronic properties. Presumably, this is due to nitrogen diffusion limitation during the 
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nitridation process: the N doping may occur less efficiently at the closed bottom of the 

nanotube (metal foil/oxide-NTs interface) where the NTs walls are thicker.[43] The apparent 

band gap (EG) associated with these optical transitions was calculated by extrapolating the 

linear part on the Tauc plots (Figure 4.b) according to the Tauc equation: 

     
       

 

  
         (eq. 2) 

 For an indirect bandgap material, like TiO2 anatase, m = 2, and a is an experimental 

constant. For undoped and Ta or Nb-doped samples, a single transition is observed between 

3.0 and 3.1 eV. This value is consistent with the bandgap of anatase TiO2 and no significant 

change of band gap was expected for Nb and Ta doped TiO2 since the energy of the d orbitals 

of Nb and Ta is close to the one of Ti 3d orbitals that constitute the conduction band of 

TiO2.[12] For the codoped samples, the first absorption edge is found to be associated with a 

bandgap of 2.4-2.5 eV, resulting in light absorption in the visible part of the solar spectrum 

that is brought by N 2p orbitals whose energy is above the valence band of TiO2.[44] 
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Figure 4: (a) UV visible absorbance spectra of the pristine, cation doped and codoped TiO2-

NTs samples recorded in transmission mode. (b) The corresponding Tauc plots after diffusive 

background subtraction. 

 

3.2. Photo-electrochemical measurements 

 Cyclic voltammetry (CV) experiments were conducted for each sample in the dark and 

under illumination with either simulated AM1.5G solar light or only visible light (λ > 400 

nm). The photocurrents (JAM1.5 and Jvis) are then calculated by subtracting the current from the 

CV in the dark from the current obtained under AM1.5G or visible light. Figure 5 presents 

the JAM1.5 and Jvis photocurrents for the (Nb,N) and (Ta,N) codoped TiO2-NTs samples 

exhibiting the highest performance before and after CoO-NPs decoration. The optimal 

nanodecoration conditions were found to be NLP = 2000 for the undoped TiO2-NTs,[33] while 

NLP = 10000 yielded the highest photocurrent in the case of (M,N) codoped TiO2-NTs. The 

main results in terms of photocurrent densities (under both AM1.5G and visible light) of the 

three photoelectrodes as well as the visible light contribution to their total photocurrent are 

gathered in Table 1. Before CoO-NPs decoration, all samples present a maximal photocurrent 

within the range 0.12-0.16 mA.cm
-2

 at 1.0V vs RHE under AM1.5G irradiation while under 

visible light (dashed lines), a clear difference can be observed between the undoped-TiO2 and 

the (M,N) codoped samples. For TiO2, Jvis is limited to only 0.005 mA.cm
-2

, whereas for 

(M,N) codoped samples it reaches approximately 0.020 mA.cm
-2

. In other words, more than 

15% of the overall photocurrent came from visible photons conversion for (M,N) codoped 

samples, while it is only 3.6% for TiO2-NTs electrodes. This is in line with the UV-Vis 

spectroscopy results that show a redshift of light absorption for the (M,N) TiO2-NTs and it 

confirms that this visible light absorption results in useful photon-to-electron conversion. 
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Figure 5: Photocurrents obtained by cyclic voltammetry in 0.01 mol.L
-1

 NaOH and 0.1 mol.L
-

1
 Na2SO4 electrolyte under AM1.5G simulated solar light (solid lines) or visible light (dashed 

lines) for different photoanodes before and after their decoration with CoO-NPs: (a) 

undoped-TiO2-NTs (CoO deposition at NLP = 2000); (b) (Nb,N) TiO2-NTs and (c) (Ta,N) 

TiO2-NTs (CoO deposition at NLP= 10000). The horizontal dotted lines indicate the 

photocurrent of TiO2-NTs as a guideline for comparison. 

  

 After CoO-NPs nanodecoration, different PEC behaviors depending on the nature of 

its underlying SC electrode are observed. For undoped-TiO2-NTs, the CoO-NPs decoration is 

found to double the photocurrent under solar irradiation from 137 to 269 µA.cm
-2

 and also to 

increase its value in the visible range. For comparison purposes, there have been only a few 

studies involving TiO2 and cobalt oxide composite electrodes that have been tested under 

photoelectrochemical conditions (irradiation, applied potential, etc…) close to ours. 

Qarechallo et al. have used a cobalt electrodeposition method onto TiO2 and they also have 

reported an increase of the photocurrent by a factor of 2 even if their measured photocurrent is 

much lower than our results (20 to 40 µA.cm
-2

).[30] Similar to our results in terms of both 

relative increase and magnitude, Li et al., observed a photocurrent increase from 100 to 250 

µA.cm
-2

 (Xe lamp without AM1.5G filter) when cobalt oxide was deposited by an 

impregnation/annealing method.[45] 

 Here, combining (M,N) codoping and cocatalyst deposition, under AM1.5G 

irradiation allows doubling the photocurrent for (Ta,N) TiO2-NTs after deposition of CoO-
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NPs. For (Nb,N) the photocurrent reaches 0.355 mA.cm
-2

 after deposition, which represents 

an increase of 2.3 compared to the same sample before decoration. The effect is even more 

pronounced under visible light for which the current reached 74 µA.cm
-2

 for (Ta,N) TiO2-NTs 

(× 3.8) and 141 µA.cm
-2

 for the (Nb,N) TiO2-NTs (× 5.2) electrodes after CoO deposition. 

For this last electrode, ~40% of the total photocurrent is generated by visible light photons. 

 In order to quantitatively assess the photocurrent change induced by the CoO-NPs 

nanodecoration, the enhancement factors were calculated for all electrodes under solar light 

(εAM1.5) and under visible light (εvis) according to: 

       
                                

           
          (eq. 3) 

     
                           

         
          (eq. 4) 

 In these equations J(M,N)AM1.5 and J(M,N)AM1.5 w/CoO are respectively, the photocurrent 

densities generated, under AM1.5G from the (M,N)-TiO2-NTs electrodes before and after 

their decoration with CoO-NPs at 1.0 V vs RHE. (J(M,N)Vis and J(M,N)Vis w/CoO in the case of 

visible light). Figure S7 shows the variations of εAM1.5 and εvis as a function of NLP, which 

leads to control of the loading of CoO-NPs. For all samples, the PLD of CoO-NPs improves 

the photon-to-electron conversion efficiency even for the smallest NLP of 500. Under 

simulated solar light, εAM1.5 increases with the number of laser pulses from ~20% up to 128% 

on (Nb,N) TiO2-NTs and 92% on (Ta,N) TiO2-NTs (for NLP = 10000). Under visible light 

irradiation, the improvement of the photocurrent induced by the presence of CoO-NPs is even 

stronger with εvis = 426% at NLP = 10000 for (Nb,N) TiO2-NTs. For similar NLP, the 

enhancement associated with CoO-NPs deposition is always more important for (Nb,N) 

codoped samples than (Ta,N) ones. 
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Table 1: Photocurrent densities, visible light contribution, and photocurrent enhancement 

factors for the undoped and (M,N) codoped TiO2 samples before and after their decoration 

with CoO-NPs. 

 
JAM1.5 Jvis 

Visible 
contribution 

εAM1.5 εvis JEQE JEQE vis 

 
mA.cm

-2
 % % mA.cm

-2
 

TiO2-NTs 0.137 0.005 3.6 
97 204 

0.128 0.008 

 w/ CoO-NPs (NLP= 2000) 0.269 0.015 5.5 0.293 0.020 

(Nb,N) TiO2-NTs 0.155 0.027 17.4 
128 426 

0.149 0.020 

 w/ CoO-NPs (NLP= 10000) 0.355 0.141 39.8 0.341 0.144 

(Ta,N) TiO2-NTs 0.126 0.020 15.9 
92 262 

0.136 0.016 

 w/ CoO-NPs (NLP= 10000) 0.243 0.074 30.3 0.255 0.073 

 
±0.005 ±0.002 ±1.1 ±10 ±50 ±0.010 ±0.005 

 

 To obtain the spectral response of the modified TiO2-NTs photoelectrodes, we 

calculated the EQE of the most representative samples of this study, according to equation 5: 

       
  

 
 
      

      
          (eq.5) 

 Jph(λ) and P(λ) are the photocurrent density and incident light power density, at a 

given wavelength; h is the Planck constant; c is the speed of light and e is the charge of the 

electron. Figure 6 shows the measured EQE spectra for TiO2-NTs, (Nb,N) and (Ta,N) 

codoped photoelectrodes before and after CoO-NPs deposition. As expected from its band gap 

of 3.1 eV, the EQE of bare TiO2-NTs drops to almost zero for wavelengths longer than 400 

nm. For the bare (M,N) codoped TiO2 samples, a small increase of EQE can be seen (inset of 

fig. 6) in the 400-550 nm range. Since this range of wavelength contains most of the energy of 

the solar spectrum, even if limited, this small increase of charge carrier generation by visible 

photons can explain the multiplication by a factor 4 of the photocurrent measured by CV in 

the visible, compared to unmodified TiO2 electrodes, as shown in Fig.4 & Table 1. After the 

CoO-NPs deposition, the EQE has more than doubled in the UV region for the pristine TiO2-

NTs, but also increased in the visible, reaching ~1% at 400nm. For the (M,N) codoped 

samples, the CoO-NPs deposition allows them to double their EQE in the UV part, but it is in 

the visible part that the strongest enhancement was observed. Indeed, the EQE (at 400 nm) 



p. 18 /31 

 

increased from 1% (before CoO decoration) to 4.1% and 8.4% (after CoO deposition) for 

(Ta,N) and (Nb,N) codoped TiO2-NTs, respectively. 

 

 

Figure 6: External quantum efficiency spectra for the undoped and (M,N) codoped TiO2 

electrodes before and after their decoration with CoO-NPs (NLP = 2000 for TiO2-NTs; NLP =  

10000 for (Nb,N) and (Ta,N) TiO2-NTs). 

 

 The consistency between the data obtained by EQE and those derived from cyclic 

voltammetry was checked by calculating the theoretical photocurrent JEQE by integrating the 

EQE convolved with the spectral distribution of the lamp used for CV: 

      
 

   
                   
    

    
      (eq. 6) 

 In eq. 6, PLamp(λ) is the spectral distribution of the Xe lamp with AM1.5G filter (or 

with the 400 nm long pass filter). The calculated values of JEQE (last two columns in Table 1) 

are found in fairly good agreement with the ones from CV. For (Nb,N) TiO2-NTs decorated 

with CoO NPs the integration of EQE results is consistent with the fact that 40% of the 

photocurrent measured by CV originates from visible light-generated electrons. 
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3.3. Discussion and interpretation of PEC measurements 

The PEC measurements indicate that before CoO-NPs deposition, all samples have 

photocurrent under simulated solar light in the same range, but for (M,N) codoped TiO2 

samples more than 15% of this photocurrent comes from visible photons. After CoO-NPs 

decoration, all samples saw their efficiencies at least doubling under simulated solar 

irradiation. Moreover, the enhancement after CoO NPs decoration is even more significant in 

the visible part of the spectrum, especially for (Nb,N) and (Ta,N) codoped samples with 

efficiencies in the visible multiplied by 5.3 and 3.6 respectively. To understand the results 

obtained for photoelectrodes combining TiO2 codoping and cocatalyst deposition, it is 

necessary to discuss the changes induced by each approach, how they interact, and how they 

affect the PEC reaction mechanism. 

 A first explanation of the enhancement in photocurrent after deposition is a faster 

charge transfer at the SC/electrolyte interface mediated by the co-catalyst. This effect has 

been demonstrated by our group and others in the case of CoO or NiO co-catalytic 

NPs.[30,31,33] Electrochemical impedance spectroscopy has shown that in the case of TiO2-

NTs, the transfer constant becomes faster as the loading of CoO increases (Figure S8). This 

improved charge transfer is related to the electrochemical properties of the 

SC/cocatalyst/electrolyte interface and should be independent of the illumination wavelength. 

Nevertheless, the EQE results in Figure 6 and the values of Table 1 revealed that the 

enhancement is stronger in the spectral range of 400-500 nm. This can be explained by an 

additional effect observed when CoO-NPs are used as a cocatalyst, namely their direct 

contribution to the photocurrent due to their p-type semiconducting nature.[30,33] With a 

bandgap of 2.4-2.5 eV, this contribution of CoO is located at wavelengths below 500 nm and 

is overlapped with the visible contribution of (M,N) codoping. 
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 The enhancement of photocurrent in the visible part of the spectrum, compared to the 

overall improvement with the whole solar spectrum (εvis & εAM1.5 in Table 1), is particularly 

noticeable in the case of the decorated (M,N) codoped TiO2 materials. To separate the 

different contributions to the visible photocurrent (i.e. charge transfer enhancement by the 

cocatalyst; visible charge generation due to codoping; charge photogeneration in CoO-NPs), 

we measured the visible photocurrent generated by CoO-NPs deposited at NLP = 10000 on 

undoped TiO2-NTs. By subtracting this 33 µA.cm
-2

 of photocurrent generated in the CoO NPs 

from Jvis of the (M,N) TiO2-NTs decorated with CoO (i.e. 141 and 74 µA.cm
-2

 for (Nb,N) and 

(Ta,N) respectively) and by comparing these values to Jvis before decoration, the photocurrent 

resulting from the charge transfer enhancement by co-catalyst deposition can be estimated. 

The calculation indicates that the number of visible photogenerated electrons extracted from 

the codoped samples is increased by 4-fold for (Nb,N) TiO2-NTs and 2-fold for (Ta,N) TiO2-

NTs after depositing CoO. This efficiency improvement could be explained by changes in the 

electronic band structure at the SC/co-catalyst/electrolyte triple phase interface (TPI). The 

CoO-NPs could modify locally the electronic band energy to favor the collection of h
+
 

photogenerated in the SC (pinch-off effect)[46] and their transfer to the electrolyte for the 

OER. The relative positions of the energy levels of the materials constituting the TPI will 

determine the extent of this phenomenon. For (M,N) codoped TiO2, while a reduction of the 

band gap has been observed, the band structure, and in particular the position of its 

conduction and valence bands (CB and VB), remains largely unknown experimentally. 

Nakata et al. reported an increase of 0.8 eV of the VB energy for Ta,N codoped TiO2 NPs, 

lowering the driving force of photogenerated h
+
 towards the OER reaction.[47] This reduced 

energy difference between OER and VB in the case of codoped materials can be indirectly 

observed on the polarization curves determined from CV (Fig. 5): one can notice that the 

onset of photocurrent waves for (Nb,N) and (Ta,N) codoped samples (measured at 10 µA.cm
-
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2
) are shifted of 0.25 and 0.22 V toward more positive potentials respectively, compared to 

TiO2. This reduced energy difference between OER and VB could particularly affect h
+
 

originating from visible light photons, which have an energy close to the VB top and it may 

explain the low value of EQE for (M,N) codoped samples in the visible region while the UV 

visible spectroscopy revealed a significant light absorption. After CoO deposition, this 

increase of onset potential is limited to 0.16 and 0.19 V for (Nb,N) and (Ta,N) codoped 

samples, indicating an improvement of the SC/electrolyte charge transfer mediated by the 

cocatalyst. Taken together, these results demonstrate that the photocurrent generated in the 

visible for the codoped samples after CoO deposition is greater than the addition of the 

photocurrent generated by p-type CoO NPs and the one from (M,N) codoping. This synergy 

can also be explained by a faster transfer, mediated by the CoO-NPs, of h
+
 generated by the 

visible light at the triple SC/catalyst/electrolyte interface as compared to the charge 

recombination. As the TPI density increases with the NLP, this charge transfer is expected to 

be enhanced, explaining the observed increase in photoconversion efficiency of our (M,N) 

codoped photoanodes in the visible range. 

 A notable difference between pristine and (M,N) codoped TiO2 is the optimal loading 

of CoO NPs, which changes from 2000 to 10000 NLP. For TiO2-NTs, beyond 2000 NLP, the 

contribution of CoO-NPs to the photocurrent in the visible range increases, but the overall 

photoconversion was lower, due to the scattering of the incident light by co-catalyst NPs at 

the TiO2-NTS surface. The scattering of small NPs increases rapidly for shorter wavelengths 

as observed in Figure S9. For CoO NPs films deposited by PLD (NLPs=10000) on quartz 

slides, below 300 nm a large part of the light cannot be transmitted. This scattering can also 

be observed on EQE curves (Fig. 6), which show a decrease at the lowest wavelengths for all 

samples after the deposition of CoO NPs. For TiO2-NTs, the negative impact of scattering is 

not compensated by the increase of photocurrent generated by CoO NPs beyond 2000 NLP, 



p. 22 /31 

 

whereas in the case of (M,N) codoped TiO2-NTs, the synergistic improvement by the 

cocatalyst deposition and codoping in the visible region, allows compensating this loss due to 

scattering in UV. 

 The formation of TPI seems to play a key role to achieve significant photoconversion 

of visible light on these nanostructures by the synergy of codoping and CoO decoration. 

However, all the physicochemical phenomena from both approaches may have a role in the 

charge transfer mechanism. Advanced analytical methods should be employed to determine 

the electronic structure of (M,N) TiO2, which remains largely unknown,[44] and how CoO 

deposition alters the energy band structure of the SC/cocatalyst/electrolyte TPI. 

 

3.4.  Quantification of the produced H2 and O2 

 In order to determine if the observed increase of photo-generated charge carriers is 

effectively used for water splitting reaction, H2 and O2 productions of the most representative 

samples were measured in operando by gas chromatography (GC) during potentiostatic 

experiments. Figure 7.a shows, the photocurrent densities under AM1.5G illumination for 

reference TiO2-NTs electrode, TiO2-NTs with CoO NPs and (Nb,N) TiO2-NTs with CoO 

NPs. To highlight the synergistic effect of codoping and cocatalyst deposition, the results 

obtained under visible light (λ > 400 nm) for (Nb,N) TiO2-NTs after deposition of CoO NPs 

were also added (cyan curves). Figure 7.b and 7.c shows the H2 and O2 production rates (n 

H2/n O2) associated with these samples calculated according to: 

         
         

  
         (eq. 7) 

In eq. 7, A is the concentration of H2 and O2, determined by GC, d is the flow of carrier gas in 

the cathodic and anodic compartments of the cell, and Vm is the molar volume of the gas. 
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Figure 7: (a) Photocurrent density generated under AM1.5G by TiO2-NTs before (grey 

curves) and after (black) deposition CoO-NPs (NLP = 2000) and (Nb,N) TiO2-NTs with CoO-

NPs (NLP = 10000) under AM1.5G light (blue) and visible light (cyan). (b) and (c) are their 

associated production rates of H2 and O2 gases, respectively, as determined by GC during 

potentiostatic experiments. 

 

 It can be seen in Figure 7, that the photocurrents for all samples increase and decreases 

almost immediately when the light is turned on and off while latency is observed for H2 and 

O2 productions. This delay is due to the time required to saturate/desaturate the electrolyte 

with the photogenerated gases. Consequently, to compare the gas production for the different 

samples, an average H2(/O2) production rate was calculated by integrating n H2(O2) over the 

whole experiment duration and dividing it by the illumination time. The obtained average 

values (nav. H2 and nav. O2) as well as their associated faradic efficiencies for HER (nf H2) and 

OER (nf O2) are reported in Table 2. For the H2 production, the faradic efficiencies are close 

to 100% for all samples as expected by using a Pt wire counter electrode. For O2 production, 
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the faradic efficiency is 87% for TiO2-NTs electrode, and probably a part of the 

photogenerated hole is involved in the generation of other intermediates that cannot be 

detected by GC such as hydroxyl radicals or hydrogen peroxide. Interestingly, the deposition 

of CoO-NPs does not increase the faradic efficiency of OER, confirming that CoO cocatalyst 

role is rather to improve the h
+
 collection and their transfer to the electrolyte than playing a 

catalytic role that would change the selectivity. 

 

Table 2: Average H2 and O2 production rates and faradic efficiencies for the undoped and 

(Nb,N) codoped TiO2-NTs samples after their decoration with CoO-NPs. The photocurrent 

densities measured from CV (JCV) are also reported here for comparison purposes. 

 
Irradiation 
condition 

nav. H2 nav. O2 Q JCV ηf H2 ηf O2 

µmol.h
-1
.cm

-2
 C.cm

-2
 mA.cm

-2
 % 

TiO2-NTs AM1.5 2.79 1.20 0.895 0.137 100 87 

TiO2-NTs/ CoO AM1.5 5.35 2.32 2.610 0.269 100 88 

(Nb,N) TiO2-NTs / CoO 

AM1.5 8.18 3.33 6.089 0.355 100 83 

Visible 2.94 1.22 1.942 0.141 100 85 

 ±0.02 ±0.04 ±1.10
-5
 ±0.005 ±5 ±5 

 

 The results of gas production, are perfectly in line with the conclusion drawn from the 

CV and EQE experiments. Thus, in the case of TiO2-NTs, the deposition of 2000 NLP CoO-

NPs allows doubling the hydrogen production rate up to 5.35 µmol.h
-1

.cm
-2

. For the (Nb,N) 

codoped TiO2-NTs with CoO-NPs decoration, the H2 production is 3 times higher than 

pristine TiO2-NTs. It is worth noting that the hydrogen production of the (Nb,N) TiO2-NTs 

with CoO-NPs photoanodes from the sole visible light part exceeds that of bare-TiO2-NTs 

irradiated with the full solar spectrum, demonstrating thereby the boost brought by the 

synergistic effects of codoping and CoO-NPs nanodecoration. 

 Finally, the stability of the (M,N) codoped TiO2-NTs after decoration with CoO NPs 

(NLP=10000) has been investigated, for a minimum of 35 hours under intense UV irradiation 

(10 mW.cm
-2

; λ=365 nm), as shown in figure 8.a. For both samples, after a slight decrease of 

the current density during the first 5h (≤ 15%), the photocurrent densities remains stable and 
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change by only ± 2.5% during the following 30 hours. Figure 8.b, displays the XPS spectra of 

the Co 2p before and after PEC tests. The surface ratio Co/(M+Ti) changes only by 

approximately ± 10%. A slight shift of +0.4 eV for the Co 2p peak can be observed after PEC 

tests for both the (Ta,N) and (Nb,N) samples, accompanied by a small decrease in the satellite 

around 787 eV. These two features suggest oxidation of Co
2+

 to Co
3+

 during the test. 

Nevertheless, the signal after PEC tests is not typical of Co2O3 or Co3O4, so probably only 

partial surface oxidation of CoO NPs occurs during the photocatalytic test.[39] The TEM 

images and elemental cartographies of decorated (Ta,N) TiO2-NTs before (c,e) and after (d,f) 

PEC tests are also presented in Figure 8. On the STEM images, the accumulation of cobalt at 

the surface of the NTs arrays is observed both before and after tests and the average Co 

concentration in these areas remains around 8% and no changes in the morphology of the 

CoO nanoparticles were observed by HRTEM. All these analyses comparing the electrodes 

before and after PEC tests confirm the stability of the (M,N) codoping and the PLD CoO-NPs 

during at least 35h both in terms of morphology and PEC performances. 

 

Figure 8: a) Alternation of cyclic voltammetry and chronoamperometry (E=1.15 V vs RHE; 

365nm LED irradiation) of (Nb,N) and (Ta,N) TiO2-NTs photoanodes after their decoration 

with CoO nanoparticles (NLP=10000). The spikes observed every two hours are the 

consequence of an open circuit voltage step between CV and CA experiments. b) High-

resolution XPS spectra of Co 2p for CoO decorated (M,N) TiO2-NTs photoanodes before and 

after PEC tests. c-f) TEM images of (Ta,N) codoped TiO2-NTs after their decoration with 
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CoO-NPs at NLP = 10000 before (c,e) and after (d,f) PEC tests: c,d) STEM EDS mapping of a 

whole nanotubes films (orientation given by the white arrow; Ti, Ta and Co are represented 

in red, blue and green respectively); e,f) HRTEM on the upper part of the NTs bunch in figure 

c) and d) respectively. 

 

4. Conclusion 

 In this work (M,N) codoping of TiO2-NTs (M  Nb or Ta) was combined with 

nanodecoration by CoO-NPs through the reactive pulsed laser deposition method. Our 

analyses confirmed that Nb
5+

 and Ta
5+

 are present in the TiO2-anatase lattice substitution of 

Ti
4+

, while N
3-

 anions are present at a concentration below the 1:1 M
5+

:N
3-

 stoichiometric 

ratio required for ideal coalloying. Nevertheless, (M,N) codoping of the TiO2-NTs was found 

to decrease the optical bandgap of the material, and a photocurrent associated with this low 

energy transition is observed by EQE. The subsequent nanodecoration of the TiO2-NTs by 

CoO-NPs was shown to further improve the PEC performance of all the photoanodes. For 

pristine TiO2-NTs, the photocurrent is doubled after CoO-NPs decoration at NLP = 2000, 

while for (Ta,N) and (Nb,N) codoped samples, the efficiency was found to improve 

continuously with NLP up to 10000. The strongest enhancement was obtained for the (Nb,N) 

codoped TiO2-NTs sample, with a 5-fold increase of the photocurrent in the visible part of the 

spectrum after decoration with CoO-NPs. For this sample, 40% of the generated photocurrent 

comes from photons between 400 and 550 nm. Chromatography product quantification 

confirmed that these photocurrents resulted in H2 and O2 productions. The H2 production 

associated with visible light (λ > 400 nm) of the (Nb,N) TiO2-NTs after CoO-NPs deposition 

with an NLP= 10000, was found to exceed that of pristine TiO2-NTs under full solar spectrum 

illumination and their performances remain stable for 35h. The strong PEC boost brought by 

the combination of both (M,N) codoping and CoO-NPs decoration suggests an important 

synergistic effect between both approaches. CoO is a p-type SC with a band gap of 2.5 eV 
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that can provide an additional photocatalytic effect in the visible spectrum. Furthermore, the 

local modification of the band structure at the TiO2/CoO/electrolyte TPI plays a key role in 

improving the charge transfer via the formation of a local p-n heterojunction. 

 The present work demonstrates the potential of combining (M,N) codoping of TiO2-

NTs and decoration with CoO-NPs to achieve effective and stable nanocomposite 

photoanodes for visible light conversion. To achieve a better fundamental understanding of 

the mechanisms behind the boosted PEC performance, more characterizations (such as UPS, 

PEC Impedance Spectroscopy, etc. ) have to be employed to determine accurately the main 

optoelectronic properties of these complex nanohybrid electrodes. 
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