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Abstract—We have synthesized photocatalytically active manganese-modified titanium dioxide-based mate-
rials and studied key features of the formation of the synthesized materials and their physicochemical and
photocatalytic properties. Modification of TiO, with manganese has been shown to ensure preparation of
nanopowders (4.8—2550 nm) with a specific free surface area from 0.56 to 479 m?/g. The synthesized powders
have high photocatalytic activity (PCA) under illumination with visible light, which exceeds the PCA of
unmodified TiO, of the same origin and that of Degussa P-25 commercially available titanium dioxide. An
increased PCA level is offered by the manganese-modified materials containing both anatase and rutile,

without separation of individual manganese phases.
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INTRODUCTION

Titanium dioxide as a photocatalytically active
material attracted particular attention in the early
1970s after a report by Fujishima and Honda [1], who
demonstrated the feasibility of photocatalytic water
splitting in the presence of TiO,. Having high photo-
catalytic activity (PCA), TiO, turned out to be highly
effective in degrading many organic pollutants [2—5],
including various microbiotas [6—S8].

In addition to TiO,, a variety of semiconductor
materials are regarded and used as photocatalysts:
Zn0O, WO, Fe,0,;, CdSe, SrTiO;, SiC, CdS, GaP,
GaAs, and others [9—21]. Nevertheless, among the
many photocatalytic materials, only titanium dioxide
combines a number of necessary properties: high
PCA; physical, chemical, and biological stability;
availability; and nontoxicity [2, 22].

Having many advantages, pure titanium dioxide
exhibits photocatalytic activity only under ultraviolet
irradiation, because it has a rather large band gap
(E,= 3.2 eV in anatase and 3.0 eV in rutile), which
leads to an additional energy loss, since the fraction of
UV light in the solar spectrum is just 3—7% [23—26].
This limits the utility of TiO, as a photocatalyst under
illumination at wavelengths A > 400 nm. The spectral
range of titanium dioxide photosensitivity can be
extended to longer wavelengths by adding various
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modifiers capable of reducing the E, of TiO,. For
example, the E, of manganese oxide is 1.25 €V, against
3.2 eV in titanium dioxide.

Composites based on polycrystalline Mn?*-modi-
fied titanium dioxide are known to have increased
PCA for aniline blue decomposition under UV irradi-
ation [28]. Modification with Mn?" ions was shown to
promote the anatase-to-rutile transformation and
shift the photoabsorption edge of TiO, to the visible

spectral region. The presence of Mn?* ions (0.06 at %)
in TiO, caused an increase in its PCA, which was

accounted for by a synergetic effect between anatase
and rutile [29].

As shown by Brus et al. [30] and Ivanova and Hari-
zanova [31], increasing the percentage of manganese
oxide in titanium oxide (from 0 to 5 wt %) reduces its
E,, which should lead to a shift of its photosensitivity
to longer wavelengths.

Modification of TiO, with tungsten was shown to
raise its electrical conductivity by two orders of magni-
tude [32]. An increase in the electrical conductivity of
an oxide material as a consequence of incorporation of
a modifying additive can be interpreted as an indica-
tion of an increase in its PCA. In particular, an
increase in the degree of TiO, modification with an
aliovalent metal was shown to lead to an increase in the
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electrical conductivity of the material [33], which cor-
relates with PCA data.

As shown by Jin et al. [34], manganese modifica-
tion of P-25 commercially available titanium dioxide
(Degussa) leads to an increase in its PCA.

They believe that alkaline cohydrolysis of water-
soluble titanium and manganese salts, a simple and
effective method, can ensure preparation of photocat-
alysts in a wide range of manganese modifier contents
(from 1 to 30 wt %).

The purpose of this work was to synthesize photo-
catalytically active materials based on Mn-modified
titanium dioxide and to study their physicochemical
and photocatalytic properties under illumination with
visible light

EXPERIMENTAL

Photocatalytic materials were prepared through
alkaline cohydrolysis of a titanium salt (TiCl, or TiOSO,
xH,0) and MnCl, in a NH,OH solution (120 g/L) as
described previously [35, 36]. During the hydrolysis
process, the solution temperature did not exceed
40°C. All of the chemicals used were of reagent grade.

After settling of the resultant suspension, the pre-
cipitate was washed with a copious amount of distilled
water. The variable process parameters were the
degree of titanium dioxide modification with manga-
nese (1-30 wt %) and the temperature at which the
precipitates obtained were heat-treated in air for 1 h
(80 to 800°C). The heating/cooling rate was
15°C/min, and the holding time at a given tempera-
ture was 60 min.

The synthesis products were characterized by low-
temperature nitrogen adsorption BET measurements
(FlowSorb IT 2300 and TriStar 3020 V1.03), thermo-
gravimetry (TG) in an argon atmosphere at a heating
rate of 10°C/min in a Stepanov vessel with the use of a
sheathed Pt/Pt—Rh thermocouple (Netzsch STA 409
PC/PG), chemical analysis, and X-ray diffraction
(XRD) (DRON-2 diffractometer, Cuk, radiation).

PCA (E, %) was assessed photocolorimetrically
with an SF-56 spectrophotometer from the degree of
decoloration of aniline (C, = 100 mg/L), ferroin (C, =
100 mg/L), or methylene blue (MB) (C, = 50 mg/L)
solutions under illumination with visible light. The
illuminance, monitored with a TKA-PKM (06) com-
bined device (luxmeter + UV radiometer) was 2300 Ix.
The effectiveness of dye decomposition as a measure
of PCA (F, %) was evaluated using the relation

E =[(Cy—C;)/Cy]x100%, (1)
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where C, (mg/L) is the initial dye concentration in
solution and C; (mg/L) is the final dye concentration
in solution.

The reference materials used were TiO, of the same
origin as the manganese-modified TiO, and commer-
cially available Degussa TiO, (P-25, Degussa AG,
Frankfort, Germany), which had been proposed pre-
viously as a reference standard [37]. The samples were
identified by a code, for example, 800-Mn-5, which
specified the heat-treatment temperature (800°C), the
modifying metal (Mn), and its percentage in the mate-
rial (5 wt %).

RESULTS AND DISCUSSION

Tables 1—4 and Figs. 1—7 summarize the present
experimental data on the chemical and phase compo-
sitions (XRD), specific surface area (5, m?/g), and
average particle size (d, nm) of the synthesis products
and the pore depth (4, nm) and diameter (D, nm) as
functions of heat treatment conditions (¢, °C) and Mn
concentration (wt %) in the final product and also on
the degree of PCA (E, %) for dye destruction under
illumination with visible light.

Manganese chloride hydrolysis and the formation
of a precipitate in aqueous ammonia, accompanied by
the formation of a titanium hydroxide precipitate, is a

0, %; C,wt %
100 ——
2
75
50 -
1
0 -
0 1 1 1
10 20 30

wt % Mn

Fig. 1. Dependences of (/) the percentage of Mn (C) in the
samples and (2) Mn extraction into the precipitate (Q) as a
result of ammonia hydrolysis.
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Table 1. Physicochemical properties of TiO, and Mn-modified samples

. Weight percent S, m?/g d, nm

Sample OEZ _ XRD
TiO, CI- NHj Mn** BET

80-TiO, 80 79.8 1.06 2.84 0 am 270.0 8.54
300-TiO, 300 - - - — am 258.8 8.9
400-TiO, 400 98.5 0.06 0.42 0 am 155.4 9.90
500-TiO, 500 - - - - a 52.4 29.4
600-TiO, 600 99.8 ND 0.02 0 a 34.2 45.0
700-TiO, 700 - ND ND 0 80% a, 20% r 22.1 72.6
800-TiO, 800 - - - — 34% a, 66% r 3.17 450.6
P-25 1200 - ND 0 0 r 48.4 29.5
80-Mn-1 80 78.8 — 5.21 0.83 am 386 6.0
400-Mn-1 400 - — — - am 247 9.3
500-Mn-1 500 — — — — 69.3% a, 30.7% | 125 12
600-Mn-1 600 98.7 ND ND 1.02 66% a, 34% r 16 94
800-Mn-1 800 — — — - r 0.90 1590
80-Mn-5 80 — — — - am 430 5.4
400-Mn-5 400 - — — - am 272 8.5
500-Mn-5 500 - — — — r 160 8.9
600-Mn-5 600 93.2 ND ND 5.24 1 (tr) MnTiO;4 3.29 430
800-Mn-5 800 — — — — r, Mn,04 0.56 2550
80-Mn-30 80 - — — - am 479 4.8
400-Mn-30| 400 - — — — am 276 8.4
500-Mn-30| 500 — — — - am 202 11.4
550-Mn-30| 550 — — — — r 120 11.9
600-Mn-30| 600 615 ND ND 29.83 r, Mn,04 40 36
800-Mn-30| 800 - - - — r, Mn,0; 5.37 266

am = amorphous phase, a = anatase, r = rutile, ND = not detected.

rather effective process. The degree of manganese
extraction into a combined X-ray amorphous precipi-
tate is 99.9% at a degree of modification with Mn from 1
to 5 wt % and decreases to 96% at 30 wt % Mn (Fig. 1).

According to XRD and thermal analysis data
(Table 1, Figs. 2—4), hydrolysis in the TiCl,—MnCl,—
NH,OH—H,0 system led to the formation of X-ray
amorphous materials, which remained amorphous up
to 400°C. Modification of TiO, with 1-30 wt % Mn
made it possible to obtain nanopowders ranging in
particle size from 2.6 to 7.6 nm and in specific free sur-
face area from 876 to 303 m?/g, respectively.
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Phase formation. Raising the heat treatment tem-
perature of the hydrolysis products led to a reduction
in the specific surface area of the powders (Fig. 5),
which was especially accelerated by anatase (and then
rutile), manganese oxide, and manganese metatita-
nate crystallization processes, as well as by crystallite
aggregation and agglomeration.

Thermal analysis of the air-dry (~20°C) hydrolysis
products (Fig. 3, Table 2) yielded differential scanning
calorimetry (DSC) curves similar to that of pure tita-
nium oxyhydroxide, with one endothermic peak and
one considerable exothermic peak. Dehydration of the
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Table 2. Thermal events and XRD data in the Ti—O—Mn system

tins °C tas °C AM, % d,Aatt,,, Phase composition
Sample DSC (TG data at £,,,,) <RD
TiO, 145.8 412.2 —-23.3 3.52,2.36 Anatase
700 — 3.24,2.49 Rutile
— — — a=4.559,
¢=2.959
MnO, [22, 23] 575 — —14.1 - Mn,0,
900 — —4.2 — Mn;0,
Mn-1 139.9 469.7 —23.8 3.52,2.36 Anatase
— — 3.24,2.49 Rutile
787.1 — 3.24,2.49 Rutile
— — — a=4.559,
¢=2.959
Mn-5 137.2 508.1 —23.63 3.24,2.49 Rutile
— — — a=4.59,
¢=2.959
550.0 +0.50 3.24,2.49 Rutile
600 3.76,2.76, 2.56 MnTiO; (tr)
800 3.24,2.49 Rutile
_ 3.85,2.73,2.49 | Mn,O,
923 —0.69 3.24,2.49 Rutile
— — 3.76,2.76, 2.56 MnTiO;
Mn-30 134.9 559.1 —19.96 3.22,2.47 Rutile
— — — a=4.548,
600 +1.18 — c=12.946
- - 3.85,2.73,2.49 | Rutile
— — — a=4.59,
932.7 —-2.91 — c=2.959
_ _ 3.76,2.78,2.56 | Mn,0;
Rutile
MrTiO,

hydrolysis products, accompanied by the Ilargest
weight loss, in all cases resulted in endothermic peaks
with minima in a temperature range as narrow as
134.9—139.9°C.

According to chemical analysis data for the pow-
ders heat-treated at 80°C, they consisted largely of the
titanium oxyhydroxide TiO(OH),, which lost 19 to
22% water and volatile components (NH,OH and
HCI), captured together with the mother liquor, as the
hydrolysis temperature was raised, to the point of the
formation and crystallization of an anatase and/or
rutile TiO, phase. As the degree of modification
increases from 1 to 5 and 30 wt % Mn, the temperature

of the first phase transition, corresponding to the
maxima of the exothermic peaks, respectively, rises
from 459.7 to 508.1 and 559.1°C (Fig. 3, Table 2).

Note that, according to the XRD data (Fig. 2,
Table 1), the only significant exothermic peak corre-
sponded to the formation of an anatase + rutile mix-
ture in sample Mn-1 and to the formation of rutile and
manganese oxide (Mn,0;) in the case of modification
with =5 wt % Mn. In this phase formation region, the
TG curves showed a distinguishable narrow weight
gain range, indicative of oxidation processes, followed
by a weight loss, attributable to manganese oxidation,
followed by oxygen release from the manganese oxides

INORGANIC MATERIALS Vol. 59
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Table 3. Textural characteristics of the TiO,- and Mn-based composites as functions of manganese content and heat treat-

ment temperature

Sample Phase (c;;n}g;mition S, m?/g V,cm’/g h, nm D, nm
20-Mn-1 am 303 0.2577 3.40 3.79
80-Mn-1 am 395 0.2875 2.91 3.75
400-Mn-1 am 250 0.272 4.41 4.14
500-Mn-1 69% a, 31% r 125 0.269 8.59 7.22
600-Mn-1 66% a, 34% r 16 0.041 10.44 11.44
800-Mn-1 r 0.9 0.0015 6.55 27.16
20-Mn-5 am 458 0.3777 3.30 3.65
80-Mn-5 am 430 0.3294 3.06 3.51
400-Mn-5 am 272 0.317 4.67 4.27
500-Mn-5 r 160 0.3256 8.15 6.87
600-Mn-5 1, MnTiOj (tr) 3.29 0.0078 9.47 16.55
800-Mn-5 1, Mn,0; 0.56 0.00082 5.84 28.38
20-Mn-30 am 876 0.9302 4.25 4.82
80-Mn-30 am 479 0.5668 4.73 5.03
400-Mn-30 am 276 0.507 7.35 6.61
500-Mn-30 am 202 0.5179 10.28 8.84
600-Mn-30 1, Mn,03 40 0.151 15.26 16.93
800-Mn-30 1, Mn,03 5.37 0.0787 5.86 18.13

[38—40]. The DSC curves of samples Mn-5 and Mn-
30 (Fig. 3, Table 2) showed additional, relatively small
endothermic peaks, having minima at 923.0 and
932.7°C. In the case of pure manganese dioxide, the
endothermic peaks observed at 575 and 900°C [41]
were due to oxygen loss and manganese oxidation
from Mn?* to Mn?*" and Mn** as a result of the follow-
ing sequence of transformations:

MnO, - Mn,0; — Mn;0,.

In the case of the composites under investigation,
the endothermic peaks can be interpreted as evidence
of oxygen loss upon the formation of manganese
metatitanate (MnTiO;), as supported by XRD data
(Fig. 2, Table 2) and the noticeable weight loss
observed in the TG curve of the samples in this tem-
perature range.

One possible sequence of transformations of phase
states of the manganese in the composite is as follows [30]:

INORGANIC MATERIALS  Vol.59 No.2 2023

Mn(OH), + 0, — MnO, + H,0
— Mn,0, + 0, T— MnTiO, +0, T.

It is worth noting that, in the highly modified sam-
ple Mn-30, a more compressed rutile crystal lattice
(3.22 A) was first formed, with unit-cell parameters
a=4.548 A and ¢ = 2.946 A, against the a = 4.559 A
and ¢ = 2.959 A of rutile (3.24 A), to which it was
reduced after separation of the manganese-containing
phases Mn,0; and MnTiO;.

The present results confirm that manganese cat-
ions have a promoting effect [29] on the anatase-to-
rutile transformation (Table 2). In particular, samples
Mn-1 were found to contain rutile along with anatase
after heat treatment of the X-ray amorphous material
at a temperature as low as 500°C, whereas in the pure
TiCl, hydrolysis product of the same origin the rutile
phase was only detected after heat treatment at tem-
peratures above 700°C. The anatase-to-rutile trans-
formation reached completion at a temperature of
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Table 4. PCA (E) of the TiO,- and Mn-based composites
E, % at A > 400 nm for
Sample Phase composition S, m%/g
ferroin MB aniline
P-25 85% a, 15% r 48.4 0 1.2 1.2
400-Mn-1 am 246.9 259 58.6 8.3
500-Mn-1 69.3% a, 30.7% r — 3.5 3.2 —
600-Mn-1 66% a, 34% r 16.0 2.5 3.6 34.1
800-Mn-1 r 0.90 6.9 0.8 45.9
400-Mn-5 am 271.9 18.5 62.2 19.8
500-Mn-5 r — 3.8 2.6 —
600-Mn-5 r, MnTiOj (tr) 3.29 1.5 1.0 30.4
800-Mn-5 r, Mn,04 0.56 7.1 0.4 61.23
400-Mn-30 am 276 16.5 41.6 10.1
500-Mn-30 am — 14.8 49.6 —
550-Mn-30 r — 10.3 —
600-Mn-30 r, Mn,0, 39.7 3.6 2.2 14.21
800-Mn-30 r, Mn,O3, MnTiO; 5.37 6.1 2.2 32.56
am = amorphous phase, a = anatase, r = rutile.
Mn-1 Mn-5 Mn-30
x Anatase & 4 MnTiOs § A Mn,04
* Rutile 1 -
& % .
N 800—1000
800—1000
A [ ] A &40 020 O
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Fig. 2. X-ray diffraction patterns of Mn-modified titanium dioxide at various heat treatment temperatures (numbers at the scans,
°C) and percentages of Mn (the estimated instrumental error limits in our X-ray count rate measurements were within £0.5%).
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Fig. 3. Thermal analysis data for TiO, and the Mn-modified TiO, samples differing in manganese content (the estimated relative
error limits in our temperature measurements in the range 30 to 770 K were +1.5%, and the estimated relative error limits in our

weight measurements were £1%).

800°C. In the synthesis products containing >5 wt %
Mn, rutile was formed directly from the X-ray amor-
phous material, without formation of anatase as a
metastable state. This was accompanied by crystalliza-
tion of manganese oxide phases (Mn,0; at 600°C and
MnTiO; at 800°C).

Thus, a characteristic feature of the synthesis prod-
ucts in the Ti—O—Mn system is the formation of sev-
eral multiphase zones, depending on modification and
heat treatment temperature (Fig. 4), with the follow-
ing possible phase transitions: X-ray amorphous
material — anatase — rutile + Mn,0; — rutile +
MnTiO;. In the highly modified synthesis products,
the following phase transitions were detected: X-ray
amorphous material — rutile + trace levels of MnTiO; —
rutile + Mn,0O; — rutile + MnTiO;.

Texture. Like that of the pure titanium dioxide, the
specific surface area of the Mn-modified synthesis
products was found to decrease systematically with
increasing heat treatment temperature (Fig. 5, Table 1).

INORGANIC MATERIALS  Vol. 59
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The X-ray amorphous powders had a specific surface
area as large as 202—479 m?/g and consisted of
nanoparticles ranging in size from 11.4 to 4.8 nm. The
onset of the formation of the anatase and rutile phases
at temperatures from 500 to 550°C was accompanied
by a decrease in the specific surface of the powders to
120—160 m?/g and a slight increase in crystallite size,
to 8.9—11.9 nm. On the completion of rutile formation
and the separation of the Mn-containing phases
Mn,0; and MnTiO; at temperatures from 600 to 800°C,

the specific surface area dropped to 0.56—40 m?/g.

It is seen in Fig. 5 that all of the TiO,/Mn compos-
ite samples had a larger specific surface area than did
pure TiO, of similar origin.

The sorption isotherms of both the X-ray amor-
phous and crystalline samples obtained at heat treatment
temperatures in the range 20—500°C have an absorp-
tion—desorption character and are S-shaped, with well-
defined hysteresis loops (Fig. 6), which, according to the
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Fig. 4. Phase composition of the Mn-modified titanium
dioxide powders heat-treated at temperatures of up to
1000°C (the estimated instrumental error limits in our

X-ray count rate measurements were within +0.5%).

relevant TUPAC classification [41], indicates that the
synthesized materials are mesoporous.

The temperature dependences of the pore volume
(V), depth (#), and diameter (D) have a rather extreme
character (Table 3). The parameter 4 reaches a maxi-
mum level near 600°C, and D, at 800°C. The samples
heat-treated at 500°C or lower temperatures were
comparable in pore depth and diameter. As the tem-
perature was raised to above 600°C, the pore diameter
increased more rapidly than the pore depth, pointing
to surface smoothing.

The effect of temperature on the variation in the V'
of micropores is similar to that in the case of the spe-
cific surface area, which is probably a consequence of
the active water removal from the oxyhydroxide
hydrolysis products. In the X-ray amorphous materi-
als (<500°C), V ranged from 0.25 to 0.93 cm’/g,
increasing with increasing manganese content and
powder particle size. As the temperature was raised

BELIKOV et al.
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Fig. 5. Specific surface area of TiO, and the Mn-modified
TiO, samples as a function of manganese content and heat
treatment temperature (the estimated relative error limits
in our specific surface area measurements were £5%).

further, V dropped sharply, which was associated with
the crystallization, aggregation, and, finally, agglom-
eration processes at temperatures above 800°C. In par-
ticular, the micropore volume in sample 500-Mn-1 was
0.2690 cm?/g, whereas that in sample 800-Mn-1 was
just 0.0015 cm?/g. At the same time, it is worth noting
that increasing the percentage of Mn stabilized the
micropore size at elevated temperatures.

Thus, in the Ti—O—Mn system both X-ray amor-
phous and crystalline multiphase composites with a
specific surface area from 49 to 876 m?/g have a mes-
oporous structure. Mesoporous materials are thought
to be very promising catalysts for transformations of
voluminous organic molecules because the presence
of mesopores can help overcome diffusional limita-
tions characteristic of micropores.

PCA. We evaluated the PCA of the samples heat-
treated in the range 400—800°C, where crystalline
phases were already formed in most cases and S
remained relatively large.

Manganese incorporated into titanium dioxide
determines its spectral sensitization in the visible
region. In particular, all of the synthesized materials
were shown to exhibit higher PCA compared to the
commercially available photocatalyst P-25.

INORGANIC MATERIALS Vol. 59
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Fig. 6. Sorption isotherms of the Mn-modified titanium dioxide samples containing (a) 1, (b) 5, and (c) 30 wt % Mn and calcined

at various temperatures (numbers at the curves, °C) (the estimated relative error limits are £5%).

The PCA data presented in Table 4 and Fig. 7
reflect the joint effect of modifier content and a com-
bination of structural components and powder tex-
ture, which are nonlinear functions of heat treatment
conditions and the subject of degradation. For exam-
ple, PCA values that are not always high are deter-
mined by the larger specific surface area of the samples
heat-treated at a temperature of 500°C in comparison
with 600 and even 800°C, which is particularly well illus-
trated by the example of aniline degradation (Fig. 7).

The PCA of the synthesis products depended
strongly on the nature of the subject of destruction. In
particular, the degree of ferroin and MB degradation
at heat treatment temperatures above 500°C did not
exceed 3.6%, whereas under similar conditions aniline
decomposed almost completely, to 61%.

In addition, the following general trends were
noticed:

At a heat treatment temperature of 400°C, the PCA
of the powders for ferroin and MB degradation (Table 4,
Fig. 7) was rather high, and it decreased sharply with
INORGANIC MATERIALS  Vol. 59
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increasing heat treatment temperature. The only
exception was the sample containing 30 wt % Mn,
whose PCA persisted between 500 and 600°C. In con-
trast, in the case of the photocatalytic destruction of
aniline, all of the samples exhibited low PCA at a heat
treatment temperature of 400°C, which increased with
increasing temperature, reaching a maximum level at
800°C.

The PCA of the materials studied here had a selec-
tive character for different dyes, in agreement with
previously reported data [42—44]. The very likely rea-
son for this is that the subjects of decomposition differ
in redox potential [45—47]. In addition, the materials
used as photocatalysts differ in charge. Further
research is needed to assess the influence of these
parameters on PCA selectivity and effectiveness.

It is also worth noting that, according to Opra et al.
[32], the synthesized photocatalytic materials based
on manganese-modified titanium dioxide are poten-
tially attractive as anode materials for lithium ion bat-
teries having high reversible and specific capacity.
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Fig. 7. PCA (£E) as a function of Mn content for the Mn-modified titanium dioxide powders at various temperatures: (a) ferroin,
(b) MB, and (c) aniline (the estimated absolute error limits of the spectrophotometer in our directional transmittance measure-

ments were 1%).

CONCLUSIONS

‘We have synthesized photocatalytic materials based
on manganese-modified titanium dioxide and studied
their physicochemical and photocatalytic properties at
manganese concentrations from 1 to 30 wt % and heat
treatment temperatures from 400 to 800°C.

The photocatalysts obtained in this study have
higher PCA under illumination with visible light than
does the commercially available photocatalyst
Degussa P-25.

The PCA of the materials studied here has a selec-
tive character for different dyes, which seems to be
determined by the surface charge of the materials and
the redox potentials of the dyes.

The synthesized materials have a rather high PCA
for aniline destruction, which increases with increas-
ing heat treatment temperature.
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