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• Fe-doped cryptomelanes were syn-
thesized by refluxing at ambient
pressure.

• Fe(III) exists both in the cryptome-
lane framework and in tunnel cavity.

• The UV–vis light absorption prop-
erties of doped cryptomelanes are
greatly improved.

• Fe-doped cryptomelanes have
enhanced ability in complete
degradation of phenol.

g r a p h i c a l a b s t r a c t

a r t i c l e i n f o

Article history:
Received 17 March 2015
Received in revised form 17 April 2015
Accepted 20 April 2015
Available online 23 April 2015

Keywords:
Cryptomelane
Fe doping
Powder X-ray diffraction
XAFS
Photocatalytic degradation

a b s t r a c t

Fe-doped cryptomelanes were synthesized by refluxing at ambient pressure, followed by characteriza-
tion with multiple techniques and test in photocatalytic degradation of phenol. The introduction of Fe(III)
into the structure of cryptomelane results in a decrease in particle size and the contents of Mn and K+,
and an increase in the Mn average oxidation state (AOS), specific surface area and UV–vis light absorption
ability. Mn and Fe K-edge extended X-ray absorption fine structure spectroscopy analysis indicates that
some Fe(III) is incorporated into the framework of cryptomelane by replacing Mn(III) while the remain-
ing Fe3+ is adsorbed in the tunnel cavity. These Fe-doped cryptomelanes have significantly improved
the photocatalytic degradation rate of phenol, with the sample of ∼3.04 wt.% Fe doping being the most
reactive and achieving a degradation rate of 36% higher than that of the un-doped one. The enhanced
reactivity can be ascribed to the increase in the coherent scattering domain size of the crystals, Mn AOS
and light absorption, as well as the presence of sufficient K+ in the tunnel. The results imply that metal
doping is an effective way to improve the performance of cryptomelane in pollutants removal and has
the potential for modification of Mn oxide materials.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The cryptomelane-type octahedral molecular sieve (OMS-2) is a
type of manganese oxide with edge- and corner-shared MnO6 octa-
hedra forming a 2 × 2 tunnel structure, with cations, such as K+ and
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E-mail address: liufan@mail.hzau.edu.cn (F. Liu).

H+ inside the tunnel for balancing the charge [1]. Due to the unique
structural characteristics, such as large specific surface area (SSA),
easy release of lattice oxygen and mixed valence of Mn, cryptome-
lane materials are widely used as adsorbents [2,3], oxidants [3,4],
sensors [5] and catalysts [6–15].

Among all types of Mn oxides, cryptomelane shows the highest
reactivity toward photocatalytic degradation of phenol in aqueous
solution [10], which is a common organic pollutant in the envi-
ronment with high toxicity, structural stability, and resistance to
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biodegradation [16]. The catalytic reactivity of cryptomelane with
respect to this kind of pollutant is mainly affected by Mn AOS and
lattice oxygen mobility [1], and it can also be influenced by light
absorption [10,17], tunnel K+ concentration [11], micromorphology
[18], acidity, basicity and hydrophobicity [19].

Incorporation of cations into the structure of cryptomelane can
alter its structure and physicochemical properties, and the dopants
are usually located in the framework or tunnel cavity. On one hand,
many high valence metal cations can be hydrothermally doped
into the framework. Doping cryptomelanes with various types of
cations can increase SSA and pore volume [20,21], modify Mn
AOS [5,22,23] and thermal stability [20,22–24], increase structural
defects, e.g., vacancies [5,24], and also enhance the reactivities of
cryptomelane towards the catalytic oxidation of various organic
pollutants [6,8,9,21]. On the other hand, the tunnel cavity of OMS-
2 can accommodate some cations, such as K+, Li+, Na+, Rb+, Cs+ and
NH4

+, which can also tailor the chemical and physical properties of
the materials. Doping Li+, Na+, Rb+, Cs+ and NH4

+ into the tunnels of
cryptomelanes affect their crystallinity, SSA, thermal stability, and
their catalytic activities for organic pollutants degradation [25,26].
Tunnel K+ favors the stabilization of the �-MnO2 structure [27], and
can lead to a considerable improvement of the lattice oxygen activ-
ity and thus enhancing the catalytic activity for benzene oxidation
[11].

In these previous studies, cryptomelanes were synthesized
under hydrothermal conditions, which is rather problematic in
terms of energy consumption and safety. In contrast, it is more
favorable to synthesize cryptomelane by refluxing at low tem-
perature under ambient pressure [28–32]. However, this may
arouse questions, such as whether these metal cations can be
incorporated into the cryptomelane framework or adsorbed in
the tunnel cavity and how the structure and properties of the
as-prepared cryptomelane would be affected. Here Fe-doped cryp-
tomelanes were synthesized via refluxing at ambient pressure, and
their structure and physicochemical properties were characterized
by powder XRD, wet chemical analysis, field emission scanning
electron microscopy (FE-SEM), N2 adsorption, X-ray photoelec-
tron spectroscopy (XPS), UV–vis diffuse reflectance spectroscopy
(UV–vis DRS), and Fe and Mn K-edge extended X-ray absorption
fine structure spectroscopy (EXAFS) analysis. The photocatalytic
reactivity of these doped materials was also tested by degrada-
tion of phenol in aqueous solution. The overall results from this
study have implications for modification of Mn oxide materials in
contamination remediation and pollution control.

2. Materials and methods

2.1. Sample preparation and characterization

Fe-doped cryptomelanes were synthesized through reflux pro-
cess under ambient pressure by adding KMnO4 solution to mixtures
of Fe2(SO4)3, MnSO4 and acetic acid at different molar ratios
(Fe/Mn = 0, 0.02, 0.05, 0.07 and 0.10) as described in [3,33]. Typ-
ically 80 mL of 0.4375 mol/L KMnO4 solution was heated to 60 ◦C
and poured into 100 mL mixtures of 0.5 mol/L Fe2(SO4)3 + MnSO4
solutions (the molar ratio of Co/Mn is 0, 0.02, 0.05, 0.07 or 0.10)
and 2 mol/L acetic acid which was also preheated at 60 ◦C. The mix-
tures were then heated and kept boiling under stirring for 20 min.
A suitable amount of 2 mol/L acetic acid was added to make up the
volatilized CH3COOH during the reaction. All samples were washed
with deionized water thoroughly, and then dried in oven at 60 ◦C for
several days. After ground in an agate mortar to particle sizes below
100 mesh (154 �m), the products were stored in closed polyethy-
lene plastic tubes at room temperature. Based on the initial molar
ratios of Fe/Mn, the products were named as Cry0, Fe2, Fe5, Fe7 and
Fe10, respectively.

Powder X-ray diffraction analysis of the samples was carried
out on a Bruker D8 Advance diffractometer (� = 0.15418 nm). The
diffractometer was operated at a tube voltage of 40 kV and a cur-
rent of 40 mA with 1.2 s counting time per 0.02◦ 2� step. The Mn
AOS was determined by the oxalate reduction-permanganate back-
titration method [34]. Micromorphologies of the samples were
probed by field emission scanning electron microscopy (Jeol JSM-
6700F microscope) after being coated with a gold evaporated film.
The SSAs and pore size distributions of the samples were obtained
by analyzing the N2 adsorption/desorption data using an Autosorb-
1 standard physical adsorption analyzer after degassing 0.1–0.2 g
samples at 110 ◦C for 3 h under vacuum. Chemical composition and
XPS analysis were carried out as described in [35,36]. The UV–vis
diffuse reflectance spectrum (UV–vis RDS) was measured by a Shi-
madzu 3600 spectrophotometer [10,37].

2.2. XAFS spectroscopy

The XAFS spectra of Fe-doped cryptomelanes were measured
at room temperature at beamline 4-1 at the Stanford Synchrotron
Radiation Lightsource (SSRL) [38]. Fe K-edge XAFS spectra were
obtained in fluorescence mode over the range of 6912–7864 eV.
The monochromator energy was calibrated to the first derivative of
Fe metal foil (7112 eV) before every sample run. Mn K-edge XAFS
data were collected in transmission mode over the energy range
of 6339–7092 eV, which was somewhat short because of the inter-
ference of Fe absorption. The EXAFS spectrum of a Mn metal foil
was collected (E0 = 6539 eV) simultaneously with a reference ion
chamber to calibrate the monochromator energy position.

EXAFS spectra were processed using the program Ifeffit/Athena
[39]. Parameters used for background removal of Fe K-edge spec-
tra were: E0 = 7126 eV, Rbkg = 1.0 Å and k-weight = 2. Then the XAFS
spectra were converted into the k3-weighted function and FTs were
calculated over a k range of 2.0–11.0 Å−1 and a R range of 1–6 Å. Mn
K-edge spectra were background-subtracted using the following
parameters: E0 = 6557 eV, Rbkg = 1.0 Å and k-weight = 2. The XAFS
spectra were converted into the k3-weighted function and FTs were
calculated over a k range of 2.4–11.1 Å−1 and a R range of 1–6 Å.
Structural parameters (R, CN, and Debye–Waller factor, �2) were
obtained by fitting the experimental k3-weighted EXAFS spectra to
the standard EXAFS equation [40] implanted in SIXPack [41], using
several single-scattering paths over a R range of 1–4 Å for both Fe
and Mn. Phase and amplitude functions for single-scattering paths
were calculated based on cryptomelane structure using FEFF7 [42].

2.3. Photocatalytic degradation of phenol

The photocatalytic degradation experiments of phenol by these
materials were carried out as described in [10,37]. Briefly, in a 50-
mL quartz tube, 5 mL of 500 mg L−1 phenol solution (pH 6.00 ± 0.05)
was mixed with 20 mL of 1.25 g L−1 mineral suspension (prepared
by dispersion of 0.025 g Fe-doped cryptomelane into 20 mL of
deionized water, and the pH of the suspension was then adjusted
to 6.00 ± 0.05). Then all the quartz tubes were placed on a SGY-
1 rotary photochemical reactor and ventilated with air at a steady
rate of 3.3 L min−1. The photocatalytic reaction was conducted with
the radiation of a 300 W high-pressure mercury lamp. After reac-
tion for 12 h, the suspensions were centrifuged (10,000 × g, 5 min),
and the supernatant was filtered through a 0.22-�m membrane for
total organic carbon (TOC) analyses. TOC removal rate was used to
evaluate the photocatalytic degradation of phenol by these mate-
rials. Duplicates were conducted and the average was used. The
TOC removal rate was calculated by: CToc = (C0–Ct)/C0 × 100%, in
which C0 (mg L−1) and Ct (mg L−1) are the initial and final TOC
concentrations, respectively.
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Table 1
Rietveld structural refinement results of unit-cell parameters, crystal sizes and cell volumes of Fe-doped cryptomelanes.

Sample a (Å) b (Å) c (Å) ˇ (◦) CrySizea (nm) Cell volume (Å3) Rwp
b (%)

Cry0 9.9487(46) 2.8529(32) 9.6748(50) 91.511(25) 12.24(21) 274.50(36) 5.39
Fe2 9.9098(33) 2.8516(6) 9.6713(35) 91.338(17) 17.37(30) 273.22(14) 6.24
Fe5 9.8665(22) 2.8522(4) 9.6711(30) 91.050(16) 19.08(27) 272.11(11) 4.84
Fe7 9.8607(27) 2.8532(4) 9.6740(36) 91.011(18) 16.02(19) 272.13(13) 3.69
Fe10 9.8772(45) 2.8543(7) 9.6714(58) 91.112(29) 12.92(17) 272.61(22) 3.27

a The average coherent scattering domain (CSD) sizes modeled using Lorentzian function.

b Rwp indicates the quality of fitting and is expressed by Rwp =
√∑

wi (Yo,i−Yc,i )
2∑

wiY
2
o,i

.

Fig. 1. Rietveld structural refinement of Fe-doped cryptomelanes (unit for d-spacing
is Å. Blue lines are experimental data, red lines are calculated patterns and gray lines
are difference patterns). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

3. Results and analysis

3.1. Powder XRD

Fig. 1 presents the powder XRD patterns of the Fe-doped sam-
ples. Each of the patterns matches quite well with that of the
standard cryptomelane (JCPDS 74-1451). There are no additional
peaks in the XRD patterns, indicating that no impurity is present
and that Fe has not modified the structure of cryptomelane. How-
ever, with an increase in the dopant content, some changes can be
observed in the diffraction intensities and the full widths at half
maximum (FWHM). When the molar ratios of Fe/Mn ≤ 0.05, there
is an increase in peak intensity and a decrease in FWHM; with
a further increase in the Fe content, there appears a decrease in
the diffraction intensity and an increase in FWHM. This suggests
that Fe doping can lead to an increase first and then a decrease in
the coherent scattering domain (CSD) size of doped cryptomelane
crystals.

Based on the standard cryptomelane structure with mono-
clinic symmetry (I2/m), Rietveld structure refinement of these
Fe-doped cryptomelanes was conducted using software TOPAS, and
the results are shown in Fig. 1 and Table 1. With increasing dopant
content, the lattice parameters a, ˇ and cell volumes of doped cryp-
tomelanes slightly decrease while b and c remain unchanged. The
calculated CSD size for Cry0 is ∼12 nm, then is increased to ∼19 nm
for Fe5, and then is decreased to ∼13 nm for Fe10 (Table 1).

3.2. Elemental analysis and Mn AOS

The results of elemental analysis and Mn AOSs of these Fe-doped
cryptomelanes are detailed in Table 2. The final molar ratios of
Fe/Mn generally agree well with the initial ratios. With increasing
Fe contents, the Mn contents in these doped cryptomelanes gradu-
ally decrease. From Cry0 to Fe5, the molar ratios of K/Mn are almost
the same (0.032–0.033), but for Fe7 and Fe10, the K/Mn molar ratios
decrease to 0.024–0.025. Just as the K+ content in the interlayer
regions of hexagonal birnessites can be used as an index to simply
and qualitatively judge the spatial distribution of transitional met-
als (TM) in the birnessite structure, so the variations in the tunnel
K+ content in the cryptomelane can reflect whether the dopants
are incorporated into the framework or located in the tunnel cav-
ity. For the hydrothermal cryptomelanes, the K+ content increases
with increasing Fe [22,23], and Fe is proved to have the same atomic
coordination environments as framework Mn by anomalous XRD
and Mössbauer spectra [23]. In the V(V)-doped cryptomelanes, the
increase of vanadium content is well correlated with a reduction
in Mn percentage but a relatively constant K+ concentration. This
indicates that V is isomorphously substituting for Mn in the frame-
work [5]. For the Fe-doped cryptomelanes here, the decrease in K+

content indicates that part of the dopants is adsorbed in the tunnels.
The Mn AOS of Cry is 3.83. Fe doping gradually increases the

Mn AOSs. This suggests that Fe(III) is incorporated into the frame-
work of cryptomelane by replacing Mn(III) and/or into the tunnel
by replacing Mn3+/2+.

3.3. Morphology, SSA and micropore size

The FE-SEM images of these samples are displayed in Fig. 2.
As shown in Fig. 2a, Cry0 is composed of uniform needle crystals.
With increasing Fe content, the needle crystals of Fe2 decrease
in length but increase slightly in width (Fig. 2b), and then the

Table 2
Elemental analysis, Mn AOSs and SSAs of Fe-doped cryptomelanes.

Sample Element content (%) Fe/Mn molar ratio Mn AOS SSA (m2/g) Micorpore size (nm)

Mn Fe K

Cry0 56.97 0 1.30 0 3.83 139 0.48
Fe2 56.03 1.62 1.30 0.03 3.84 134 0.46
Fe5 53.32 3.04 1.24 0.06 3.85 124 0.46
Fe7 51.06 5.12 0.86 0.10 3.87 163 0.48
Fe10 48.92 5.97 0.86 0.12 3.88 221 0.46
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Fig. 2. FE-SEM images of Fe-doped cryptomelane samples. (a) Cry0, (b) Fe2, (c) Fe5 and (d) Fe10.

Fe-doped samples become granular particles with aggregation
(Fig. 2c and d). It is observed that the particle sizes of these
Fe-doped cryptomelanes are generally decreased. This spuriously
contradicts with the results of qualitative analysis of powder
XRD profiles and the Rietveld structure refinement. Actually the
average crystal sizes obtained by XRD analysis reflect the CSD
sizes of the crystals whereas the SEM observes the actual physical
dimensions of the crystals. The two “sizes” are always different
attributed to structure disorder in the crystal structure [43,44] and
the shapes of the crystals.

The SSA of Cry0 is 139 m2 g−1, and those of the doped sam-
ples generally increase with increasing Fe content. When the initial
Fe/Mn is increased to 0.10, the SSA is increased to 221 m2 g−1

(Table 2). The N2 adsorption-desorption curves of these materials
are listed in Fig. 3 and Fig. S1, and all of them are typical IV curves.

Fig. 3. (A) N2 adsorption–desorption isothermal curves of Fe2 and (B) corresponding
micropore size distribution calculated by the Horvath–Kawazoe (HK) method.

Micropore analysis is conducted based on the Horvath–Kawazoe
(HK) using the adsorption branch [29]. The micropore diameters of
the doped OMS-2 materials are 0.46–0.48 nm, matching quite well
with the tunnel size of cryptomelane (0.46 nm × 0.46 nm).

3.4. Mn (2p3/2) and Fe (2p) XPS Spectra

The Mn (2p3/2) spectra of these Fe-doped cryptomelanes are
shown in Fig. 4 and Fig. S2. By multiple peak fitting, the relative
percentages of Mn2+, Mn3+ and Mn4+ on the mineral surfaces can
be quantified [45]. Multiplet parameters from [35] are used, and the
fitting results are demonstrated in Fig. 4, Fig. S2, Table 3 and Table
S1. It shows that the percentage of Mn4+ on the mineral surface
increases while those of Mn3+ and Mn2+ decline with increasing
Fe content. The Mn AOSs for Cry0, Fe2, Fe5, Fe7 and Fe10 are cal-
culated to be 3.62, 3.64, 3.67, 3.67 and 3.71, respectively, which
coincide well with those obtained by titration.

Fe (2p) narrow scans are presented in Fig. 4. Two peaks are
well characterized for the doped samples, with the maxima of the
peaks for Fe (2p1/2) and Fe (2p3/2) located at 724.6 and 711.1 eV,
respectively. These values match quite well with those of FeOOH
reported by Tan et al. (1990) [46], suggesting that Fe mainly exists
in a valence of +3 in these materials.

Table 3
Near-surface composition of Mn obtained by fitting the Mn (2p3/2) spectra of Fe-
doped cryptomelanes

Sample Mn2+ (At.%) Mn3+ (At.%) Mn4+ (At.%)

Cry0 12.78 12.04 75.18
Fe2 6.17 23.52 70.28
Fe5 6.78 18.64 74.50
Fe7 9.07 14.64 76.20
Fe10 9.21 10.05 80.75
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Fig. 4. (a) Mn (2p3/2) spectrum of sample Fe2 with the best fit overlaid (The upper circles represent observed data and the thick, solid curve is the best fit to the data. The
red dash-dot curves represent Mn(IV) multiplet peaks, green thin solid curves Mn(III) and blue dotted lines Mn(II)), and (b) Fe (2p) spectra of these Fe-doped cryptomelanes.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Linear combination fit of the Mn K-edge XANES spectra of Fe-doped cryp-
tomelanes using the Combo method [47] in the 6521–6653 eV interval (circles are
experimental data, and solid lines are the best fits. The differences between the
experimental data and the best fits are shown at the bottom).

3.5. EXAFS spectroscopy

3.5.1. Mn K-edge XAFS
Fig. 5 shows the Mn K-edge XANES spectra of Fe-doped cryp-

tomelanes. The Combo method [47] was also used to determine
the relative proportions of Mn2+, Mn3+ and Mn4+ in these minerals.
Fitting results are given in Fig. 5 and Table S2. The Mn K-edge XANES
spectra of Cry0, Fe2, Fe5, Fe7 and Fe10 can be best reconstructed
individually by 88.73% Mn4+ + 11.27% Mn3+, 87.89% Mn4+ + 12.11%
Mn3+, 95.26% Mn4+ + 4.74% Mn3+, 95.08% Mn4+ + 4.92% Mn3+ and
98.20% Mn4+ + 1.80% Mn3+. This suggests that the doped cryptome-
lanes are composed predominantly of Mn4+ with a small amount
of Mn3+ but no Mn2+. With increasing Fe content, the percent-
age of Mn4+ increases, but that of Mn3+ decreases. This confirms
that incorporated Fe(III) replaces low valence Mn in the frame-
work and tunnel. Based on the fitting results, the Mn AOSs of these
Fe-doped cryptomelanes are 3.89, 3.88, 3.95, 3.95 and 3.98, respec-
tively, which agree well with the results obtained by the titration
method. The Mn (2p3/2) XPS analysis shows that there is some Mn2+

on the mineral surface, which might originate from the reduction
of high valence Mn to Mn2+ induced by X-ray radiation [35,47].

Mn K-edge EXAFS spectra and FTs are presented in Fig. 6A
and B. The k3-weighted EXAFS spectra possess the basic oscilla-
tion features of cryptomelane [48]. In the FTs, the three prominent

peaks located at R + �R ∼1.5 Å, ∼2.4 Å and ∼3.0 Å are ascribed
to Mn–O distances in [MnO6] unit and edge- and corner-sharing
Mn–Me (Me = Mn, Fe) pairs, respectively [7,23,49]. With increasing
Fe content, the R + �R ∼2.4 Å and ∼3.0 Å peaks slightly shift right,
indicating an increase in the distances of edge- and corner-sharing
Mn–Me pairs.

Fitting results of Mn K-edge EXAFS spectra are presented in Fig. 6
A, B and Table S3. The Mn–O distance in [MnO6] octahedra of these
Co-doped cryptomelanes is 1.892 Å. The edge- and corner-sharing
Mn–Me distances for Cry0 are 2.881 Å and 3.442 Å, consistent well
with previous reports [7,23,49]. Upon Fe doping, the distance of
edge-sharing Mn–Me (Mn–Me1) increases from 2.882 Å to 2.886 Å
while that of corner-sharing Mn–Me (Mn–Me2) increases from
3.444 Å to 3.446 Å. This is mainly caused by the substitution of
framework Mn(III) by Fe(III), with the crystal radius of the latter
(0.785 Å) being larger than that of the former (0.72 Å) [50].

3.5.2. Fe K-edge EXAFS
Fe K-edge EXAFS spectra of these samples are presented in

Fig. 6C and D. The frequencies of these spectra differ from those
of Mn K-edge EXAFS spectra, indicating that the local atomic envi-
ronments of Fe are quite different from those of Mn. Since there
are two equivalent Mn sites in the cryptomelane framework and if
Fe unselectively substitutes for either Mn site, the oscillations of Fe
and Mn K-edge EXAFS spectra should be similar to those of Co and
Mn in the manganese layers of the birnessite [7,36,51]. Therefore,
it can be concluded that Fe does not occupy unselectively the two
crystallographic Mn sites in the framework, and/or some dopants
are located in the tunnel cavity.

In the FTs, three major peaks are located at R + �R ∼1.5 Å, ∼2.4 Å
and ∼3.0 Å, which are corresponding to Fe–O in [FeO6] octahedron,
edge-sharing Fe–Me pairs (Fe–Me1) and corner-sharing Fe–Me
pairs (Fe–Me2). The existence of the R + �R ∼2.4 Å peak confirms
the incorporation of Fe into the framework, and the bond lengths
of Fe–O, Fe–Me1 and Fe–Me2 increase with increasing Fe content.

The results of the fitting of these Fe K-edge EXAFS spectra are
presented in Fig. 6C and D and Table 4, showing that, with the
increase of the Fe content from Fe5 to Fe10 in these doped cryp-
tomelanes, the Fe–O distance in [FeO6] octahedron increases from
1.934 Å to 1.953 Å, the Fe–Me1 distance from 2.882 Å to 2.921 Å,
and the Fe–Me2 distance from 3.388 Å to 3.410 Å. This phenomenon
is also observed in the EXAFS analysis of hydrothermally synthe-
sized Fe-doped cryptomelanes [23]. The Fe–O distances in these
Fe-doped cryptomelanes are longer than the Mn–O distances but
shorter than the Fe–O distances in Fe oxides [23,52]. The Fe–Me1
distance in Fe5 is very close to that of Mn–Me1, but those of Fe7
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Fig. 6. Mn K-edge (A) and Fe K-edge (C) EXAFS spectra and the corresponding Fourier transformed spectra (FTs) (B and D) of Fe-doped cryptomelanes (the solid lines are
experimental data and the dotted lines are best fit)
a: Cry0; b: Fe2; c: Fe5; d: Fe7 and e: Fe10.

and Fe10 are increased by ∼0.04 Å. Due to the similar X-ray scatter-
ing factors of Fe and Mn atoms, the signals of Mn–O and Mn–Me1
are overlapped with those of Fe–O and Fe–Me1. Incorporation of
more Fe(III) into the cryptomelane framework by replacing Mn(III)
greatly contributes to the increase of the Fe–Me1 distance. How-
ever, the Fe–O and Fe–Me1 distances of Fe10 do not increase as
much as those of Fe7, probably because part of the Fe3+ cations are
located in the tunnels. Furthermore, in our Fe-doped cryptome-
lanes, Fe–Me2 bond lengths are shorter than those of Mn–Me2.
This is contrary to the observation in the hydrothermally synthe-
sized Fe-doped analogies, in which almost all Fe is incorporated into
the framework [23]. This finding further confirms that the Fe in our
doped cryptomelanes exists in both framework and tunnel cavity,

which is already qualitatively indexed by the variations in tunnel
K+ contents. However, the Fe–Mn distance for the Fe3+ in cryp-
tomelane tunnels cannot be distinguished from that of Fe–Me2 in
this work. It is reported that, in Cd2+-sorbed cryptomelanes, Cd2+ is
located inside the tunnels and has 4.9 Mn atoms at 3.65 Å [2]. Based
on the difference in crystal radii of Cd2+ (1.09 Å) and Fe3+ (0.785 Å)
and our EXAFS fitting results, the distance between tunnel Fe3+ and
nearest framework Mn is ∼3.39–3.41 Å.

3.6. UV–vis DRS analysis

Among various Mn oxides, cryptomelane shows the strongest
ability of light adsorption in the range of 250–800 nm [10]. The

Table 4
Structure parameters derived from Fe K-edge EXAFS fitting over 1–4 Å of Fe-doped cryptomelanes.

Atomic pairs Fe5 Fe7 Fe10

Fe–O CN 6 6 6
R (Å) 1.934(0.015) 1.953(0.012) 1.953(0.012)
�2 (Å2) 0.0082(0.0011) 0.0064(0.0009) 0.0075(0.0009)

Fe–Mea1 CN 2.4(1.6) 3.5(2.1) 2.8(1.5)
R (Å) 2.882(0.024) 2.922(0.021) 2.921(0.020)
�2 (Å2) 0.0041(0.0042) 0.0087(0.0047) 0.0067(0.0040)

Fe–Me2 CN 4.6(2.6) 4.2(2.3) 2.9(1.7)
R (Å) 3.388(0.021) 3.406(0.018) 3.410(0.017)
�2 (Å2) 0.0051(0.0038) 0.0063(0.0041) 0.0043(0.0041)

�E0 −7.3(2.4) −5.2(2.0) −5.2(1.9)
(eV) 395.61 407.70 469.53
Chi sq
R factor 0.0351 0.0312 0.0297

a Me = Mn, Fe for the X-ray scattering factors of Mn and Fe are similar, and it is difficult to differentiate them.
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Fig. 7. UV–vis DRS spectra of Fe-doped cryptomelanes.

UV–vis DRS of these Fe-doped materials are drawn in Fig. 7. The
absorption curves indicate a flat absorption, suggesting that these
materials have perfect ability in light absorption and are ideal for
photocatalysis. Further, in the whole Fe doping range, the curves of
the doped cryptomelanes are higher than that of the un-doped one,
indicating that Fe doping greatly enhances the light absorption.

Light absorption properties of these doped cryptomelanes may
be affected by many factors. First, insertion of exotic cations into
the framework of cryptomelanes will induce structural defects,
such as vacancies [5,24]. These structural defects will promote the
separation of photo-induced electrons and holes, thus hindering
the recombination of these charge-carriers, and then increase the
concentration of photo-induced electrons, and finally improve the
reactivity in photocatalytic reactions [53]. Second, the light absorp-
tion is also affected by the CSD sizes of crystals of the catalyst due
to remarkable differences of the optical properties of the bulk and
the nanostructured MnO2 materials. The absorption of the MnO2
colloid at longer wavelengths strongly decreases as the CSD sizes
of the MnO2 particles decrease [54]. This is obvious for the Fe10
sample here, whose light absorption over 600–800 nm remarkably
declines with the decrease of its CSD size. Finally, the light absorp-
tion may also be influenced by the variations in the valence of Mn
ions, the contents of water and K+ in the structure of cryptomelane
and so on [55].

3.7. Photocatalytic degradation of phenol from wastewaters

The photocatalytic degradation experiments of phenol by these
Fe-doped cryptomelanes were conducted in simulated wastewa-
ters. According to previous reports [16,56–58], besides the final
non-toxic products of CO2 and H2O, many intermediates are pro-
duced during photocatalytic degradation of phenol, which mainly
include biphenols, quinones and/or low molecular weight organic
acids, etc. These intermediates, however, are also environmental
contaminants. Therefore, the TOC removal rate, the fraction of phe-
nol that is totally degraded to CO2 and H2O, is the most practical
index to evaluate the performance of the doped materials in detox-
ifying organic pollutants like phenol in the environment.

After 12 h reaction under UV–vis light irradiation (the high-
pressure mercury lamp used in this experiment has relatively
high irradiation at 366 nm, 436 nm, 546 nm and 578 nm), the
TOC removal rates of Cry0, Fe2, Fe5, Fe7 and Fe10 are 62.12%,
63.72%, 84.57%, 80.57% and 65.72%, respectively, showing that,
with increasing Fe content, the TOC removal rates first increase,
followed by a decrease, with the highest TOC removal rate
observed for Fe5. The results demonstrate that a certain amount
of Fe doping can greatly improve the ability of cryptomelanes in
removing phenol from wastewaters. The TOC removal rates of

these Fe-doped cryptomelanes are higher than those of birnessite
and todorokite [10], Ce-doped cryptomelanes [59], mixtures of
manganite and hausmannite [60]. These Fe-doped cryptomelane
materials hold great promise for the remediation of water systems
polluted by organic compounds, such as phenol.

4. Discussion

Fe(III) is introduced into the structure of cryptomelane by reflux-
ing at ambient pressure. These doped cryptomelanes have reduced
the particle size and increased SSA. Upon doping, the contents of
Mn and K+ in the minerals are greatly decreased. This is quite differ-
ent from the hydrothermally synthesized Fe-doped cryptomelanes
[23], in which almost all Fe is doped into the framework and the
molar ratio of K+/Mn is greatly increased. So the decrease in the tun-
nel K+ content means that part of the Fe3+ is adsorbed in the tunnel
cavity of cryptomelane to more effectively neutralize the negative
charge of the framework. Further titration, Mn (2p3/2) XPS, and Mn
K-edge XNAES analyses show that the Mn AOS of cryptomelane
is increased after doping, suggesting that Fe may be incorporated
into the framework by replacing Mn(III) and/or into the tunnel by
ion-exchange with Mn3+. This is further confirmed by quantitative
analysis of Fe K-edge EXAFS spectra. In FTs, the existence of peak
at R ∼2.88–2.92 Å confirms the insertion of Fe into the framework,
and the existence of peak at R ∼3.39–3.41 Å indicates the location
of some Fe3+ in the tunnel. The incorporation of part of Fe in the
framework, the location of some Fe in the tunnel, and the decrease
of the K+ content may importantly contribute to the decrease in
lattice parameters a, ˇ and cell volume.

These Fe-doped cryptomelanes have enhanced the total removal
of phenol from wastewaters, i.e., the TOC removal rate is increased
by 36% when the initial molar ratio of Fe/Mn is 0.05. The pho-
tocatalytic reactivity of these Fe-doped cryptomelanes is affected
by many factors. Firstly, owing to the mixed valence of Mn, high
valence Mn in Fe-doped cryptomelanes can be directly reduced by
obtaining electrons from organic pollutants, such as phenol. The
higher the Mn AOS for cryptomelane, the more favorable will be
the oxidation reaction. Fe doping greatly increases the Mn AOS, and
thus promotes the direct oxidation of phenol. Secondly, the cata-
lyst with large SSA is generally considered to have more active sites
exposed, and thus facilitates reaction [61]. However, Fe10 has the
largest SSA, but its TOC removal rate is quite low, indicating that
SSA is not the controlling factor for the TOC removal rate. Thirdly, as
discussed in Section 3.6, CSD sizes of the catalyst crystals also influ-
ence the light absorption properties. With increasing Fe content,
the CSD sizes of these materials first increase and then decrease.
When the molar ratio of Fe/Mn is increased to 0.10, the CSD size
of Fe10 is greatly decreased, leading to a significant attenuation
in its light absorption, which contributes to the low TOC removal
rate. Fourthly, the chemical composition, especially K+ content,
has an important effect on the catalytic reactivity. It is recently
reported that, increasing the K+ concentration leads to a consider-
able enhancement of the lattice oxygen activity in OMS-2 nanorods,
and thus a significant enhancement of the catalytic activity for ben-
zene oxidation [11]. The final molar ratios of K/Mn are 0.032, 0.033,
0.033, 0.024 and 0.025 for Cry0, Fe2, Fe5, Fe7 and Fe10, respectively.
In the structures of Fe7 and Fe10, part of Fe3+ is located in the tunnel
and the tunnel K+ content is decreased, leading to the decrease of
their lattice oxygen activities and the catalytic activities. Finally, but
not the least important, is the light absorption properties of these
doped cryptomelanes, which are affected by the aforementioned
factors, including Mn AOS, CSD size, K+ content, and structural
defects and so on. The light absorption of these doped cryptome-
lanes is significantly improved by Fe doping as compared to that of
the un-doped one. Upon illumination, the photocatalytical reaction
is initiated by the excitation of the occupied electrons on O (2p) of
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the Mn oxides to the unoccupied orbits (mainly Mn (3d)) with the
photo-induced active oxygen species accepting the electrons from
phenol. When the catalysts with excellent light absorption proper-
ties are illuminated, more active oxygen species can be excited, and
the catalysts show higher photocatalytic activities in degradation of
phenol [53,62]. Therefore, introducing a certain amount of Fe into
the structure of cryptomelane facilitates the total removal of phe-
nol from wastewaters by increasing the crystal CSD size, Mn AOS
and light absorption properties, and maintaining the K+ content.

5. Conclusions

• Fe-doped cryptomelanes are synthesized with a series of Fe/Mn
molar ratios by refluxing at ambient pressure.

• Fe doping has significant effects on the physicochemical prop-
erties of cryptomelane by decreasing the particle size and the
contents of Mn and K+, increasing Mn AOS and SSA, and slightly
modifying the microstructure parameters, such as decreasing the
lattice parameters a, ˇ and cell volume.

• Upon Fe doping, the edge-sharing and corner-sharing Mn–Me
distances in the cryptomelane structure are slightly increased,
with part of Fe(III) incorporated into the framework by replacing
the crystallographic Mn(III) sites, and the rest adsorbed in the
tunnel cavity.

• The synergy of the great enhancement in UV–vis light absorption
properties of these Fe-doped cryptomelanes, the increase in the
CSD sizes and Mn AOS, and the maintenance of sufficient K+ in
the tunnel contributes to the significant improvement in the TOC
removal rate during the photocatalytic degradation of phenol by
the Fe5 sample. The cryptomelane doped with a certain amount of
Fe has a great potential for application in treating water systems
polluted by organic pollutants, such as phenol.
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