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Nitrogen-iron co-doped titania films as solar
light sensitive photocatalysts
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Iron and nitrogen-iron co-doped titania films (non-porous and mesoporous) on glass
substrates were obtained using a sol-gel method via different synthesis routes. The photo-
catalytic degradation of anthropogenic pollutant tetracycline hydrochloride over synthe-
sized films was studied. It is shown that the photocatalytic response of the films is sharply
depended on the synthesis procedure and calcination temperature. The non-porous three
layered iron-doped and nitrogen-iron co-doped titania treated at 450°C exhibited the
highest photocatalytic activity under UV and simulated solar light, respectively. The
crystallization of iron titanates accompanied by the formation of new active sites led the
high adsorbability of TC molecules onto the surface that, in turns, stimulate the high
conversion of tetracycline hydrohloride.

Keywords: photocatalysis, iron-doped titania, nitrogen-iron co-doped titania films,
tetracycline hydrochloride degradation.

IIniBeku giokcuay THTaHy, MomudikoBaHi asorom Ta 3aiizom, Ak doTokaragizaropw,
aKTHBHI mixg conguanm onpominenHam. O.JIinnix, H.Cmipnosa, I.Jlazyma, A.€pemenro

IlniBkm piokcupy TuramHy, moxudikoBaHi 3ajisoM abo azoToM Ta 3ajidoM (HemopucTi Ta
Me30IIOPUCTi) Ha CKJIAHUX HiIKJIAAKaX, OLEPIKAHO 30JIb-TeJIb METOJOM 3a PiSHUX yMOB CHH-
Tedy. HocaimkeHo (OTOKATANITUYHY [OecTPYKIIil0 aHTPONOTEHHOro 3abpynHIOBaua TeTpa-
MUKJIHY TifpoxXJopuAy 3a ydacTi cuHTe3oBaHUX IIiBOK. Ilokasano, mo ¢QororaramiTuuna
aKTUBHICTH ILIIBOK CYTTEBO 3aJIE}KUTH BiJl MPOIleAypU CUHTE3Y Ta TeMIIEPATYPHU IIPOKAPEHH.
HaitakTumimumnu ¢Qotokaranisatropamu nix apiero Y@ Ta BUAWMOTO CBiTJa € HeIOpPUCTi
Tpumaposi, MmoxudikoBaHi 3asisom Ta cuiBmoxudikoBaHi 3asizoM Ta a30TOM IJIiBKU JiOKCH-
ny Turany, npo:kapeni mpu 450°C. Hacuuenus noBepxHi HoHamMm 3ajisda Ta yTBOPEHHSA
HOBMX AaKTHBHHUX II€HTPIB MOKe OyTM NPUUYMUHOI0 BHCOKOIO CTYIIEHIO ajacopOIii moJjexy.t
TEeTPAIUKJIiHy Ha IIOBEPXHi ILIIBOK Ta, BiamoBimHO, BuCOKOI edeKTHBHOCTI pPO3KIamy MOJe-
KyJ TeTpanuKJIiHy.

Ilnrenkn muokcuza TuTaHa (HEIIOPHCTHIE M ME30IOPHUCTHIE), MOAUMUIINPOBAHHLIE KeJIe30M
WJIU KO-JOIUPOBAHHBIE a30TOM U KeJe30M, Ha CTEKJAHHBIX IIOAJIOKKAX IOJYUYEHbI 30JIb-TeJb
MEeTOZOM, PasIuUYHBIMU criocobamu cuHTeda. dyueHa (oTOKaATAIUTHYECKAS AECTPYKIUSA aH-
TPOIIOTEHHOTO BarpASHUTEJNS TEeTPAIMKJINHA THAPOXJOPHUIA HA CHHTE3UPOBAHHBIX IIJIEHKAX.
ITokasano, uTo GoToKaTaluTHYECKAs AKTUBHOCTb IJIEHOK B3aBUCHUT OT cIIoco0a CHHTE3a U
TeMIIepaTypbl IpoKanuBauus. Hambosiee aKTUBHBIMHU (DOTOKATAJIUBATOPAMU IIOJ AEHCTBUEM
VY® um BUAMMOrO CBeTa SABJAIOTCS HEIOPUCTHIE TPEXCIOWHbIE IJIEHKH AUOKCHUIA THUTAHA,
MOAU(UIINPOBAHHBIE JKEJIe30M WJU JKele30M W a30ToM, Iocje Tepmoobpaborku mpu 450°C.
HacbobileHre TOBepXHOCTH MOHAMU JKejiesa U 00pas3oBaHMe HOBBIX AKTHUBHBIX IIEHTPOB MOMKET
OBITh MMPUYUHOM BBICOKOI CTeleH! aAcopOIIUU TeTPaIluKJINHA, U, COOTBETCTBEHHO, BBICOKOM
ahpeKTUBHOCTU (POTOMECTPYKIINU MOJIEKYJ TeTPAIlUKJIUHA.
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1. Introduction

Design and synthesis of nanocomposites
based on titania presents important points in
the creation of active materials as photocata-
lysts, catalysts, sensors and adsorbents. Ti-
tania doping leads to the change of its elec-
tronic structure, formation of new semicon-
ductive structures and creation of new active
adsorption sites. The chemical nature and
content of doping agent as well as the synthe-
sis procedure influence on the properties of
materials [1-5]. The investigation of co-doped
titania by metal and nonmetal ions for photo-
catalytic application is intensively developed
for the last decade [6—9]. Among the fre-
quently used co-doped metals’ ions incorpo-
rated in titania, the most promising dopant is
iron (III) ions [9—-14] due to the photocatalytic
response of formed materials under both UV
and visible light . To avoid high energy costs
for the filtration of the powder catalyst from
the aqueous media, the photocatalysts in the
form of thin films are the most promise and
convenient materials to be applied.

Photocatalytic purification of aqueous
media from anthropogenic pollutants is per-
spective course in the field of Ecological
chemistry. Nowadays, the modern medical
technology development leads to the wide
usage of antibiotics for wvarious fields of
application. In 2012, the estimated usage of
tetracyclines (in particular, its overuse in
veterinary, animal feeding and aquaculture)
was of 5954.36 and 113.2 tons in the
United States and the European Common-
wealth, respectively, and has tendency to
rise [15]. Global antibiotic consumption in
livestock was conservatively estimated as
nearly two-thirds of the worldwide antibi-
otic production [16]. The great interest to
develop effective techniques for rapid deg-
radation of tetracyclines is still actual.
Among the strategies for the improvement
of degradation efficiency are intensively
discussed heteroatoms or ion doping for
light response improvement.

In our previous work [17, 18], the inves-
tigation of tetracycline hydrochloride (TC)
degradation efficiency over titania based
films synthesized by sol-gel method was re-
ported. The most active photocatalysts are
shown to be co-doped titania films. It was
found that TC degradation took place on the
surface of film and adsorption-desorption
equilibrium of TC molecules and its inter-
mediates on surface plays a crucial role for
TC mineralization.

The aim of this work is to synthesized
the iron and nitrogen co-doped titania films
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obtained at different synthesis conditions
and to investigate their morphology, optical
properties and photocatalytic activity in the
degradation process of anthropogenic pollut-
ant tetracycline hydrochloride, on their struc-
ture, optical and photocatalytic properties.

2. Experimental

The different synthesis procedures were ap-
plied to obtain the single (only iron ions) and
co-doped (nitrogen and iron ions) titania films:

i) mesoporous films; ii) non-porous films;
and iii) the mesoporous titania films covered
by non-porous doped titania layer. For all
synthesis procedure, the calculated amount of
solid urea (5 mol.% ) was added and the molar
ratio of elements was N:Fe:Ti = 0.05:1:1.

ii) The mesoporous iron doped titania
films (Fe/Ti-mp) and nitrogen doped iron
contained titania films (N/Fe/Ti-mp) were ob-
tained from the sol contained appropriate
amounts of titanium tetraisopropoxide
(TTIP), unhydrous FeCl;, concentrated per-
chloric acid a three-block copolymer of
polyethyleneoxide and polypropyleneoxide
acetylacetone in alcoholic medium. The three
layered films were deposited by dip-coating
procedure at a withdrawal rate 1.5 mm/s al-
lowing the uniform covering of the film onto
the glass substrate with a certain thickness.
Every layer was dried at 100°C for 30 min.
The films were treated in air at 450°C for 1 h
with the heating rate of 8 °C/min.

ii) Non-porous iron titanate (Fe/Ti-np)
and nitrogen doped iron titanate films
(N/Fe/Ti-np) films were synthesized accord-
ing to procedure describe herein [10]. An
alcoholic solution of urea (if needed), FeCl;
and TTIP was heated at 40°C with the con-
tinuous stirring. The cleaned hot substrates
were immediately used for dip-coating with
the withdrawal speed of 1.5 mm/s. The ob-
tained films coated on a glass substrate by
one or three times (calcining two layers at
300°C for 20 min) were left for 24 h in
humid air for hydrolysis before the calcina-
tion. An annealing of the films was per-
formed at 450, 500 or 600°C for 20 min
with heating rate at 7°C/min.

iii) The photocatalyst consists of three
layers of mesoporous TiO, obtained accord-
ing to the procedure described for the first
case and calcined at 450°C with the follow-
ing covering by iron (Fe/Ti/TiO5) or nitro-
gen/iron (N/Fe/Ti/TiO,) contained titanium
sol. Afterwards, the sample was left for
24 h in humid air for hydrolysis and heated
at 450, 500 or 600°C.
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Fig. 1. Absorption spectra of the films cal-
cined at 450°C : I — TiO,, 2 — N/TIO,, 3 —
Fe/Ti-mp, 4 — N/Fe/Ti-mp, 5 — N/Fe/Ti-np,
6 — FelTi-np.

The absorption spectra of the films were
recorded by a Lambda 35 UV-vis spectro-
photometer (PerkinElmer) in the wave-
length range from 200 to 700 nm.

Energy dispersive X-rays analysis (EDS)
were performed using an instrument en-
dowed with a liquid nitrogen-cooled SiLi de-
tector from EDAX Co. mounted inside a FEI
Quanta Inspect S Scanning Electron Micro-
scope working under up to 30 kV accelera-
tion voltage. For general estimations the
EDS errors are at 1 % for heavy elements
and 2-3 % for light elements (Be-F).

The photocatalytic performance of the
films under UV and simulated solar light
was estimated as reported in [10]. The
change in TC concentration was monitored
with a Lambda 85 UV-vis spectrophotometer
(PerkinElmer) every 20 min; the conversion
percentage was calculated from the change

in absorption intensity at A = 857 nm.
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3. Resultls and discussion

To investigate the effect of nitrogen and
iron co-doping as well as an influence of syn-
thesis condition (number of deposited layers,
porous structure and calcinations tempera-
ture) on optical properties of the films, the
absorption spectra and the calculated values
of band gap energy were obtained. The syn-
thesized films treated after 450°C possessed
by excellent optical quality that is confirmed
by the absorption spectra presented in Fig. 1.

No shift of the absorption band edge to-
ward the long-wavelength region is noted
for N/TiO, film. The iron doped and iron-ni-
trogen co-doped samples exhibit an intense
absorption in the visible part of the spec-
trum. It is obvious that iron ions in the
titania lattice are responsible for such opti-
cal behavior due to the excitation of 3d-
electrons of Fe(lll) ions and charge transfer
from Fe3d-orbitals to the conduction band
of TiO, causing the orange-wine color of the
samples [19]. Some iron doped films exhibited
the shoulder at a wavelength of around 460—
580 nm that can be attributed to the forma-
tion of the second phase as proposed in [10].

As seen from Fig. 2, the optical proper-
ties of the one-layered films is sharply dif-
fered on three layered obtained at the same
conditions. It is clear that the number of
applied layers and the calcination tempera-
ture affect the optical properties of the
films. As reported by us [10, 20], the se-
quential layer to layer coating with the two
layers calcination at 300°C and third layer at
450°C leads to the crystallization of iron ti-
tanates phases, as namely pseudobrookite and
landauite. The existence of these phases brings
to the extensive visible light absorption and
allows to obtain two band gap energy (EBG)
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Fig. 2. Absorption spectra of one layered films: Fe/Ti-np (a), and N/Fe/Ti-np (b) obtained at 450° — 1,

500° — 2 and 600°C — 3.
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Table 1. The band gap energy values of indirect transition for the modified TiO, films obtained

at different conditions

The film Number of layers Epn, eV
450°C 500°C 600°C
Fe/Ti-np 3 2.2; 2.8 2.8; 2.7 2.5; 3.0
N/FelTi-np 3 2.1; 2.7 2.8; 2.7 2.2; 2.7
FelTi-np 1 2.8 2.7 3.0
N/Fe/Ti-np 1 2.9 2.8 2.8
Fe/Ti/TiO, 3+1 2.8 2.7 2.2; 3.1
N/Fe/Ti/lTiO, 3+1 2.7 2.9 2.6; 3.2
Fe/Ti-mp 3 2.6; 3.8
N/Fe/Ti-mp 3 2.7

* 8+ 1 layers = 3 layers of TiO, + 1 layer Fe/Ti or N/Fe/Ti.

values (Table 1), whereas the only one EBG
is determined for all one layered films.

It must be noted the films synthesised by
different procedures and heat treatment at
600°C (excepting one- and three layered
N/Fe/Ti-np films) are characterized by the
shift of absorption band (Fig. 2) to the blue
part of the spectrum that can be caused by
the crystallization of anatase or rutile [10]
with corresponding EBG values (Table 1).

The best fitting of the linear parts of the
dependence (ahv)l/2 ~ f(hv) is observed for
all the samples assuming the indirect elec-
tron transition. The band gap narrowing is
a result of the incorporation of metal ions
into the titania structure and/or the forma-
tion of the iron titanate phase as reported
herein [10, 21, 22]. The calculated two band
gap energy values for some iron contained
films are an additional evident of two phase
formation. As previously reported [10], non-
porous iron and nitrogen-iron doped titania
(Fe/Ti-np and N/Fe/Ti-np) films treated at
450 and 500°C were crystallized forming
pseudobrookite and landauite as proven by
XRD. No separate titania phase, anatase or
rutile, is formed after calcination at 450
and 500°C whereas rutile is detected only
for Fe/Ti-np after 600°C pointing on the
iron titanate transformation during heating
at higher temperatures. The presence of
urea in the synthesis procedure not only
promoted the crystallization rate of iron ti-
tanate but also stabilize them at higher
temperature treatment. XRD pattern of
mesoporous (Fe/Ti-mp and N/Fe/Ti-mp) films
(450°C) pointed on amorphous structure
with low intensive XRD peaks belong to
anatase.
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Photocatalytic TC degradation over the
iron and nitrogen-iron co-doped films ob-
tained at different ways and treated at vari-
ous temperatures was performed (Fig. 3).
The photocatalytic response is enhanced for
the non-porous three layered Fe/Ti films
under both UV and simulated solar light.
The pronounced increase in almost three
times was observed for these films treated
at 450°C that can be caused by the effective
charge separation after light absorption by
two formed iron titanate phases [10], [20].
No significant difference in photoactivity is
noted for the one layered films treated at
different temperatures. In the case of
Fe/Ti/TiO, treated at 450 and 500°C, the TC
conversion is raised in 1.8 and 2-3 times
compared to one layered film under UV and
simulated solar light, respectively. The
films calcined at 600°C possessed the lower
activity among the tested films.

The use of urea in films’ synthesis lead
to the change in the photocatalytic proper-
ties of the films, as namely the activity of
nitrogen-iron doped titania compared to the
iron doped one is decreased under UV light
while the tendency regarding to the TC deg-
radation efficiency is remained. However, the
conversion of TC molecules is increased over
three layered N/Fe/Ti-np film (450°C) under
simulated solar light (compare Fig. 3b and
3d). No increase in activity was noted for
other nitrogen-iron contained films.

Quite surprisingly, no effect of iron as
well as iron-nitrogen doping on the photo-
catalytic efficiency was observed for three
layered mesoporous films under both UV
and simulated solar light that can be caused
by low crystallinity degree. However, both
Fe/Ti-mp (17 and 5) and N/Fe/Ti-mp (26 and
16) films exhibited higher activity than
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Fig. 3. Photocatalytic activity of the iron doped (a, b) and iron and nitrogen co-doped (¢, d) films
treated at different temperatures under both UV light (a, c¢) and simulated solar light (b, d): a —
(N)/Fe/Tinp one layered; b — (N)/Fe/TinP three layered; ¢ — (N)/Fe/Ti/[TiO,.

pure TiO, (11 and 5 % of TC conversion)
but less than nitrogen doped titania (30 and
16 %) under UV and simulated solar light,
respectively.

Comparing the TC adsorption degree (the
average value of four experimental meas-
urements) of the films (Fig. 4), it is con-
cluded that the adsorption capability is
strongly depended on i) the treatment tem-
perature pointing the higher the tempera-
ture, the lower the adsorption; ii) the num-
ber of Fe/Ti layers where the more the lay-
ers, the higher the adsorption; iii) co-doping
by urea leads to higher adsorption. It must
be noted that Fe/Ti-mp and N/Fe/Ti-mp films
were able to adsorb only 5 and 7 % of TC,
respectively even though the template used
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during synthesis expected the formation of
mesoporous structure. Hence, the synthesis
procedure as well as the treatment tempera-
ture influenced on the formation of the sur-
face active sites for TC adsorption on the
surface which correlated with the photo-
catalytic activity.

SEM images of synthesized films shown
in Fig. 5 demonstrate that the morphology
of non-porous and mesoporous films is dif-
ferent. Developed irregular structure with
some cracks on the surface registered for
mesoporous films synthesized via templated
sol-gel procedure.

The EDS area scanning technique was
used to detect the ratio of the elements in
the bulk of the composites (Table 2). Almost

Functional materials, 28, 2, 2021
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Fig. 4. TC adsorption degree onto: one lay-
ered Fe/Ti,, (1) and N/Fe/Ti,, (2); three lay-
ered Fe/Ti,, (3) and N/Fe/Tinp (4); FelTITIO,
(5) and N/Fe/TilTiO, (6).

twice lower content of iron to titanium is
detected for the mesoporous doped titania
films. The lower ratio of oxygen to metal
atoms is seemed to be connected with the
unexpected low content of iron.

The ratio of metals in the bulk reaches to
1 to 1 in the case of non-porous Fe/Ti-np
(450°C) sample. However, iron atomic per-
cent is slightly decreased for Fe/Ti-np
500°C, while the enrichment of iron by
10 % is noted for nitrogen-iron doped films
treated at 450 and 500°C.

As previously studied by us [10, 17], the
adsorption degree of the tetracyecline hydro-
chloride molecules onto the film surface is
strongly dependent on the film composition.
It was proven that the photocatalytic degra-
dation of tetracycline hydrochloride follows

a)

onto the surface of the photocatalyst, obvi-
ously due to the presence of surface active
sites. Therefore, the nonuniform distribu-
tion of iron ions in the structure of
mesoporous films (possibly due to the re-
moval of a large amount of the organic com-
ponent during heat treatment) as well as
low crystallinity degree are responsible for
a decrease in a number of surface active
sites in comparison with non-porous films.

4. Conclusions

The synthesized doped and co-doped
films with the high ratio of iron to titanium
were tested as the potential photocatalysts
in tetracyecline hydrochloride decomposition
process. It is shown that the photocatalytic
response of the films is sharply depended on
the synthesis procedure and calcination tem-
perature. The thrice increase in photocata-
lytic activity is observed for the non-porous
three layered iron-doped and nitrogen-iron
doped films treated at 450°C under UV and
simulated solar light, respectively. It can be
prompted by the formation of new adsorp-
tion sited as well as the photocatalytically
active iron titanate phases. A decrease in
the number of active centers of the surface
of mesoporous films in comparison with
non-porous led to drop of their photocata-
lytic activity. The presence of underlayers
of mesoporous titania in the films led to 1.8
and 2—3 times increase in the TC conversion
under UV and simulated solar light, respec-
tively. The films calcined at 600°C pos-
sessed the lower activity among the tested
films due to the change of the structural
properties. The high adsorption of the pol-
lutant molecules onto the surface films is
one of the key points to reach the high
photocatalytic degradation. The use of syn-

Fig. 5. SEM and EDS images (insert) of three-layered N/Fe/Ti-np (a) and N/Fe/Ti-mp (b) films

obtained at 450°.
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Table 2. The atomic percentage and ratio of the elements of the films obtained by EDS technique

Element Fe Ti 0] Fe:Ti:O
Film At. content,% Ratio
N/Fe,Ti O, 450°C 20.63 19.19 38.74 1.1:1.0:2.0
Fe,Ti,0, 450°C 18.99 19.43 39.3 1.0:1.0:2.0
N/Fe,Ti,0, 500°C 21.61 20.95 42.23 1.0:1.0:2.0
Fe Ti,0, 500°C 19.64 20.91 40.86 0.9:1.0:2.0
mpN/Fe, Ti O, 450°C 18.00 29.65 52.35 0.6:1.0:1.8
mpFe, Ti O, 450°C 17.85 29.08 53.07 0.6:1.0:1.8
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