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Abstract 

Nanostructuring constitutes a promising strategy to increase efficiency and stability of 

contemporary photocatalysts. Here we report on the synthesis of highly crystalline 

Ta2O5 nanotubes (NTs) by using carbon nanotubes (CNTs) as sacrificial hard templates 

and elucidate the role of residual Fe nanoparticles – often used as catalyst for the CNT 

growth – on their photocatalytic performance towards H2 evolution. We show that when 

using as grown CNTs, the resulting Ta2O5 NTs contained detectable amounts of Fe and 

possessed negligible photocatalytic activity. When CNTs were, however, purified from Fe 

by thermally annealing the CNTs at 2100°C, the same synthetic procedure yielded pure 

Ta2O5 NTs that showed a 40-fold increase in activity compared to the Fe-containing 

counterpart.  A complementary set of analytical techniques in a combination with 

additional model experiments indicate that the detrimental effect of the residual Fe on 

the photocatalytic activity originate from atomic doping and formation of a segregated 

FeOx phase within the Ta2O5 matrix that can both act as efficient electron traps. Our result 

highlights that the presence of residual catalyst needs to be taken into account when 

using CNTs as hard templates and generally illustrates a possible effect of unintentional 

dopants that are often not considered in preparing functional nanostructures.  

Keywords: sol-gel, carbon nanotubes, CVD, photocatalysis, electron trapping, metal 

doping, thermal annealing 
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Introduction 

Last decades have been a witness of a rapid growth and evolution of photocatalysis – a 

valuable research field that provides access to a number of unique redox chemistries by 

means of light-assisted catalysis.1–5 Photocatalytic processes include waste water 

treatment and air purification, selective oxidation and reduction reactions, CO2 

valorization, and water splitting.  

Despite significant progress in this research field, contemporary photocatalysts still suffer 

from three main shortcomings, namely (i) insufficient light absorption in the visible range 

that limits the number of utilized photons from sunlight, (ii) extensive electron-hole 

recombination that reduces charge carrier lifetimes, and (iii) poor catalytic properties of 

bare photocatalyst surfaces that often require noble metal co-catalyst deposition.  

A number of techniques have been implemented in order to improve properties of bulk 

oxide photocatalysts, addressing the aforementioned shortcomings. As such, extensive 

attention has been paid to the fabrication of different one-dimensional (1D) 

nanostructures: nanowires, nanorods, nanotubes (NTs), and nanofibres.6 Compared to 3D 

materials, these nanostructures provide not only a high surface area available for the 

catalytic process, but also have shorter diffusion lengths of photoexcited carriers towards 

the solid-liquid interface.7–10 Additionally, the carriers are free to move throughout the 

length of such nanostructures, which has been shown to reduce the probability of 

electron-hole recombination.11  

Inorganic NTs can be prepared by means of sol-gel,12,13 hydrothermal,14,15 and 

electrochemistry16–19 methods. Among them, anodization is best suited to prepare high 

quality inorganic photo-electrodes. However, the method has apparent limitations when 

large quantities of free-standing powders are desired. Another approach that can be used 

to produce NT structures is the use of carbon nanotubes (CNTs) as nanosized tubular 

templates, which can be removed after a desired inorganic component is deposited.20,21 

This flexible approach has already been realized to nanostructure a variety of functional 

oxides yielding examples of TiO2,22 ZrO2,23 Al2O3,24 In2O3,25 NiO,26 Pb(Zr0.52Ti0.48)O3,27 

Fe2O3,28  Cr2O3
29 and Co3O4

30 NTs, however, little attention has so far been paid to the 

quality of the CNT template used for the synthesis.  

Chemical vapor deposition (CVD) is the most widely used way to prepare large batches of 

CNTs.31 However, CVD often requires the use of catalytic particles that are either pre-
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deposited on a substrate or formed in situ from low vapor pressure precursors during the 

CNT growth. Such catalysts are mostly single metals (Fe, Co, Ni, Mo, Au) or metal alloys 

(FeCo, FeMo, NiMo, FeCu ) that eventually reside inside the as-grown CNTs.32,33  

With regard to that, only a few works, in which CNTs were produced via CVD, have 

discussed the influence of the residual catalyst on the final morphology, composition and, 

if applicable, photocatalytic performance of the functional NTs.34 Several literature reports 

have actually used such residual metal catalyst-containing CNTs to prepare TiO2 NTs with 

controlled levels of Fe doping.35,34 The authors reported increased photocatalytic activities 

of the Fe-doped-TiO2 NTs with regard to P25 TiO2 reference nanoparticles, but have not 

compared the performance to Fe-free-TiO2 NTs of similar morphology. However, residual 

catalyst may often account for up to 10 wt. % of the nanocarbon mass fraction and can 

therefore strongly interact (e.g. dope, alloy, modify, create additional solid-solid 

interfaces) with the inorganic layer upon high temperature CNT oxidation, thus affecting 

a number of the product’s functional properties.  

To address this knowledge gap, we produced and investigated Fe-containing-Ta2O5 NTs 

that we fabricated in situ by using residual Fe-catalyst-containing CNTs as sacrificial hard 

templates. We show that Fe can dope and form a segregated FeOx phase in the produced 

Ta2O5 NTs and both species negatively affect the photocatalytic performance by acting as 

efficient electron traps. We demonstrate that the photocatalytic activity can be boosted 

by using Fe-free (pre-purified) CNTs as template, therefore resulting in pure Ta2O5 NTs 

exhibiting strongly increased H2 evolution rates with photonic efficiencies of up to 0.8 %. 

Our work provides a general guidance on using CNT templates with residual catalysts as 

a means of controllable doping, highlighting that the presence of residual catalyst in CNTs 

needs to be taken with caution when preparing functional nanostructures for energy 

applications. 

Results  

We synthesized CNTs via a standard, widely-used CVD protocol using ferrocene as a 

source for the Fe catalyst (see Methods for experimental details). The as-grown CNTs were 

hundreds of microns long, with the average diameter of 80 nm and, as revealed by TEM 

and TGA, contained around 3.5 wt. % of residual iron particles mainly incorporated in the 

inner tube channels (Supporting Figure S1a and d). The CNTs were post-annealed in 

argon at 1000 °C (CNT1000) to remove the amorphous carbon and render the surface 

more graphitic, while leaving the Fe NPs intact (Supporting Figure S1b). 
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To prepare 1D inorganic NTs, we followed a recently described two-step synthetic 

protocol that is illustrated in Scheme 1.36 In order to allow homogeneous attachment of 

metalorganic precursor, the CNT1000 were non-covalently functionalized with benzyl 

alcohol37 and consequently coated with a thin and uniform Ta2O5 layer via a solvothermal 

sol-gel process yielding CNT-Ta2O5 hybrid material38 (Figure 1a and Supporting 

Figure S2 and S3). In a second step, we removed the carbon template and simultaneously 

crystallized the oxide layer via a heat treatment in ambient air at elevated temperatures 

(780 °C). During the latter step, Fe nanoparticles get released from the carbon matrix, get 

oxidized and mobilized and come into contact with the Ta2O5 layer promoting interaction 

between the compounds that eventually results in the incorporation of iron species.39 

 

Scheme 1. Process of the Ta2O5 NT synthesis: first, CNTs are coated with the Ta2O5 layer; second, the 

resulting hybrid is thermally treated in air to remove the nanocarbon template and release the Fe NPs 

leading to Fe incorporation. 

As revealed by transmission electron microscopy (TEM in Figure 1b),  this procedure 

indeed yieled the desired 1D structures with the tubular morphology resembling that of 

the CNT templates, while also appearing to be highly crystalline (Figure 1b, inset). 

Overview scanning electron microscopy (SEM) images in Figure 1c also show 

homogeneity of the samples. As a side note, depending on the initial thickness of the 

Ta2O5 layer deposited on the CNTs, we could obtain two types (complete and incomplete) 

of the Ta2O5 NT structures (see Supporting Figure S2 and S3). This observation is in line 
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with our previous report where we have shown that the CNT template may have a strong 

influence on the crystallisation of the inorganic coating.40 Since both types behave 

similarly with regard to the Fe incorporation, further discussion will only consider 

complete Ta2O5 NTs shown in Figure 1. 

 

Figure 1. Representative TEM (a, b) and SEM (c) images of the CNT-Ta2O5 hybrid (a) and resulting Ta2O5 

NTs (b, c). Inset in (a) shows single crystalline nature of the oxide coating; inset in (b) shows electron 

diffraction pattern of the full area. 

Purification of the CNTs from the residual Fe catalyst particles requires more targeted 

post-treatments41 and to ensure complete removal of Fe from the inner channels, the as-

grown CNTs were annealed in argon at 2100 °C for 6 h (CNT2100). TGA data 

(Supporting Figure S1d) show a strong decrease in the amount of Fe residues while TEM 

investigations also confirm the absence of embedded Fe particles (Supporting Figure S1c) 

after the high-temperature annealing. Raman spectroscopy (Supporting Figure S1e) of 

both CNT samples (CNT1000 and CNT2100) further reveal that no strong differences in 

the surface chemistry and crystallinity were introduced by the different post-annealing 

procedures. The CNT2100 sample was subsequently used to synthesize Fe-free-Ta2O5 NTs 

following an identical protocol as was used for the CNT1000 sample.  

As the result of using CNT templates with similar surface, crystallinity and morphology, 

both Ta2O5 NT samples reveal similar morphology and crystallinity of the oxide layer after 

the template removal. As such, X-ray diffraction (XRD) in Figure 2 revealed very similar 

diffraction patterns for Fe-free and Fe-containing Ta2O5 samples. Peak deconvolution 

confirms the presence of expected -Ta2O5 phase in both cases with a little content of 

superstructure similar to the one described by Audier et al.42,43 Further detailed peak 

comparison (Supporting Figure S4) indicates small differences in peak intensity and 

position between the two samples, yet no clear trend in peak shifts can be revealed. This 
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is further confirmed by the Rietveld refinement shown in Figure 2b which indicates that 

a, b, c and volume of the basic -Ta2O5 cell are nearly unaffected by the presence of Fe 

impurities. Importantly, the crystalline phase of the Fe impurities in the Fe-Ta2O5 sample 

cannot be reliably identified by XRD most likely due to its insufficient amount. 

 

Figure 2. XRD patterns of the Fe-free and Fe-containing Ta2O5 NTs indicating similar crystalline phase 

content in both samples (a) and the corresponding refinement fits (b) as well as XPS spectra (Fe 2p region) 

of the samples that confirm the absence of iron impurities in the Ta2O5 NTs (c) and the presence of both 

Fe2+ and Fe+3 in the Fe-Ta2O5 NTs (d). 

The crystalline nature of the NT structures was further confirmed by high-resolution TEM 

(HRTEM) studies. Images of both samples (example in Figure 1b) reveal that the NT walls 

(around 10 nm in thickness) are single crystalline throughout their thickness. In addition, 

they are composed of extended crystalline domains as confirmed by electron diffraction 

(ED) pattern shown in the inset. We further estimated the average crystallite size of Ta2O5 

grains in both samples from XRD data using the Scherrer equation.44  The calculation 

yields values of 16.7 and 14.8 nm for the Ta2O5 and Fe-Ta2O5 sample, respectively, 
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indicating that the Fe incorporation introduced a minor loss in the crystallinity of the Ta2O5 

matrix. 

According to the TEM- and SEM-based energy dispersive X-ray spectroscopy (EDX) maps 

shown in Figure 3 (additional data in Supporting Figure S5) both materials are composed 

of Ta and O matrix species, while the Fe-Ta2O5 NT sample also contains a weak, but 

distinguishable and evenly-distributed Fe signal. The maps also indicate some areas 

having locally higher Fe concentration, possibly related to areas close to those where Fe 

NPs were initially trapped. Unfortunately, EDX does not provide sufficient spatial 

resolution to distinguish between types of incorporated Fe.  

 

Figure 3. High-angle annular dark field (HAADF) images and EDX maps of the Fe-containing Ta2O5 NTs 

indicating homogeneous distributing of Fe signal in the NT matrix. 

To reveal the oxidation state of the Fe impurities, we performed X-ray photoelectron 

spectroscopy (XPS) analyses. The spectra of the Ta 4p region in Supporting Figure S6 

confirm that Ta is present in both materials in its most stable +V oxidation state. XPS of 

the Fe-Ta2O5 NT sample additionally reveals 1.2 at. % of Fe that is present in the 

technique-sensitive surface layer (Figure 2d), in line with values obtained from TGA (see 
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Supporting Figure S1). Further peak analysis indicates existence of both Fe2+ and Fe3+ in 

the Fe-containing NTs with atomic ratio of 1.8:1, respectively. No presence of metallic Fe 

could be identified. 

XPS data allows us to assume that 54% of Fe atoms is present in the form of Fe3O4 

(includes all Fe+3 species) which is the thermodynamically most stable form;39 while the 

rest 46% of the iron is present in the form of Fe2+ species that might be additionally 

incorporated as atomic dopants in the Ta2O5 matrix.  This assumption, however, is rather 

counterintuitive if one considers the ionic radius of Ta5+ and Fe2+ with the coordination 

number of 6 to be 0.64 Å and 0.75 Å, respectively.  

Raman spectroscopy provides additional insights into the defect and impurity structure 

of the Ta2O5 NT samples. The spectrum of the pure Ta2O5 NTs in Figure 4a contains 7 

main peaks that can be assigned to various vibrational modes of the oxide structure.45 In 

contrast, the spectrum of Fe-Ta2O5 NTs in Figure 4b contains fewer peaks – e.g., peaks at 

ca. 360 and 490 and 710 cm-1 that correspond to deformation and stretching O-2Ta and 

O-3Ta modes in TaO6 octahedra are completely vanished – that also get broader 

indicating that the structure of Fe-Ta2O5 NTs is more disordered and may incorporate 

additional defects.46 This observation is in line with the decreased crystallite size of the 

latter sample derived from XRD data and can further evidence the presence of Fe doping. 

 

  Figure 4. Raman spectra of (a) Fe-free and (b) the Fe-containing Ta2O5 NTs as well as (c) the digital 

photographs of the powders and their UV-vis absorption spectra.  

The Fe incorporation is clearly noticed by the change in the sample color (Figure 4c, 

insets). This is confirmed by diffuse-reflectance spectroscopy (DRS) measurements used 

to quantify light absorption properties of both samples in solid-state. Spectrum of the 
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Ta2O5 NTs shown in Figure 4c is in line with the expected optical band gap value of the 

oxide (3.9 eV) reported earlier.45 DRS of the Fe-containing Ta2O5 NTs additionally reveals 

extended absorption in the visible light range spanning well beyond 600 nm. It also 

features a clear absorption edge at ca. 600 nm (2.07 eV) that may correspond to the 

presence of earlier proposed Fe3O4 phase,47 however, other iron oxides cannot be reliably 

excluded. Additional absorption above 600 nm can be attributed to the presence of new 

interband states in Ta2O5 forbidden zone as a result of atomic doping by Fe ions.48 

The overall characterization data suggest that we have successfully designed two Ta2O5 

NTs samples with comparable morphology, composition, structure and dimensions, yet 

one of them incorporated the residual Fe in two forms: doping and segregated FeOx 

phases. Now, in order to unravel the effect of Fe incorporation, we investigated 

photocatalytic performance of the Fe-Ta2O5 NTs and Ta2O5 NTs.  

Photocatalytic performance 

Both materials were tested towards H2 evolution from sacrificial water splitting under UV-

vis illumination (see Methods for experimental details).  Reaction profiles (rates of H2 

production) are shown in Figure 5a along with the baseline which corresponds to the 

blank experiment performed without any photocatalyst present in the reaction medium. 

The photocatalytic activity of the Fe-Ta2O5 NTs powder suspensions, calculated from 

steady-state H2 evolution rate, was found to be rather low with photonic efficiency (see 

calculations in Supporting information) of as much as just 0.05 %, despite its extended 

absorption in the visible light range. Additionally, this value is much lower than that of 

similar materials reported in literature and that of a bulk Ta2O5. Interestingly, despite the 

weaker light adsorption, the pure Ta2O5 NTs demonstrated a 40-fold increase in activity 

(photonic efficiency of 0.8 %) with respect to the Fe-containing counterpart (details in 

Methods). This finding contradicts a number of literature reports where it has been shown 

that introduction of foreign cations (e.g. Fe) into a photocatalyst structure (e.g. Ta2O5) 

results in improved photocatalytic performance.49–51 
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Figure 5. (a) Photocatalytic hydrogen evolution tests of the Fe-free and the Fe-containing Ta2O5 NTs with 

and without the presence of Pt co-catalyst performed with 50 mg powders, and (b) additional tests with 

HCl-treated and impregnated samples without any Pt present performed with 10 mg powders. Colored 

areas represent time periods of light illumination. The graph also contains the baseline which corresponds 

to the black experiment performed without any photocatalyst present. The H2 evolution in this case is the 

result of photo-assisted MeOH oxidation (photo-reforming) and the rate is subtracted from photocatalytic 

activities of the rest of the samples when their performance is compared and discussed in the main text. (c) 

Direct comparison of the electrochemical impedance spectroscopy (EIS) spectra of Ta2O5 and Fe-Ta2O5 NTs 

at a bias voltage of -0.6 V under illumination (solid lines) and dark conditions (dashed lines), respectively. 
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Discussion 

A closer inspection of current literature suggests that the effect of doping on the 

photocatalytic performance is a trade-off between improved light absorption capability 

and increased electron-hole trapping recombination, while both rise with higher amount 

of incorporation.52 We know that the amount of Fe incorporation obtained by using 

standard CVD-grown CNTs as a template to prepare such 1D NTs lies in the range 

between 1 and 5 wt. % (TGA in Supporting Figure S1d), that is far higher than the optimal 

doping value reported elsewhere.53 Moreover, in our case – as derived from XPS, EDX and 

Raman data – the Fe incorporation is likely to result not only in pure doping, but also in 

the formation of segregated Fe oxide phase, which we believe can also act as an electron 

acceptor54 thus also diminishing photocatalytic performance – see Scheme 2.  

 

Scheme 2. Schematic representation of the energy band structure of the resulting Fe-Ta2O5 NTs in the 

case of atomic Fe doping (right) and formation of segregated FeOx NPs (left) that in both cases can act as 

electron traps and diminish photocatalytic performance towards hydrogen evolution reaction. 

To verify our hypothesis and further evaluate the effect of the Fe doping and the presence 

of FeOx impurities we have performed additional experiments with model samples. First, 

we have selectively removed FeOx from the Fe-containing Ta2O5 NTs by treating the 

powdered sample with 5 M HCl (see Methods). Acid treatment is known to dissolve 

segregated Fe oxides, while leaving the atomically-doped Fe intact. Interestingly, the 

resulting Fe-doped-Ta2O5 NTs did not lose their reddish color, indicating that main optical 

absorption edge at 600 nm can exclusively be associated with the presence of atomic 

doping. Photocatalytic experiments shown in Figure 5b reveal that the HCl-treated 

sample also exhibits a negligible activity similar to the one recorded for the sample before 

the treatment. This result indicates that Fe-doping is one of the factors for the observed 



13 
 

detrimental effect. To further elucidate the role of FeOx impurities, we impregnated our 

pure Ta2O5 NT sample with a corresponding amount of Fe(NO3)3 following by the heat 

treatment at 250 °C (see Methods). Using ferrous nitrate with its low decomposition 

temperature allowed us to prepare FeOx-containing Ta2O5 sample, while avoiding possible 

Fe doping.55 Photocatalytic H2 evolution tests shown in Figure 5b revealed a strong loss 

in activity after the impregnation thus indicating that also incorporation of FeOx impurities 

alone is detrimental for the performance of the Ta2O5 NTs. 

To further elucidate the underlying reasons for the decreased photocatalytic performance 

of the Ta2O5 NTs upon Fe incorporation, we additionally performed electrochemical 

impedance spectroscopy (EIS) on Fe-free and Fe-containing Ta2O5 NT powders that were 

deposited on transparent conductive electrodes in the form of thin films (see Methods). 

The EIS measurements were carried out in dark and under illumination at different applied 

voltages using a symmetric cell and a reactive redox electrolyte to evaluate the effect of 

Fe on the charge carrier dynamics.  

Figure 5c and Supporting Figure S9 display the Nyquist plots whose width is related the 

charge transfer resistance at the electrode/electrolyte interface Rk and charge transport 

resistance Rw under dark and illumination conditions, respectively. In the dark, Fe-Ta2O5 

cells show larger semicircles than those of Ta2O5 films. This indicates a diminished 

interfacial electron recombination Rk at the electrode/electrolyte interface, suggesting 

that the presence of Fe impurities induces intra band gap states that act as electron traps. 

In contrast, upon illumination the semicircles get significantly reduced, indicating a 

considerable density of excited carriers in the samples. Here, independently of the applied 

bias the Fe-Ta2O5 films show at least two times larger Rw values than the Ta2O5 films, 

pointing to a worse charge transport of the former sample. This is further supported by 

the higher capacitance Cw and charge collection efficiency coll of the Ta2O5 films 

compared to those of Fe-Ta2O5 films – see Supporting Table S1 and additional discussion 

in the Supporting information. Finally, the values of the electron lifetime  and electron 

length diffusion Leff also pinpoint that the new states introduced by the Fe impurities are 

effective electron trapping centers that increase the  and reduce the Leff values as directly 

compared to those of Ta2O5 films. 

Based on the EIS data and the photocatalytic experiments in Figure 5, we could propose 

that both types of Fe incorporation (in the form of doping and segregated FeOx phase), 

despite significantly increased absorption in the visible light range, are detrimental for the 
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photo-reductive performance. Scheme 2 illustrates possible charge transfer processes in 

the case of Fe-Ta2O5 NTs: in both scenarios the photoexcited electrons get trapped at the 

Fe impurities, loose their potential energy and become thermodynamically unable to 

further participate in the H+ reduction reaction.56 

Conclusion 

In this work, we used CNTs as sacrificial templates to synthesize Ta2O5 nanotubes with 

single-crystalline walls and tunable wall thickness. We observed that the residual CNT-

growth catalyst remains incorporated within the Ta2O5 NT walls upon oxidative CNT 

removal.  The combined analysis by Raman spectroscopy, XPS, DRS, EDX and XRD 

revealed that iron incorporates both, in the form of atomic doping and segregated FeOx 

nanocrystals. Further investigation with EIS shows that in both cases, the presence of iron 

exerts a highly detrimental effect on the performance of the NTs for photocatalytic 

hydrogen evolution.  Importantly, this effect can be avoided by pre-annealing the CNTs 

at 2100 °C to prepare Fe-free-Ta2O5 NTs that exhibited a 40-fold higher activity compared 

to the Fe-containing counterpart. Consequently, the presence of residual catalyst needs 

to be taken with great caution when using CNT templates to design functional tubular 

nanostructures for many energy and environmental applications.  

 

Methods 

CNT growth and post-processing. Carbon nanotubes were grown via a continuous-flow 

chemical vapor deposition (CVD) process with a floating catalyst, using a two stage horizontal 

tube furnace (type HZS, Carbolite, UK) and a custom-built temperature-controlled syringe 

injection inlet. In detail, a solution of 4 wt. % ferrocene in toluene was continuously injected into 

a pre-heated (180 °C) inlet at a rate of 5.4 ml h−1 before being carried by an argon flow 

(400 mL min−1) into the quartz reaction chamber that was heated at 760 °C. The growth time was 

set to 5h. After cooling the reactor, the CNTs were mechanically removed from the tube and 

further purified by annealing in argon at 1000 °C for 6 h (in order to remove amorphous carbon) 

to yield a CNT1000 sample or at 2100 °C for 6 h (in order to remove residual Fe) to yield a CNT2100 

sample. Length and average outer diameter of the as-grown CNTs were approximately 200 μm 

and 80 nm, respectively. 

Sol-gel Ta2O5 deposition. The CNTs (independent of the post-treatment) were hybridized with 

Ta2O5 via an aqueous sol-gel route (Scheme 1, step 1) using Ta(OEt)5 as precursor, ethanol as 

solvent and benzyl alcohol (BA) as linking agent. In a typical experiment, 100 mg of CNTs were 
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suspended in 70 ml ethanol, which included 50 l deionised water and 140 μl BA and 

ultrasonicated for 80 minutes. 400 mg of Ta(OEt)5 was dissolved in 20 ml of absolute ethanol 

under argon atmosphere and added drop-wise to the CNT suspension. After 24 hours of aging 

and stirring at room temperature, the solid material was filtered, washed with ethanol in order to 

removed unreacted precursor, and subjected to hydrothermal treatment at 180 °C for 24 hours. 

After the autoclaving, the suspension was transferred to a petri dish and dried at 60 °C to yield 

the CNT-Ta2O5 hybrid.  

Ta2O5 NT synthesis. After drying, the CNT-Ta2O5 hybrids were calcined in air to remove the CNT 

templates (Scheme 1, steps 2 and 3). The powdered samples were heat treated in air for 5h at 

780 °C (ramp 1.5 °C/min) to yield white Ta2O5 NT (resulting from the CNT2100 sample) and pink 

Fe-containing-Ta2O5 (resulting from the CNT1000 sample) powders (see Figure 4). 

Model samples. In order to verify which of the potential impurity type – Fe doping or formation 

of FeOx NPs – is responsible for the detrimental effect on photocatalytic activity, we prepared 

additional model samples. To prepare the Fe-doped-Ta2O5 NTs, we started with the pink powder 

of the Fe-incorporated-Ta2O5 NTs (sample prepared using CNT1000). It was dispersed in 5 M HCl 

solution and stirred for 30 h. The solution was then vacuum-filtered and thoroughly washed with 

water to remove any acidic residues. The resulting pink powder was then dried at 60 °C. To prepare 

FeOx-containing-Ta2O5 NTs, we started with the white powder of the pure Ta2O5 NTs (sample 

prepared using CNT2100) and impregnated it with Fe(NO3)3x9H2O solution. The solution was dried 

at 150 °C and further calcined at as low as 250 °C for 1 h to yield additional FeOx NPs on the Ta2O5 

NT surface while at the same time avoiding Fe doping.  

Characterization methods. Scanning electron microscopy (SEM) images were acquired using 

Zeiss XB 1540 EsB scanning electron microscope to obtain visual information on the long range 

pore order and morphology of the samples. Typically acceleration voltage of 2 kV and secondary 

electron detection mode were used. Transmission electron microscopy (TEM) images were 

obtained using FEI Tecnai F20 transmission electron microscope equipped with a field emission 

gun in bright field mode using 200 kV acceleration voltage. The sample was prepared from a 

suspension in ethanol without ultrasonication, using a copper Lacey carbon coated grids (Plano, 

200 mesh). Energy dispersive X-ray spectroscopy (EDX) was performed using both SEM and TEM 

machines to obtain elemental maps. X-ray diffraction (XRD) was performed using Bruker D8 

Advance machine with Bragg-Brentano geometry equipped with a Ni filter and a Lynxeye super 

speed detector using a Cu Kα irradiation with λ1 of 1.540596 Å and λ2 of 1.544410 Å with the ratio 

of 0.442227. The average crystallite size was calculated using Scherrer’s equation and a shape 

factor of 0.9. The thermogravimetric (TGA) measurements were carried out on a TGA Q5000 (TA 

Instruments). The samples were filled in an Al2O3-crucible and stabilized isothermally at 40 °C for 

1 h. A temperature ramp from 30 to 1000 °C with 5 K min−1 under air was applied. Raman spectra 
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were obtained using Jobin Yvon Horiba LABRAM HR dispersive Raman spectrometer equipped 

with a CCD detector, a Nd:Yag-Laser (λ = 532 nm) and an Olympus BX41 optical microscope. The 

chemical composition of the samples was obtained with X-ray photoelectron spectroscopy (XPS) 

using a VG ESCALAB 250 with Al-Kα radiation. The optical properties of the samples were further 

investigated via diffuse reflectance spectroscopy (DRS) using a Jasco V-670 UV-vis photo 

spectrometer. An Ulbricht-sphere was used for light collection and the samples were measured 

with a 3 mm aperture. Electrochemical impedance spectroscopic (EIS) assays were carried out with 

a potentiostat/galvanostat (PGSTAT30, Autolab) equipped with a frequency response analyzer 

module (FRA).  Multiple impedance measurements with different applied bias have been 

performed for each device starting at the Voc and going in 0.2 V steps until the Jsc condition. All 

devices were measured in the dark and under illumination (AM 1.5 filter, 100 W/cm2) conditions. 

The AC signal amplitude was set to 10 mV, modulated in a frequency range from 0.1 Hz to 100 

kHz. The Nova 1.11 software was used to obtain the parameters from the equivalent circuit.  With 

this data at hand, the charge collection efficiency yield coll, the electron lifetime  and the effective 

carrier diffusion length Leff were calculated by means of equations 1, 2, and 3, respectively.  

coll = 1- (Rw/Rk)     (1) 

= 1/(2 x x max)      (2) 

Leff = (Deff x )     (3) 

where Rw, Rk, max, and Deff are the electron transport resistance, the charge-transfer resistance to 

recombination of electrons, the maximum frequency taken from the Bode phase plot, and the 

effective diffusion coefficient, respectively. 

 

Photocatalytic experiments. Hydrogen evolution experiments were performed using an inner 

irradiation gas flow slurry type home-build reactor consisting of two cylindrical parts, each double 

walled, the inner cylinder completely made of quartz (HSQ300 type from Heraeus) to be 

transparent to the UV portion of light. A medium pressure immersion type 700 W Hg TQ 718 lamp 

(output power was adjusted to 500 W for all experiments) from UV Consulting company with 

output range of 200-600 nm was inserted in the inner cylinder. In a single experiment 50 mg of a 

powdered photocatalyst was dispersed in 10 vol. % MeOH-water solution by ultrasonication. 

Additional experiments only used 5 or 10 mg of the photocatalyst powder while keeping the rest 

of the experimental procedure identical. The reaction medium was then transferred to the reactor. 

During the experiment, the reactor was continuously purged with argon 5.8 (flow rate of 100 

ml/min, controlled with a mass flow controller Q-Flow 140 Series from MCC-Instruments) to 

deliver the gaseous products to the online gas analyzer (X-Stream®, Emerson Process 

Management) equipped with thermal conductivity detector (TCD) for H2 quantification. The 

temperature of the reactor was kept at 10 °C through a water cooling system from Lauda 

(Variocool 1200 W). In a single experiment, the suspension was first stirred for 1.5 h in dark, then 
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illuminated for 1 h. A typical H2 evolution profile (e.g. in Figure 5a) obtained with our flow reactor 

includes an “induction” period (increasing H2 evolution rate during the first 5-10 min) that is purely 

related to the fact the H2 gas first needs to fill the dead volume (e.g. reactor volume, tubing 

volume) to reach the detector. And visa-versa, when the illumination is stopped, the signal slowly 

goes down to the baseline level. Thus, for further evaluation, we only consider the steady-state 

rates of H2 evolution that the catalysts reach after 1 h of the light-on cycle. In some experiments 

the reaction mixture was further injected with water-based H2PtCl6 solution to photodeposit Pt 

NPs (assumed loading was equal to 0.5 wt. % with respect to the photocatalyst mass) during the 

second light-on cycle. The H2 evolution rates were normalized by subtracting the H2 evolution 

rate measured in the blank experiment (no catalyst present in the MeOH-H2O mixture) as a result 

of UV-assisted MeOH oxidation (photo-reforming). 
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