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A B S T R A C T   

Anatase nanoparticles, exposing the majority of the {0 0 1}, {1 0 0} and {1 0 1} facets were synthesized and 
doped with different niobium amount to investigate the self-trapping of the excess electrons and resulting 
photocatalytic activity. Photocatalyst structure and presence of excess electrons inside the obtained Nb-doped 
anatase samples was confirmed by the combination of structural and spectroscopic analyses. Only for the {1 
0 1} facets, introduced electrons were found to localize on the surface titanium sites, as long as the analysis was 
performed in the ambient environment. The photocatalytic activity data, studied in the reaction of 4-nitrophenol 
reduction and phenol oxidation, show that the dopant-introduced electrons might increase photocatalytic ac
tivity only for the anatase structures exposing {0 0 1} and {1 0 0} facets. Ultimately, the dopant effect on the 
photocatalytic activity depends on the exposed facet, which might be investigated for other systems to increase 
their applicability.   

1. Introduction 

Semiconductor-based technologies, such as the photocatalytic 
degradation process, are one of the most important areas of science and 
technology with a wide range of possible applications. An induced 
photoexcitation of an electron from the valence band to the conduction 
band of a semiconductor material can be seen as a mutual starting point 
for any further physicochemical phenomena. However, the post- 
excitation fate of charge carriers often defines the efficiency of a spe
cific process. Focusing on the photocatalytic reactions, their occurrence 
is directly dependent on the charge transfer between the excited pho
tocatalyst and reacting species present in a medium. This transfer is 
specifically a surface process, and therefore, the differences in the re
action rate might depend on the atoms’ arrangement at the interface. 
This problem was the subject of numerous studies presented in recent 
years [1–18], which have both predicted and proved the significance of 
the photocatalyst surface structure on the efficiency of the photo
catalytic reactions. Especially, the preferential localization of photo
generated holes and electrons on the outmost atoms has been deeply 

analyzed by computational methods [19–24]. The recent studies 
described in detail the self-trapping phenomena of both charge carriers 
on a variety of possible TiO2 surfaces. However, some concerns remain 
in the interpretation of the reported results. First of all, there is no 
consensus on the possible surface trapping of the electrons for the 
low-index anatase facets. Initially, Ma et al. had reported that e- should 
be trapped on the (1 0 1) and (1 0 0) surfaces [19], but further study by 
Carey and McKenna showed that such trapping could occur only for the 
high index surfaces, such as (1 0 3), (1 0 5) or (1 0 7) [20]. Furthermore, 
Selcuk and Selloni presented a more detailed analysis, in which it was 
found that the experimental conditions influence trapping, i.e., electrons 
are not trapped on the (1 0 1) surface when analyzed in vacuum, but 
electron trapping occurs when experiments are performed in the pres
ence of water at the interface [21]. It should be pointed out that pho
tocatalytic processes are not performed in a vacuum, and thus, the last 
finding might be especially important. Nevertheless, experimental 
verification is still important to discuss these predictions. The other 
problem with strict interpretation of these studies is that the e- and h+

are usually modelled by arbitrarily introducing or withdrawing excess 
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electrons from the model. Although obtained results are still useful, 
closely representing the energy states of the photogenerated charge 
carriers, this is different from the actual photocatalytic reaction where 
both e- and h+ are generated simultaneously. On the other hand, this is 
similar to the case of modified semiconductor structure, where point 
defects should result in a change of the charge carriers number at the 
ground state. At present, doping of the TiO2 structure with both metals 
and non-metals is constantly studied as one of the methods to increase its 
light absorption properties [25–31]. However, these studies usually do 
not discuss the dopant effect on the charge carriers’ density and how 
they behave on the surface, while theoretical findings predict that sur
face dependence could also be expected in that case. 

In this regard, the study on the interplay between electron-donating 
dopant and the surface structure of the anatase TiO2 photocatalyst is 
especially desired. First of all, it might help to confirm the possible 
electron trapping on the commonly observed crystal facets, {0 0 1}, {1 
0 0} and {1 0 1}, which might be questionable due to some conflicting 
results presented in the computational studies. Moreover, verifying the 
surface-dependent effect of the dopant for TiO2 would imply that similar 
behavior might be expected for other photocatalysts and dopants. 
Therefore, it would define a new approach to the problem of photo
catalyst doping in general. Finally, it would be helpful to evaluate how 
possible surface trapping affects the photocatalytic activity of the pre
pared materials since the available simulations do not predict it directly. 

In view of this, a shallow donor introduced to the anatase lattice is 
desired to avoid the creation of the deep-trapping states of the dopant. 
For the anatase TiO2, Nb can be beneficial as a donor since its shallow 
character is well-defined, and niobium can be easily incorporated into 
the anatase structure. Wang et al. reported the introduction of 20 % Nb 
into the TiO2 structure without the formation of any secondary phase 
and only with a limited effect on their absorption properties [32]. The 
previous studies also predict that for the bulk anatase, a relatively low 
amount of Nb substituting Ti should not form any additional energy 
levels [33–36]. Finally, Nb was an element introduced to the anatase 
models, analyzed by Selcuk and Selloni [21]. 

In this regard, in the present study, well-defined anatase nano
particles exposing the majority of the {0 0 1}, {1 0 0} and {1 0 1} facets 
were prepared and further doped with a low amount of Nb (designed Ti/ 
Nb atomic ratios were 0.5 %, 1.0 % and 1.5 % for each structure) to 
study the effect of excess electrons on the photocatalytic oxidation of 
phenol and photoreduction of 4-nitrophenol to 4-aminophenol under 
simulated solar light. Performed syntheses were based on the reported 
HF-mediated stabilization of the {0 0 1} facets, as well as pH-controlled 
growth of the {1 0 0} and {1 0 1} structures via two-step etching- 
rebuilding process in alkaline conditions [37–39]. 

2. Experimental 

2.1. Preparation of the photocatalysts 

Nb-doped anatase nanoparticles with dominant {1 0 1}, {1 0 0} and 
{0 0 1} exposed facets were prepared hydrothermally. In this regard, 
commercial TiO2 P25 (Evonik), potassium hydroxide, sodium hydrox
ide, 25 % ammonia solution, ammonium chloride, titanium tert- 
butoxide, n-butanol, 45 % hydrofluoric acid, and niobium(V) ethoxide 
were used as received. Each nanostructure was synthesized in its non- 
doped form, as well as with designed Nb contents of 0.5 %, 1.0 %, and 
1.5 %, calculated as an atomic percent relative to Ti. 

For the synthesis of {1 0 1} exposing nanoparticles, 1 g of TiO2 P25 
was treated with 40 cm3 of 8.5 M potassium hydroxide solution for the 
16 h at the temperature of 200 ◦C in a 100 cm3 Teflon-lined autoclave. 
To obtain desired doping concentration, a corresponding amount of 
niobium(V) ethoxide was added to the reaction suspension prior to 
thermal treatment. The obtained products were centrifuged, washed 
with water to the neutral pH, and dried at 80 ◦C. Subsequently, 0.4 g of 
each precursor was further converted to TiO2 using 100 cm3 of NH4OH/ 

NH4Cl buffer adjusted to pH = 9 (0.3/0.3 M) inside the 200 cm3 Teflon- 
lined autoclave at the 210 ◦C for 16 h. The final products were centri
fuged, washed with water five times, and dried at 80 ◦C. 

Synthesis of the {1 0 0} exposing nanoparticles was carried out 
analogically to the {1 0 1} ones, except that 10 M sodium hydroxide 
solution was used and the first step was carried out at 120 ◦C for 24 h. 
Obtained products were washed with water to the pH of about 10.5 and 
treated in a Teflon-lined autoclave with 120 cm3 of pure water at 200 ◦C 
for 24 h. 

Synthesis of the {0 0 1} exposing nanoparticles was performed in one 
step, starting from the 17 cm3 of titanium tert-butoxide, mixed with 30 
cm3 of n-butanol, 3.4 cm3 of HF solution, and a corresponding amount of 
niobium(V) ethoxide. The mixtures were kept in the 200 cm3 Teflon- 
lined autoclave at 180 ◦C for 18 h. Obtained products were centri
fuged and washed three times with ethanol and further with water as 
well as 2.5 % NH4OH solution to obtain neutral pH. After the pH 
correction, obtained materials were washed with pure water five times 
and finally dried at 80 ◦C. 

2.2. Phase structure, morphology and elemental composition 

The phase structure of the obtained materials was analyzed with the 
powder X-ray diffraction (XRD) method, using Rigaku MiniFlex 600 
instrument. The scan speed during the measurements was 0.75◦•min− 1 

with the step of 0.05◦. Rietveld refinement of obtained patterns was 
performed using PANanalytical X′Per HighScore Plus 2006 software, 
based on the Crystallography Open Database data of anatase crystal 
structure [40]. Profile fitting was based on the pseudo-Voigt function. 
Specimen displacement, coefficients for background function, lattice 
parameters a and c, as well as profile parameters including anisotropic 
peak broadening were refined. The morphology and elemental compo
sition of the materials were analyzed using FEI Quanta FEG 250 scan
ning electron microscope (SEM), combined with an Apollo-X SDD 
energy-dispersive spectrometer (EDS). The EDS data was obtained 
using accelerating voltage of 30 kV with a scanning resolution of 132 eV 
and the composition was determined as the average over the large 
sample area (approx. 2000–4000 µm2, depending on the samples). 
Detection level for the analyzed elements, except of oxygen, was 
determined as 0.1 at %. Obtained data was analyzed using the EDAX 
Genesis APEX 2i software. Additional elemental analysis was performed 
for the selected samples using inductively coupled plasma optical 
emission spectroscopy method (ICP-OES) for the titanium and niobium 
presence. Development of the surface area for the obtained samples was 
analyzed with the Brunauer-Emmett-Teller adsorption isotherm method 
(BET), measured at the 10 points with the N2 sorption within the p/p0 
range between 0.05 and 0.98 and at the 77.15 K temperature, using 
Micromeritics Gemini V instrument. Prior to the BET measurements, all 
samples were degassed at 200 ◦C for 2 h under the N2 flow. 

2.3. Spectroscopic analyses 

The optical absorption of the obtained samples was analyzed via 
diffuse reflectance spectroscopy (DR/UV–vis) using the Thermo Fisher 
Scientific Evolution 220 spectrophotometer. Prior to measurements, 
BaSO4 was used as a reference material in the wavelength range between 
190 and 1100 nm. Electron paramagnetic spectroscopy analysis (EPR) 
was performed at the temperature of liquid N2, using a Radiopan SE/X- 
2547 spectrometer with a frequency in the range between 8.911490 and 
8.91494 GHz. Modulation amplitude was 5 Gs, for the samples of the {0 
0 1} and {1 0 0} series, and 10 Gs for the {1 0 1} ones. The surface 
properties were analyzed by X-ray photoelectron spectroscopy (XPS, 
JEOL, JP-9010MC) for 50 scans to estimate the oxidation state of tita
nium, oxygen and niobium. For the estimation of energy distribution of 
the electron traps, the photoacoustic spectroscopy (PAS) and reversed 
double beam photoacoustic spectroscopy (RDB-PAS) with a laboratory- 
made equipment was performed, as described in the previous paper 
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[41]. 
Optical properties of the photocatalyst suspension in water and 

methanol were performed based on the procedure proposed by Cabrera 
et al. [42] Briefly, transmittance and diffusive transmittance measure
ments for the suspensions of the non-modified samples were performed 
with powder concentration up to 1 g•dm− 3 in the spectral range of 
300–40 nm. Then, specific mass extinction (β) and absorption (κ) co
efficients were determined as the slope of the change in the linear region 
of this relation. The final values are determined as spectral-average and 
were used to determine mass scattering coefficient (σ), using relation β 
= σ + κ, as well as scattering albedo ω = σ•β− 1. 

2.4. Photocatalytic activity tests 

Obtained materials were studied in two different photocatalytic re
actions: photooxidation of phenol in water and photoreduction of 4- 
nitrophenol to 4-aminophenol in methanol. All reactions were per
formed inside the same glass reactor with a quartz window for the light 
entry, working volume of 25 cm3, equipped with a magnetic stirrer, 
cooling jacket and additional hoses for the samples collection and 
possible introduction of the airflow. The reactor is approximately 3.6 cm 
in diameter and 2.5 cm thick. For each reaction, prepared photocatalyst 
suspension was stabilized for 30 or 20 min (details in Table 1) and was 
immediately introduced to the beam of concentrated 300 W Xe lamp 
light. During all experiments, reactor position in the light beam was 
monitored to always be in the centre of the light’s intensity, perpen
dicular to the beam. The measured maximum of the UVA flux intensity 
at the reactor border was set to be 30 ± 1 mW•cm− 2 and was controlled 
directly before and after the reaction. Shimadzu high-pressure liquid 
chromatography system, equipped with a diode array detector and C18 
column (Phenomenex), was used to detect dissolved products (HPLC- 
DAD). Quantitative analyses, including phenol, para-hydroxyphenol, 
ortho-hydroxyphenol, benzoquinone, 4-nitrophenol, and 4-aminophe
nol, were performed after calibration with standard compounds pro
vided by Merck. Summation and some further details on each reaction 
are presented in Table 1. The detailed scheme, dimensions of the setup, 
emission spectrum of the utilized xenon lamp and approximate distri
bution of the light’s intensity over the reactor area are presented in 
Supporting Information (SI). Based on these data, molar flux of photon 
possible to excite photocatalyst was calculated and compared to the 
reaction efficiency to achieve apparent quantum efficiency. During these 
calculations, 6 electrons (6 photons) are needed to reduce one molecule 
of 4-nitrophenol, while every photon is assumed to possibly induce 
transformation of phenol. However, since phenol degradation is a step- 
by-step process, which will include reactions with the formed by- 
products in the further parts of the process, only an initial rate (5 min) 
was taken for the calculations. 

3. Results and discussion 

3.1. Morphology, crystal structure, and composition of the photocatalysts 

Morphologies of the synthesized nanocrystals and Nb presence were 
confirmed by SEM observations and EDS elemental analysis, 

respectively. As presented in Fig. 1, unique morphology is obtained for 
each series with only slight impact of the Nb presence on the size of the 
formed particles. 

Furthermore, the shapes of the TiO2 nanocrystals with exposed facets 
can be identified based on the Wulff construction of anatase [43]. As 
presented in Fig. 1a and b, despite the formation of fine nanoparticles, 
their platelet character can be noticed, which is in accordance with the 
expected exposition of the {0 0 1} facets. The stabilization of these facet 
results from the HF presence, as already reported [44–47]. The four 
elongated sides of the rectangular rods, presented in Fig. 1c and d, 
correspond to the {1 0 0} facet, which is further topped off with other 
crystal facets. Finally, octahedral particles, shown in Fig. 1e and f, are 
almost exclusively enclosed by the {1 0 1} facets, with observed angles 
between specific crystal sides being very close to the theoretical values 
(136.6◦ and 43.4◦ for the obtuse and the acute ones, respectively). The 
formation of particles exposing {1 0 0} and {1 0 1} facets depends on the 
pH value during the second stage of the process, and is directly 
controlled by the selection of the etching agent (NaOH or KOH), as well 
as the washing of the obtained precursor and buffer introduction. For 
these samples, stabilization of both desired facets resulted from the 
increased alkaline conditions, hydration and oxygenation of the surface 
[37,48]. Moreover, no clear evidence of other particles than titania (e.g., 
deposited on the surface of faceted anatase) suggests that secondary 
phase (e.g., niobium oxide) has not been formed. 

Furthermore, EDS analysis confirmed Nb presence in all modified 
samples, with Nb/Ti ratio consequently increasing with an increase in 
niobium content during synthesis. The introduction of Nb results from 
either direct co-crystallization of Ti and Nb from organic precursors or 
Nb crystallization and diffusion during the two-step etching and 
rebuilding of the TiO2 structure [49]. These results are consistent with 
the additional ICP-OES analysis, however the latter have shown Nb 
concentrations closer to designed ones for samples from the {0 0 1} and 
{1 0 1} series. This suggests that for these nanostructures, some pref
erence for Nb to localise near surface might exist, which might influence 
EDS results. In addition, EDS analysis indicates some differences in the 
stoichiometry of the prepared samples, which correlates well with the 
accepted preparation procedures. The {0 0 1} series, synthesized in the 
H+ rich environment of n-butanol, is slightly deficient in oxygen, 
whereas {1 0 0} and {1 0 1} series, prepared in the OH- rich water so
lutions, showed no clear signs of O deficiency, when taking into account 
possible analysis error. 

Finally, since slight differences in the size of the particles are 
observed during SEM analysis, additional measurements of the specific 
surface area (SSA) were performed. However, no dependence of the SSA 
on the Nb amount for the prepared samples was noticed. Detailed results 
of the elemental composition and BET surface area analysis are pre
sented in Table 2. 

Furthermore, XRD analysis confirmed that all obtained materials 
were composed of pure anatase, without any additional crystalline 
phases, as shown in Fig. 2a. Nevertheless, some differences in the XRD 
patterns between series are noticeable, especially for samples with 
exposed {0 0 1} facets. It is known that the morphology of the nano
crystals can affect the width and intensity of the specific XRD reflections 
and for this series, broadening of the (0 0 4) and (1 0 5) signals at 2θ 

Table 1 
Details of the performed photocatalytic tests and analytical procedures.  

Reaction Light source and UVA flux int. 
(mW•cm¡2) 

Setup details Pre-treatment Detection 
method 

Mobile phase 
(volume %) 

Phenol degradation Xe lamp, 30 ± 1 0.2 mM solution, 25 cm3 reactor, 20 ± 1 ◦C, 4 
dm3•h− 1 airflow, in water 

30 min 
stabilization 

HPLC-DAD Acetonitrile – 70 
Water – 29.5 
H3PO4

a – 0.5 
4-nitrophenol 

reduction 
0.5 mM solution, 25 cm3 reactor, 20 ± 1 ◦C, in 
methanol 

20 min purging 
with Ar 

Acetonitrile – 39.5 
Water – 60 
H3PO4

a – 0.5  

a given fraction corresponds to the 85 % solution (w/w). 
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≈ 37◦ and 54◦ is in agreement with expected size reduction along with 
the [0 0 1] crystallographic direction [50]. Therefore, dominant expo
sition of the {0 0 1} facet can be proven, based on both their morphology 
and broadening of these reflections. For other series, similar behavior is 
not observed and XRD patterns resemble typical anatase standard. 
Nevertheless, an overall consistency of XRD patterns within each series 
can be noticed, proving that introduced Nb did not influence the crys
tallization process of the final nanoparticles, which also in accordance 
with the SEM morphologies. Noteworthy, for the largest content of Nb 
(1.5 % at.), the possible mass fraction of Nb2O5 could reach ca. 3–4 %, 
and thus it should be relatively high to be detected by XRD. In this re
gard, it might be proposed that the successful Nb doping is more prob
able rather than the formation of the heterojunction between TiO2 and 
NbOx secondary phase. 

The detailed effect of the Nb introduction on the crystal structure of 
each nanostructure was further examined including Rietveld refinement 
of the obtained patterns. Exemplary refined profiles are shown in Fig. 2b 
for the 1.5 % Nb modified samples, while detailed data is presented in 
Tables S1 and S2, as well as in Fig. S3 in the Supporting Information. As 

seen in Fig. 3a, for the {1 0 0} and {1 0 1} series increase of the niobium 
content linearly increase volume of the unit cell, which is also in 
accordance with the data reported for the other Nb-doped TiO2 struc
tures, [51–53]. This change is in a good accordance with possible sub
stitution of Ti4+ by a slightly larger Nb5+. Only in case of the {0 0 1} 
samples, the effect is not linear and generally does not follow any strict 
order. This might be especially due to some amount of O deficiency, 
which was suggested by the EDS results and could be expected due to the 
aggressive HF environment used during the synthesis [54]. Therefore, in 
this particular series, slight amount of O vacancies might also form along 
the Nb presence, which results in a “chaotic” evolution of the unit cell 
volume. Finally, calcination of the samples modified with 1.5 % Nb in 
each series at 600 ◦C for 2 h have not shown crystallization of any Nb 
phase, which suggest that no amorphous Nb species are present [55]. 
Noteworthy, this process also induce expansion of the unit cell in case of 
the {1 0 1} {1 0 0} samples and contraction in case of {0 0 1} one, as 
shown in Fig. 3b. These facts will be discussed in the further parts. 

Fig. 1. SEM images of the obtained bare and 1.5 % Nb-modified samples for each series. For images a,b,c and d the "top" and "side" correspond to the views along 
with and perpendicular to the [0 0 1] crystallographic direction, respectively. 
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3.2. XPS and DR/UV–vis spectroscopy 

To study the surface composition and oxidation state of elements, 
XPS analyses were performed and obtained data are summarized in  
Table 3, as well as exemplary spectra are presented in Fig. 4. For the {0 
0 1} and {1 0 1} samples, niobium content correlates with used pre
cursor, i.e., the higher the Nb amount used for the synthesis was, the 
higher was its content in the resultant samples, reaching 1.5 %, 2.5 % 
and 3.2–3.6 % (in respect to titanium) for 0.5, 1.0 and 1.5 samples, 
respectively. These data indicate the enrichment of {1 0 1} and {0 0 1} 
surfaces with niobium, which is also in accordance with the comparison 
of EDS and ICP-OES results. Thus, some preference for surface modifi
cation rather than uniform bulk doping is expected for these samples. 
However, in the case of {1 0 0} sample, an increase in niobium content 
does not result in an increase in its content on the surface. Moreover, a 
decrease in niobium content from 2.1 % to 1.0 % and 0.05 % (for 0.5, 1.0 
and 1.5 samples, respectively) has been observed, which means that 
either there is some limit of titania "doping/modification" with niobium 
(at ca. 0.5 at %) or niobium is mainly doped in the bulk. Similar doping 
limits have already been reported for other materials, e.g., Rh-doped 
titania [56]. However, the former does not explain a decrease in 
niobium content, and thus Nb-doping in the bulk is rather proposed for 
{1 0 0}-based samples All samples are highly enriched with oxygen on 
the surface, where oxygen to titanium ratio exceeds stoichiometric 2.0, 
reaching even ca. 4.0, which is typical for titania sample, being caused 
by the presence of hydroxyl groups and adsorbed water. Interestingly, 
the modification of samples with niobium causes different effect, i.e., an 
increase and a decrease in oxygen content. In contrast, in the case of 
titania modification with deposits of noble, rare-earth metals and 
ruthenium complexes, a decrease in oxygen content has been commonly 
observed, resulting from the replacement of hydroxyl groups by metal, 
and thus even lower O/Ti ratio than 2.0 [57]. Here, lack of strict 

correlation between low O/Ti ratio and niobium content suggest that 
similar -OH replacement is not occurring and Ti-Nb bonds probably do 
not form. This is also in agreement with the used Nb precursor (eth
oxide), which already introduced oxidized Nb form with attached 
oxygens. 

Titanium, oxygen and niobium peaks have been deconvoluted, as 
exemplary shown in Fig. 4. Titanium exists mainly in Ti4+ form as it is in 
TiO2, but slight content of reduced Ti3+ was also noticed, which is 
typical for various titania samples. For example, for O/Ti ratio data, 
there is no clear correlation between niobium amount and the content of 
Ti3+. On the contrary, niobium exists mainly in four-valence state, 
reaching 72–96 %. This could suggest the formation of the fine NbO2 on 
the surface, however reduction of the Nb5+ to Nb4+ during the synthesis 
procedure is not expected, as well as the presence of stable NbO2 will not 
be supported by the UV–vis analysis, especially for the {0 0 1} and {1 
0 0} samples. On the other hand, it is known that Nb competes with the 
Ti as the trapping site for excess electrons when considered as a dopant 
and the localization of the charge on Ti is specifically stabilized by the 
environment [21]. In this regard, under the XPS vacuum conditions, a 
preference to trap electrons on the Nb might be expected, which causes 
its reduction to Nb4+. Nevertheless, the minority of the Nb5+ states is 
also always present, with no clear correlation with the amount of 
introduced Nb. This suggests that some competition between Nb doping 
and the formation of other Nb structures (e.g. oxides) might still happen, 
however the latter seems to be limited. 

Furthermore, the XPS studies were followed by the DR/UV–vis 
absorbance analysis. The effect of the photocatalyst morphology can be 
observed, with {1 0 1} enclosed anatase particles exhibiting a significant 
absorption increase in the Vis and NIR regions (see in Fig. 5). Similar, 
but much smaller effect is also observed for the {0 0 1} samples. 
Therefore, additional energy states are created within the material, 
especially for this series. 

This effect for the {1 0 1} series cannot originate from the possible 
Nb2O5 presence, since its bandgap is almost the same as that of anatase 
TiO2, and no mid-gap states should be visible in the spectrum [58–62]. 
Furthermore, such effect could result from the presence of the stable 
NbO2 phase, but this is not supported by XRD and SEM analysis. 
Moreover, additional treatment of the 1.5 % Nb sample with H2O2 
(30 min, with high excess of molar H2O2 relative to Ti) resulted in no 
change in the absorbance as shown in the Fig. S4 in the Supporting In
formation. Similar effect was also observed for the O3 treatment. 
Therefore, formation of any oxidizable species on the surface of this 
sample cannot be responsible for the formation of these additional 
states. This includes possible reduced Nb species, as well as surface 
oxygen vacancies and possible carbon species. Furthermore, the XPS 
results have shown that Nb4+ cations are present in all TiO2 nano
structures with similar content, which cannot explain differences in the 
absorbance between the series. In this regard, it is expected that this 
effect results from different localization of the electrons introduced to 
the TiO2 lattice with the Nb dopant, which should depend on both the 
surface structure and the environment. Especially, transfer of e- from Nb 
site to the surface Ti is suggested for the {1 0 1} facets, based on the 
simulations performed at the interface with water [21]. Therefore, 
especially for this series, the formation of the Ti3+ defects might be 
preferred under the ambient conditions, which is also in agreement with 
increased Vis-NIR absorbance. Similar effect is also a well-known phe
nomenon for the oxygen-deficient TiO2, which ultimately causes the 
blue coloration of the powder [63–66]. However, especially in the case 
of anatase samples exposing {1 0 0} and {1 0 1}, no presence of oxygen 
vacancies is expected since these samples were prepared in relatively 
oxygen-rich conditions under high pH values. Moreover, both EDS and 
XPS measurements have not indicated any oxygen deficiency for these 
series. The fact that Vis-NIR absorbance of the {1 0 1} is not related to 
the oxygen vacancies is also in accordance with the performed calci
nation of the 1.5 % Nb sample, which resulted in the expansion of the 
unit cell. As the oxygen deficiency results in the formation of Ti3+, the 

Table 2 
Summation of the EDS, ICP-OES and BET surface area analysis for all samples.  

Sample 
name 

Designed 
Nb/Ti (at.) 

EDS Nb/ 
Ti (at.) 

ICP-OES 
Nb/Ti (at.) 

EDS O/ 
Ti (at.) 

BET surface 
area 
(m2•g¡1) 

{0 0 1}  0 0 n.d. 1.8 
± 0.50  

84 

{0 0 1} 
0.5 % 
Nb  

0.005 0.003 
± 0.002 

0.0057 
± 0.0010 

2.0 
± 0.50  

79 

{0 0 1} 
1.0 % 
Nb  

0.010 0.009 
± 0.002 

n.d. 1.7 
± 0.50  

81 

{0 0 1} 
1.5 % 
Nb  

0.015 0.011 
± 0.002 

0.0177 
± 0.0010 

1.8 
± 0.50  

92 

{1 0 0}  0 0 n.d. 1.9 
± 0.50  

17 

{1 0 0} 
0.5 % 
Nb  

0.005 0.005 
± 0.002 

0.0048 
± 0.0010 

3.0 
± 0.50  

16 

{1 0 0} 
1.0 % 
Nb  

0.010 0.008 
± 0.002 

0.0081 
± 0.0010 

2.3 
± 0.50  

14 

{1 0 0} 
1.5 % 
Nb  

0.015 0.013 
± 0.002 

n.d. 2.7 
± 0.50  

16 

{1 0 1}  0 0 n.d. 1.9 
± 0.50  

23 

{1 0 1} 
0.5 % 
Nb  

0.005 0.003 
± 0.002 

n.d. 2.2 
± 0.50  

15 

{1 0 1} 
1.0 % 
Nb  

0.010 0.005 
± 0.002 

0.0110 
± 0.0010 

2.3 
± 0.50  

14 

{1 0 1} 
1.5 % 
Nb  

0.015 0.011 
± 0.002 

n.d. 2.3 
± 0.50  

16  
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unit cell of the reduced TiO2 is also know to expand similarly to the Nb5+

doping [67]. However, in consequence, if vacancies are removed from 
the structure, contraction might be expected as the source of the excess 
electrons disappears from the structure. In fact, this is observed for the 
calcined {0 0 1} 1.5 % Nb sample, where some VO might be present due 
to the accepted preparation procedure. In the case of the 1.5 % {1 0 1} 

the unit cell expands which, interestingly, is also accompanied by the 
diminishing of the Vis-NIR absorbance, as shown in Fig. S5 in Sup
porting Information. Instead, a slight new absorbance band appear down 
to the ~2.4 eV. Noteworthy, such behavior is in a very good agreement 
with possible incorporation of the excess oxygens into the TiO2 struc
ture, which can form absorbance states at similar energy levels [35]. 

Fig. 2. XRD patterns of the obtained TiO2 photocatalysts (exposing different crystal facets) modified with Nb (a) and exemplary Rietveld refined patterns for the most 
modified samples in each series (b). 

Fig. 3. Effect of Nb presence on the unit cell volume obtained from the refined XRD patterns (a) and calcination effect on the unit cell volume of the most modified 
sample in each series (b). 
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Moreover, introduction of excess atoms would explain well expansion of 
the unit cell. Formation of such O rich structure is also in agreement with 
possible passivation of the Nb-doping, which was discussed in the 
literature [34,68]. 

As for the {0 0 1} and {1 0 0} samples, the relatively low absorption 
suggest that similar electron trapping (on the surface or in the bulk) is 
less prominent, which indicates that introduced electrons became 
delocalized over different sites. This is in agreement with the general 
predictions for the bulk anatase doped with Nb, proving that this phe
nomenon depends on the surface structure [34–36]. 

Furthermore, DR/UV–vis analysis could be discussed in terms of the 
possible formation of O-rich anatase structures for the {1 0 0} series, 
which might be suggested, since it was characterized by the high O/Ti 
ration during the EDS analysis and no absorbance increase characteristic 
for the excess electrons was observed. However, as shown for calcined 
1.5 % {1 0 1} sample, combination of Nb and OI defects inside the 
anatase crystal structure, as well as Nb with surface peroxo complexes, 
should create additional energy states above the valence band edge 
(yellow coloration) [34,68]. This effect was also reported for other point 
defects related to the oxygen excess inside the TiO2 structure, such as a 
simple O excess [69,70], Ti vacancy, or interstitial Ti [30,71]. In this 
regard, the almost perfect alignment of the absorbance edge for the {1 
0 0} samples cannot support the formation of such O-rich structures. 
Therefore, the high oxygen amount observed for these samples could 
result from high surface hydroxylation, which might be connected with 
highly alkaline preparation conditions. 

In this regard, DR/UV–vis spectroscopy has revealed possible surface 
trapping of the Nb-originating excess electrons on the titanium sites of 
{1 0 1} facets, as predicted by the computational studies. However, since 
this trapping depends on the interface character and is not preferred in a 
vacuum, XPS was found to be not reliable in the determination of the 
possible surface Ti reduction. Instead, excess electrons are preferred to 
trap on the Nb atoms, causing the appearance of dominant Nb4+ signals. 
Therefore, to further prove the differences between the samples, addi
tional analyses were performed based on the low-temperature EPR and 
RDB-PAS measurements, as both of these techniques are surface- 
sensitive and do not require vacuum conditions. 

3.3. EPR spectroscopy and RDB-PAS 

The EPR spectra of the pure and 1.5 % Nb samples for each series, in 

which three main signals can be identified, are presented in Fig. 6. The 
signals located at g ≈ 1.989 and g ≈ 1.955 are well-known to originate 
from the electrons trapped at the bulk Ti sites (bulk Ti3+) and are the 
only signals observed for the {0 0 1} exposed nanoparticles [72–74]. 
Moreover, existence of some bulk Ti3+ defects in these samples is in 
agreement with a discussed presence of O vacancies for these nano
particles. Nevertheless, although precise quantification was not possible 
during this analysis, a higher signal-to-noise ratio is observed for the 1.5 
% Nb-TiO2 sample, suggesting that a higher number of Ti3+ states were 
formed when Nb was introduced to the photocatalyst, under otherwise 
identical synthesis conditions. An increase of the bulk Ti3+ states is 
especially connected with excess electrons present inside the TiO2 lat
tice, which further prove the doping behavior of the introduced Nb. It 
could also be noted that both bare and 1.5 % Nb {0 0 1} samples were 
characterized by almost identical O-stoichiometry both during the EDS 
and XPS analyses. Furthermore, for other samples, the additional signal 
at g ≈ 2.003 is observed, especially for the unmodified structures. The 
signal in this region is often observed due to the electrons trapped at the 
oxygen vacancies. However, it is generally observed as a sharp and 
symmetrical peak in both high and low fields of the spectrum, which is 
not the case here. Moreover, both EDS and XPS analyses have not 
revealed any meaningful oxygen deficiency for these series. Therefore, 
these signals’ appearance might be connected with possible charge 
carriers trapping at the different oxygen species. This might include the 
formation of the lattice O-, as well as •O2

- at the surface since both of 
these species are characterized by signals with similar g values [75–78]. 
Although their precise identification seems to be impossible for obtained 
results, they do not correlate with the observed absorbance increase for 
the {1 0 1} series, nor the Nb presence. Therefore, it can be assumed that 
their appearance results from the features specific to each facet type, and 
they should not contribute to the differences observed within the series. 
On the other hand, the introduction of Nb further causes the appearance 
of different features in the spectrum of both {1 0 0} and {1 0 1} samples. 
For nanoparticles enclosed with the {1 0 0} facets, Nb presence creates 
additional bulk Ti3+ states, similar to the {0 0 1} samples. However, this 
signal is relatively low compared to the possible O-/•O2

- formation, 
which is dominant for this sample. This is in agreement with the ab
sorption studies, which have shown that the formation of the Ti3+ states 
at room temperature is not observed by the UV–vis spectroscopy. 
Therefore, their delocalization should be preferred in the room condi
tions for the {1 0 0} structure. Finally, in the case of the {1 0 1} sample, 
Nb presence results in the clear distortion of the EPR signal for the g 
< 1.99. The overlapping of the low-intensity signals in this region 
originates from the electron trapping on the surface Ti sites (surface 
Ti3+). In this case, the lack of a strictly defined peak results from the 
differences between the various surface sites, forming a broad 
distortion-like signal in this region. This behavior is well-observed only 
in the spectrum of the Nb-modified {1 0 1} sample. Since, in this spec
trum, no other high-intensity signals are observed, the formation of the 
surface Ti3+ seems to be the only possible explanation for the combined 
EPR and DR/UV–vis results, and thus proving the surface trapping of the 
excess electrons only for the {1 0 1} facets. 

Finally, RDB-PAS analysis was performed to obtain the energy dis
tribution of the electron traps within the materials. During these ana
lyses, valence band electrons are excited directly to the trapping sites of 
the semiconductor using wavelength scanned continuous light irradia
tion in the presence of methanol as the scavenger of photogenerated 
holes. This method was designed specifically to investigate photo
catalyst powders allowing analysis of their surface traps, identification 
of the specific materials as well as observing possible interphase charge 
transfer [79–81]. Fig. 7 shows obtained distributions of trap density for 
pristine and Nb-doped samples (total densities are given in chevrons). As 
shown, niobium presence contributed differently to the trap density, 
depending on the nature of the exposed facets. Especially, for the {1 0 1} 
samples, systematic reduction of the trapping sites’ density is observed 
together with the increase of the Nb content. As reported before, 

Table 3 
Summation of the XPS data for the obtained samples.  

Sample name XPS Nb/Ti 
(at.) 

XPS O/Ti 
(at.) 

Ti species (at 
%) 

Nb species 
(at %) 

4 þ 3 þ 5 þ 4 þ

{0 0 1}  0  3.03  94.3  5.7 - - 
{0 0 1} 0.5 % 

Nb  
0.015  2.35  95.0  5.0 23.9 76.1 

{0 0 1} 1.0 % 
Nb  

0.025  4.25  93.7  6.3 3.5 96.5 

{0 0 1} 1.5 % 
Nb  

0.036  3.02  93.7  6.3 11.4 88.6 

{1 0 0}  0  3.65  95.69  4.3 - - 
{1 0 0} 0.5 % 

Nb  
0.021  3.76  93.3  6.7 28.2 71.8 

{1 0 0} 1.0 % 
Nb  

0.010  2.16  95.2  4.8 3.7 96.3 

{1 0 0} 1.5 % 
Nb  

0.005  2.34  96.1  3.9 22.6 77.4 

{1 0 1}  0  2.30  95.7  4.3 - - 
{1 0 1} 0.5 % 

Nb  
0.015  2.29  95.6  4.4 17.9 82.1 

{1 0 1} 1.0 % 
Nb  

0.025  2.33  94.6  5.4 29.5 70.5 

{1 0 1} 1.5 % 
Nb  

0.032  2.16  95.9  4.1 7.5 92.4  
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RDB-PAS analyses are specifically sensitive towards the surface electron 
traps, showing a clear trend of the determined trap density, together 
with the surface area of the photocatalyst [79]. Therefore, a decrease of 
the trap density for the {1 0 1} samples should especially result from 
filling of these surface states with excess electrons, introduced together 

with the Nb. This is not observed for the {0 0 1} and {1 0 0} samples, 
where Nb presence does not affect total densities in a significant way. 
This agrees with the EPR results, which showed the appearance of the 
bulk Ti3+ states for these samples, when Nb was introduced. Ultimately, 
this further proves that only in the case of Nb-doped {1 0 1} samples 

Fig. 4. Exemplary XPS results for {1 0 1} samples of Ti 2p3/2, O 1 s and Nb 3d5/2.  
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additional electrons should trap at the surface sites. 
Furthermore, in the case of samples {1 0 0} the density of electron 

traps is overall very low, which might be due to the preferred hole 

trapping, reported previously for this surface [19], as well as possible 
capping of the trapping sites with i.e. -OH groups. The second might be 
especially reasonable due to the alkaline conditions present during the 

Fig. 5. DR/UV–vis absorption analysis for the obtained TiO2 photocatalysts doped with Nb and exposed with different crystal facets.  

Fig. 6. Low temperature (77 K), min-max normalized EPR spectra of the bare and most Nb-modified TiO2 samples in each series.  

Fig. 7. Energy distributions of the electron trap density present in the prepared TiO2 samples, as obtained from the RBD-PAS measurements. Total densities are given 
in chevrons. Please note different X scale between the samples. 

S. Dudziak et al.                                                                                                                                                                                                                                

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Applied Catalysis B: Environmental 328 (2023) 122448

10

synthesis and generally high oxygen presence observed for these series. 
Similar effect might also be suggested for the {1 0 1} exposing sample, 
where electron traps might be hypothetically capped with both -OH and 
ammonia, however further reduction of their density, together with Nb 
is still noticeable for these samples. Finally, especially for the {1 0 0} 
facets, the introduction of the Nb promotes the appearance of the 
additional trapping sites, approx. 0.2 eV below the conduction band 
edge. This is also observed for the 0.5 % and 1.0 % Nb-modified {1 0 1} 
samples, however, the effect disappeared together with the reduction of 
the trapping sites amount. The appearance of these states may result 
from the formation of the secondary phase inside the photocatalyst, with 
its valence band edge having lover potential than the primary material. 
In such a case, electrons from the secondary phase could be excited to 
the trap states of the primary material with lower energy [81]. The same 
can result if additional energy states are created above the valence band 
edge of the anatase. However, especially for the {1 0 0} samples, this is 
not supported since no difference in the absorption spectra was 
observed, as well as XPS/EDS analysis revealed that Nb localizes in the 
bulk of the material for the higher concentrations. On the other hand, a 
similar maximum of the trap density below the conduction band is al
ways present for the {0 0 1} samples, which are especially characterized 
by the bulk Ti3+ defects. In this regard, for the {1 0 0} structures, these 
states also appear as a consequence of the increased number of bulk 
defects, as shown by the EPR analysis. 

Ultimately, based on the combined structural, morphological, and 
spectroscopy analyses, Nb is expected to act as the electron-donating 
dopant in the prepared anatase TiO2 samples, which resulted in the 
presence of excess electrons inside its crystal lattice. The self-trapping of 
these electrons on the Ti centres could be observed under the non- 
vacuum conditions, showing their preferred surface localization only 
for the {1 0 1} facets. These results are in good agreement with some of 
the computational predictions, simultaneously proving that such trap
ping can occur for the low-index TiO2 facets under the ambient condi
tions [21]. Therefore, similar phenomena might also be expected for the 
other semiconductor/dopant combinations. It should also be noted that 
different effects could be expected for the commonly obtained 
non-faceted, spherical particles, since it is known that charge carriers 
trapping is different in such structures [23]. Finally, to verify how this 
self-trapping at the ground states affects the photocatalytic activity of 
the prepared samples, photoreduction of the 4-nitrophenol, as well as 
photooxidation of phenol were studied in the presence of the obtained 
Nb-doped anatase structures. 

3.4. Determination of the optimal photocatalyst concentrations 

Prior to the actual analysis of the photocatalytic activity, photo
catalyst concentration was optimized for both reactions (phenol degra
dation in water and 4-nitrophenol reduction in methanol) to account for 
the possible effect of different optical properties of the suspensions. For 
the phenol degradation, procedure was performed experimentally, 
following suggested protocol with P25 as an internal standard [82]. As 
shown in Fig. 8, all samples show a bit different increase of the observed 
rate constant, however in each case they achieve maximum activity 
around 2 g⋅dm− 3, which was adapted as optimal for this reaction. 

Furthermore, due to the different environment used, performance 
might be different in case of 4-nitrophenol reduction. Therefore exper
imental results of phenol degradation were followed with determination 
of optical properties for each sample (both in the water and methanol), 
as specified in the experimental section. Summation of the obtained 
parameters is shown in Table 4, together with the resulting apparent 
optical thickness of the reactor, calculated based on the six-flux model 
(SFM) as τapp = β•C•L•A•(1- ωcorr

2 )1/2 [83], where C is photocatalyst 
concentration, L is reactor length (2.5 cm), ωcorr is corrected scattering 
albedo and A is SFM parameter [84]. Noteworthy, obtained values are 
quite consistent with the parameters reported for other TiO2 materials 
[85,86], including P25 (β = 14705 cm2•g− 1, κ = 3088 cm2•g− 1, 

ω = 0.79 in water [87]). 
Based on these calculated parameters two observations can be made. 

Firstly, the experimentally determined optimal concentrations from 
Fig. 8 achieve quite larger values of τapp, comparing to the optimal ones 
reported in the literature (approx. 3–4 [87,88]). In general, as shown in 
Fig. S7 using P25 as an example, the experimental degradation rate in
crease slower than photon absorption predicted with SFM. This effect is 
systematic for all samples, suggesting its dependence on the experi
mental setup, rather than photocatalyst itself. In this regard, it could be 
highlighted that the reactor used does not follow some of the SFM as
sumptions [84]. This includes mostly non-uniform photocatalyst distri
bution (especially under high concentrations and due to intensive 
stirring directly inside the reactor space), as well as limited size of the 
reactor in all directions with significant flux changes at the reactor 
border (see Figs. S1 and S2b). In this regard, differences between 
experimental and SFM results seems reasonable, leading to experimen
tally best conditions at 2 g⋅dm− 3. 

Secondly, the optical properties in methanol are different than in 
water and are actually similar between all samples. This fits quite well 
observations by Delforce et al., who have shown that isoelectric point of 
TiO2 in methanol is significantly shifted to the basic conditions (approx. 
pH = 11), compared to the water (close to the neutral conditions) [89]. 
Therefore, stabilization of the photocatalysts suspension in methanol 
might be expected due to the relatively strong surface charge regardless 
of the sample, resulting in a similar optical properties of the suspensions. 
Furthermore, following calculated τapp it was suggested that optimal 
conditions for 4-nitrophenol reduction might have been achieved at 
1 g⋅dm− 3, due to the similarities with the results obtained for phenol. 
However, as shown in Fig. S9 in the SI, further increase of the photo
catalyst concentration up to 2 g⋅dm− 3 resulted in a systematic increase 
of the reduction efficiency, independently of the optimal τapp observed 
for water reaction. As this reaction is fundamentally different from 
phenol degradation, this shown that optimal conditions are probably not 
the same for these two systems. Nevertheless, the relative differences 
observed between 1 and 2 g⋅dm− 3 are similar for all tested samples, 
which agrees with similar optical properties of methanol suspensions. In 
this regard, comparison at the same concentration should be reasonable 
to determine the Nb effect, independently on the strictly optimal con
ditions. Therefore, results obtained at the 1 g⋅dm− 3 were taken for 
further discussion. 

Fig. 8. Change of the observed phenol degradation rate as the function of 
photocatalyst concentration for each of the unmodified samples and P25 con
trol. Experimental error based on the variance of P25 at the optimal concen
tration of 2 g•dm− 3. Rate constant determination is presented in Figs. S6 and S8 
in Supporting Information. 
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3.5. Photocatalytic activity 

The effect of Nb-introduced excess electrons in anatase structure 
with exposed different crystal facets on photocatalytic reduction of 4- 
nitrophenol to 4-aminophenol in methanol is presented in Fig. 9, 
while detailed kinetics are presented in Supporting Information. More
over, selectivity of the reduction process was calculated as the ratio 
between produced 4-aminophenol and the number of disappeared 4- 
nitrophenol molecules (mean over time). From these results, a clear 
effect of the exposed facet, as well as Nb presence, can be observed. For 
the bare TiO2 materials, both directly observed and per-surface reduc
tion activity order is {1 0 1} > {0 0 1} > {1 0 0}, which is in agreement 
with preferred photoreduction character of these surfaces [19]. 
Furthermore, for the {1 0 1} samples introduction of the Nb resulted in 
visible decrease in their reduction ability, although excess electrons 
localize on the surface and the calculated selectivity was significantly 
increased for this series. This decrease is observed independently of the 
surface normalization and is linear after normalization. In this regard, 
the introduction of the additional electrons could not support the 
reduction ability of the {1 0 1} facets. This might result from two 
possible effects. Firstly, a significant amount of surface defects, such as 
Ti3+, might increase the recombination rate at the surface, therefore 
decreasing the total amount of reacting charge carriers for these struc
tures. Secondly, it might be expected that a large number of excess 
electrons localized on the surface would inhibit the photooxidation re
action, which must also occur to counter the reduction process. In such a 
case, the process might start to be limited by lowering the photooxida
tion potential of these materials. On the other hand, both for the {0 0 1} 
and {1 0 0} samples, the introduction of the Nb increased their reduction 

ability, with some maximum observed somewhere up to the ~0.7 at % 
of Nb/Ti ratio. Again, the Nb effect is observed both without and after 
considering possible effect of the surface development. Noteworthy, for 
the modified structures, the {0 0 1} samples achieve the highest 
reduction ability as a combination of positive Nb effect and high surface 
area. Furthermore, from the three investigated facets, only the {1 0 1} 
ones are expected to preferably trap electrons over the photogenerated 
holes [19]. In this regard, positive Nb effect also correlates with the 
“oxidative” character of both {0 0 1} and {1 0 0} surfaces. For the 
surface-normalized results, the highest increase of the reduction ability 
is observed for the {1 0 0} series, which would create precisely opposite 
trend to the reduction ability of the non-modified facets (highest in
crease for the most oxidative facet and a decrease for a reductive one). 
However, it must be noted that the exact relation between the surface 
development of the specific facet and observed nitrophenol reduction is 
not proved so far, therefore it is not obvious if activity would increase 
linearly with the photocatalyst surface area. In this regard, such obser
vation would need further investigation. On the other hand, for the 
non-normalized results, the highest reduction enhancement by Nb 
presence is observed for the {0 0 1} facets, which would also correlate 
with the highest electron trap density. For both {0 0 1} and {1 0 0} 
samples Nb presence increase reduction selectivity, the same as for the 
{1 0 1}, however the effect is visibly lower for the {0 0 1} ones. 

Furthermore, degradation of phenolic compounds occurs through 
photogenerated reactive oxygen species, which are created through 
reduction and oxidation reactions [90]. As shown in Fig. 10, the effect of 
the exposed facet and Nb presence can also be noticed, especially for the 
{1 0 1} samples, however differences are less noticeable than for 
nitrophenol reduction. The per-surface activity for the bare anatase 

Table 4 
Summation of the calculated optical properties in water and methanol.  

Water  Apparent optical thickness τapp 

Sample β (cm2•g− 1) κ (cm2•g− 1) σ (cm2•g− 1) ω 0.25 g•dm− 3 1 g•dm− 3 2 g•dm− 3 3 g•dm− 3 

{0 0 1} 38837 9339 29499 0.76 10 39 78 118 
{1 0 0} 13011 3545 9466 0.73 3.5 14 28 42 
{1 0 1} 11484 3404 8080 0.70 3 13 26 39  

Methanol  Apparent optical thickness τapp 

Sample β (cm2•g− 1) κ (cm2•g− 1) σ (cm2•g− 1) ω 0.25 g•dm− 3 1 g•dm− 3 2 g•dm− 3 3 g•dm− 3 

{0 0 1} 29062 4071 24991 0.86 6 23 46 68 
{1 0 0} 30352 5517 24836 0.82 7 27 53 80 
{1 0 1} 27706 5996 21710 0.78 7 27 53 80  

Fig. 9. As-obtained and surface-normalized efficiency of the photocatalytic 4-nitrophenol reduction to 4-aminophenol after a 30 min process, together with the 
calculated selectivity as the function of exposed crystal facet and Nb concentration. Lines are added as guides. 
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structures is {1 0 1} > {1 0 0} > {0 0 1}, which especially correlated 
with the high surface trapping of both electrons and holes on the {1 0 1} 
facets resulting in their high activity [19,91,92]. However, similarly to 
the 4-nitrophneol reduction, Nb presence decreased the observed rate 
constant for these samples, again independently on the surface devel
opment. For the remaining two series, niobium introduction affected 
their activity very slightly and no clear negative effect was observed. On 
the other hand, some positive effect might be seen, depending if surface 
normalization was considered. Specifically, {0 0 1} sample modified 
with the largest amount of Nb showed visible activity enhancement 
when its surface area was not considered. However, we have previously 
noted that high phenol degradation rates over these particular facets 
show general dependence on the high surface area, when synthesis was 
performed in the same environment [93]. Therefore, some effect of the 
surface area development might be expected in this case. Independently 
of the surface area, the Nb effect on phenol degradation is the lowest for 
the {1 0 0} facets. 

Ultimately, it was found that the Nb effect is quite similar for both 
photoreduction and photodegradation processes. However, the reduc
tion is more sensitive to its presence. The overall results suggest that 
excess electrons introduced to the TiO2 photocatalyst can enhance its 
activity, but only when it does not compromise the reactivity of the co- 
generated holes. In this case, it is expected only for the {0 0 1} and {1 
0 0} facets, which show oxidative character and prefer to trap h+ in their 
non-modified form. Finally, calculated apparent quantum efficiencies 
for the presented results are summarized in the Table 5. 

4. Conclusions 

Three anatase nanostructures, exposing the majority of the {0 0 1}, 
{1 0 0}, and {1 0 1} facets were successfully prepared by different 
conditions of the hydrothermal method. Moreover, the faceted TiO2 
samples were doped with Nb, which allowed us to study the self- 
trapping of the excess electrons in the photocatalyst structure in the 
ground state. Based on the performed structural, morphological, and 

elemental analysis, the formation of a single-phase anatase was 
confirmed with no secondary Nb-phase. The surface trapping at the Ti 
sites was observed only for the {1 0 1} facets under the non-vacuum 
conditions, which resulted in the visible absorption increase in the vis- 
NIR region (blue coloration), distortion of the EPR signal for the g 
< 1.99, as well as the disappearance of the "empty" surface electron 
traps during the RDB-PAS analysis. Simultaneously, no oxygen defi
ciency was noticed in these samples. For the {0 0 1} facets, introduced 
electrons localize strictly on the bulk Ti, while for the {1 0 0} ones, they 
either delocalized over the conduction band states or became trapped at 
the bulk Ti. The highest activity was observed for the anatase exposing 
{1 0 1} facets. However, for such octahedral anatase particles exposing 
{1 0 1} facets, Nb presence decreased activity in both phenol oxidation 
and 4-nitrophenol reduction reactions. On the other hand, for the {0 0 1} 
and {1 0 0} series, the introduction of Nb promoted their reactivity, with 
a maximum depending on the Nb amount. For all samples, the Nb effect 
is more clear in the reaction of 4-nitrophenol reduction than in phenol 
photodegradation. 

Described results present two important conclusions for further 
studies. First of all, it experimentally confirms that possible localisation 
of excess electrons in the photocatalyst structure depend both on the 
surface structure and the presence of interface species. Especially, re
sults obtained under the vacuum and non-vacuum conditions are 
different, showing competition between e- trapping on Nb or Ti sites. 
With respect to the photocatalyst preparation, it proves that the 
observed doping effect on the activity might be connected with the 
photocatalyst surface structure and the charge carriers introduced with 
the dopant. Empirically, it shows that the positive effect of the electron- 
donating dopant on the photoreduction process can be obtained for the 
oxidative TiO2 facets. Therefore, these findings might be introduced to 
other photocatalysts/dopants systems to tailor their properties and in
crease application potential. 
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Lines are added as guides. Detailed data is shown in Fig. S10 in the SI. 

Table 5 
Calculated apparent quantum efficiencies (%) for the analyzed samples.  

Sample 4-nitrophenol reduction 30 min Phenol degradation 5 min 

{0 0 1} {1 0 0} {1 0 1} {0 0 1} {1 0 0} {1 0 1} 

Bare  2.90  0.13  5.94  1.09  0.72  1.85 
0.5 % Nb  4.75  0.79  3.27  0.97  0.84  1.10 
1.0 % Nb  4.13  0.49  2.69  1.15  0.55  1.39 
1.5 % Nb  2.88  0.51  1.22  1.83  0.63  1.28  

S. Dudziak et al.                                                                                                                                                                                                                                

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Applied Catalysis B: Environmental 328 (2023) 122448

13

acquisition. 

Declaration of Competing Interest 

The authors declare the following financial interests/personal re
lationships which may be considered as potential competing interests. 
Szymon Dudziak reports financial support was provided by National 
Science Centre Poland. Anna Zielinska-Jurek reports financial support 
was provided by National Science Centre Poland. 

Data availability 

Data will be made available on request. 

Acknowledgements 

The research was financially supported by the Polish National Sci
ence Centre grant no. NCN 2021/41/N/ST5/03447. AZJ is grateful for 
the financial support from the Polish National Science Centre grant no. 
NCN 2021/43/B/ST5/02983. Financial support from Gdansk University 
of Technology under the Oxygenium program supporting open-access 
publications is acknowledged. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.apcatb.2023.122448. 

References 

[1] J. Pan, G. Liu, G.Q. Lu, H.M. Cheng, On the true photoreactivity order of {001}, 
{010}, and {101} facets of anatase TiO2 crystals, Angew. Chem. - Int. Ed. 50 (2011) 
2133–2137. 

[2] M. Lazzeri, A. Vittadini, A. Selloni, Structure and energetics of stoichiometric TiO2 
anatase surfaces, Phys. Rev. B - Condens. Matter Mater. Phys. 63 (2001) 
1554091–1554099. 

[3] Y. Cao, Q. Li, C. Li, J. Li, J. Yang, Surface heterojunction between (001) and (101) 
facets of ultrafine anatase TiO2 nanocrystals for highly efficient photoreduction 
CO2 to CH4, Appl. Catal. B Environ. 198 (2016) 378–388. 

[4] P. Mikrut, M. Kobielusz, W. Macyk, Spectroelectrochemical characterization of 
euhedral anatase TiO2 crystals – implications for photoelectrochemical and 
photocatalytic properties of {001} {100} and {101} facets, Electrochim. Acta 310 
(2019) 256–265. 

[5] D. Zhang, S. Wang, J. Zhu, H. Li, Y. Lu, WO3 nanocrystals with tunable percentage 
of (001)-facet exposure, Appl. Catal. B Environ. 123–124 (2012) 398–404. 

[6] M. Huang, Y. Yan, W. Feng, S. Weng, Z. Zheng, X. Fu, P. Liu, Controllable tuning 
various ratios of ZnO polar facets by crystal seed-assisted growth and their 
photocatalytic activity, Cryst. Growth Des. 14 (2014) 2179–2186. 

[7] H.B. Jiang, Q. Cuan, C.Z. Wen, J. Xing, D. Wu, X.Q. Gong, C. Li, H.G. Yang, Anatase 
TiO2 crystals with exposed high-index facets, Angew. Chem. - Int. Ed. 50 (2011) 
3764–3768. 
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