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A B S T R A C T   

Doping transition metal into ferrihydrite (Fh) may significantly affect its structure and Fenton reactivity. The 
comparative study of Fh and M(II)-Fh (M = Cu, Co, or Mn), for the first time, reveals that doping metal ions can 
alter the property and content of oxygen vacancy (OVs) and the oxidation potential of Fh, which subsequently 
affects H2O2 decomposition, HO. generation, and Fenton reactivity of the catalysts. The overall Fenton activity of 
the samples in decomposing bisphenol A decreases in the order Cu-Fh > Fh > Co-Fh > Mn-Fh. In specific, Cu-Fh 
is the most efficient catalyst as it has the lowest energy barrier for decomposing H2O2 into HO. at OVs sites and 
the highest oxidation potential (benefiting the reduction of Fe(III) to Fe(II) by H2O2). Our findings show the 
complex heterogeneous Fenton reactivity of M-Fh, and doping can be an efficient strategy for achieving highly 
efficient Fenton catalysts.   

1. Introduction 

Iron (oxyhydr)oxides, as important natural heterogeneous Fenton 
catalysts, are ubiquitous on the earth’s near-surface and can activate 
H2O2 to generate highly reactive HO. (Eqs. (1) and (2)) [1–4]. This 
process is vital for the self-cleaning of environment (using natural H2O2) 
and for the degradation of organic contaminants during the remediation 
of polluted soils (using intentionally added H2O2) [5,6]. Besides, iron 
(oxyhydr)oxides are important precursors/components for synthesizing 
highly efficient heterogeneous Fenton catalysts [7–11].  

≡Fe(III) + H2O2 → ≡Fe(II) + HO2
. + H+, K = 0.01 M− 1s− 1                (1)  

≡Fe(II) + H2O2 → ≡Fe(III) + HO. + OH− , K = 40–80 M− 1s− 1            (2) 

Among the various iron (oxyhydr)oxides, the poorly crystalline fer-
rihydrite (Fh) has drawn particular concerns as heterogeneous Fenton 
catalyst [12–14]. Fh has a much high redox potential (~0.2 mV) than 

most other iron (oxyhydr)oxides (generally varying between -300 and 
-200 mV) [15], rendering Fh a better oxidizing capacity (i.e., electron- 
accepting capacity); in other words, the rate-limiting step for reducing 
Fe(III) to Fe(II) (Eqs. (1)) can be accomplished more easily by Fh. Be-
sides, with a nano-sized particle (2–6 nm) and large specific surface area 
(~300 m2/g) [16,17], Fh can provide abundant active sites for Fenton 
reaction, and also be an ideal support/component for synthesizing novel 
heterogeneous Fenton catalysts. For example, recent studies from our 
group combined various functional materials (e.g., BiVO4, Ag/AgCl, or 
carbon nanotube) with Fh, and the resulting composites showed highly 
efficient Fenton catalytic activity [12–14]. 

Naturally occurring Fh always contains substitution ions (Al, Co, Cu, 
Mn, Si, etc.) in the structure, because of the complexity of the supergene 
environment [18–20]. These impurity ions can change the composition, 
microstructure, surface properties, and crystallinity of Fh, thereby 
affecting its activity [21–25]. For example, Ni et al. (2016) reported that 
the Al-doped Fh showed a higher pHpzc value and a larger specific 
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surface area compared with Fh, which is favorable for the adsorption of 
Cr(VI). Several studies demonstrated that the doping of metal ions (e.g., 
Ni, Co, Cu, Zn, or Al) can retard the transformation of Fh to goethite/ 
hematite [21,23]. However, the effects of doping ions on the heteroge-
neous Fenton activity of Fh have been overlooked, and a large knowl-
edge gap remains in this area. 

Besides, doping is also a common strategy for improving the activity 
of many functional materials [26–31], and several studies indeed have 
investigated the Fenton catalytic activity of some metal-doped iron 
(oxyhydr)oxides (e.g., magnetite, goethite, and hematite) [9,32–34]. 
Theoretically, doping transition metals into iron (oxyhydr)oxides may 
change their structure, and thus have multiple effects on their Fenton 
catalytic activity: (1) Generating new oxygen vacancies (OVs) on the 
catalysts. Although OVs is the ubiquitous defects in the structure of iron 
(oxyhydr)oxides, doping metal ions can always create new OVs (i.e., 
OVs(M-Fe)), particularly when the doped metal ions have a different 
valence than the original one [35,36]. As OVs possess localized electrons 
that can promote the heterolytic H2O2 dissociation to generate HO. [37], 
these newly formed OVs(M-Fe) may have additional complex effects on 
the Fenton catalytic activity of doped Fh. (2) Changing the electronic 
structure. The potentials corresponding to the bottom of conduction 
band (CB) and top of valence band (VB) is the oxidation potential and 
reduction potential of catalyst, respectively [38,39]. The doped metal 
can modify the reducing/oxidizing capacity of the catalyst by changing 
the edge positions of CB and VB [40], which may further affect their 
capacity of accepting electrons from H2O2 to reduce Fe(III) during the 
Fenton reaction process. Therefore, doping metal ions into Fh might be 
able to change its structure and thus the catalytic performance as well, 
which remain to be clarified. 

According to the above discussion, studying the structure and Fenton 
reactivity of M-Fh has at least the following multiple meanings: (1) M-Fh 
are ubiquitous in the nature and will participate in the degradation of 
natural organic contaminants through Fenton reaction; the related study 
will help understand the important role of M-Fh in self-cleaning of 
environment and soil remediation. (2) Doping transition metal into Fh 
may be a feasible and facile strategy for promoting its Fenton activity, 
and the related study will help design efficient heterogeneous Fenton 
catalysts. (3) Doping is a convenient method for dictating Fh’s structure 
and activity, and a detailed study of how the specific structural feature 
(e.g., OVs(M-Fe)) of M-Fh affects their Fenton activity will help clarify the 
complex mechanisms of heterogeneous Fenton reaction system. 

In this term, we select Cu(II), Mn(II), and Co(II) as doping ions to 
illustrate the effect of doped transition metals on the structure and 
heterogeneous Fenton activity of Fh. The morphology and structure of 
these M-Fh were characterized using TEM, XRD, XPS, EPR, and low- 
temperature Mössbauer spectra. Density functional theory (DFT) simu-
lations were applied to determine the detailed reaction process for 
generating HO. on the OV(Fe-Fe) or (M-Fe). Furthermore, batch experiments 
such as the decomposition of H2O2, the generation of HO., O2, and Fe(II), 
and the degradation of organic contaminants were conducted to verify 
the possible decomposition pathway of H2O2 induced by M-Fh. 

2. Materials and methods 

2.1. Chemicals 

Fe(NO3)3⋅9H2O, Cu(NO3)2⋅6H2O, Co(NO3)2⋅6H2O, Mn(NO3)2 (50 wt 
%), Na2SO4, HNO3, H2O2 (30 wt%), NaOH, benzoic acid (BA), p-ben-
zoquinone (BQ), bisphenol A (BPA), isopropanol (IPA), p-hydrox-
ybenzoic acid (p-HBA) were obtained from Aladdin Industrial 
Corporation (Shanghai, China). 5,5-Dimethyl-1-pyrroline-N-oxide 
(DMPO) was obtained from Sinopharm Chemical Reagent Co. ltd., 
China. CH3COOH, CH3COONH4, and 1,10-phenanthroline monohydrate 
were purchased from the Guangzhou Chemical Reagent Factory 
(Guangzhou, China). All reagents were of analytical grade and used as 
received. 

2.2. Synthesis of Fh, Cu-Fh, Co-Fh, and Mn-Fh 

The synthesis of two-line Fh was based on the protocol of Cismasu et 
al (2012). In detail, 40 mL of Fe(NO3)3⋅9H2O (1 M) and 20 mL of NaOH 
(6 M) were simultaneously titrated to pH 7 ± 0.1 under continuous 
magnetic stirring for 2 h. Then, all precipitates were centrifuged and 
washed with ultrapure water four times. M-Fh (Cu-Fh, Co-Fh, and Mn- 
Fh) was synthesized as described above with the addition of the ni-
trate salts of Cu, Co, or Mn, and the desired M/(M + Fe) molar per-
centages were controlled at 1 mol% and 5 mol% M. In addition, Co-Fh, 
and Mn-Fh were synthesized under N2 atmosphere to avoid oxidation by 
air. 

2.3. Characterization 

Rigaku MiniFlex-600 X-ray diffractometer (Cu Kα radiation) over the 
2θ range of 3-80◦ at 3◦/min was employed to obtain X-ray powder 
diffraction (XRD) patterns. X-ray photoelectron spectroscopy (XPS) 
patterns were recorded on a Thermo Fisher Scientific K-Alpha spec-
trometer equipped with Al Kα source. The C1s peak (284.80 eV) of the 
adventitious carbon-based contaminant was used as a reference for 
calibration. Transmission electron microscopy (TEM) images with 
selected-area electron diffraction (SAED) patterns and energy diffraction 
spectrum (EDS) were performed with an FEI Talos F200S instrument 
equipped with an acceleration voltage of 200 kV. Mössbauer spectra 
were collected using the standard Mössbauer instrumentation by WissEl 
GmbH (Starnberg) with a source of 57Co in the Rh (14.4 keV gamma 
rays) matrix at a temperature of 12 K. The Moss Winn computer program 
was used to evaluate all raw spectra. The flat band potential (Efb) of Fh 
and 5 %M-Fh was measured by Mott-Schottky analysis, and the Mott- 
Schottky analysis was carried out at 2 kHz frequency (the working 
electrode is Fh or 5 %M-Fh; the counter-electrode is a Pt sheet; the 
reference electrode is an Ag/AgCl (saturated KCl) electrode). 

2.4. Heterogeneous Fenton catalytic experiments 

The heterogeneous Fenton experiments of BPA degradation were 
performed in a 50 mL conical flask containing 50 mg catalyst and 10 
mg/L BPA solution (pH value was adjusted at 3). The conical flask with 
catalyst and BPA solution was constantly stirred for 30 min to ensure the 
adsorption–desorption equilibrium before dropping 0.5 mL H2O2 (1 M) 
into the conical flask. During the reaction, a 0.8 mL sample solution was 
collected and filtered with a Millipore filter (pore size of 0.22 µm) at 
each time interval for analysis. 

The high pressure liquid chromatography (HPLC, 1260, Agilent) 
with a Luna 5μ C18 column (250 mm) was used to quantify the con-
centration of BPA. The settings for the HPLC measurement were as fol-
lows: the mobile phase is comprised of water and acetonitrile (50:50, v/ 
v) at the wavelength of 230 nm. UV-vis spectroscopy (759S, Shanghai 
Jing Hua Instrument Co. ltd.,) was used to calculate the concentration of 
H2O2 (Xu et al., 2017). In addition, the generated O2 was collected using 
a commercially available automatic testing system (Labsolar-6A, Per-
fectlight), and the content was detected by gas chromatography 
(GC7900, Techcomp Group). 

Spectrophotometric determination of Fe(II) with 1,10-phenanthro-
line monohydrate combined with the Chinese national standard 
method of GB/T 6730.71–2014 was used to measure the generation of 
Fe(II) on the samples [41,42]. Specifically, HCl (1 mL, 6 M), Na2CO3 
(0.2 g) were added into the collected precipitation (after centrifugation) 
to dissolve the samples entirely, and the produced CO2 by Na2CO3 can 
help prevent Fe(II) oxidation [12,13,42]. After that, the NH4F (1 mL, 10 
M) CH3COONH4-CH3COOH buffer solution (pH 4.2, 1 mL), and 1,10- 
phenanthroline monohydrate (1 mL, 0.5 % (m/v)) were introduced 
into the above reaction system, which then result in the formation of a 
complex [13]. UV–vis spectroscopy was used to quantify the concen-
tration of the complex at 510 nm. 
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2.5. Analysis of reactive oxygen species and oxygen vacancies 

The generated HO. was measured using BA as a probe molecule 
[12–14], and the experimental operations for capturing free radicals 
were unanimous as those in the heterogeneous Fenton catalysis exper-
iment. In brief, the oxidation of BA (10 mM) to p-HBA is a probe reaction 
for reflecting the generation of HO. in the heterogeneous Fenton catal-
ysis reaction, and the calculation of cumulative HO. concentration is 
referred to Eq. 3 [12,13,33]. The Agilent 1260 HPLC was used to mea-
sure the concentration of p-HBA, and the settings for the measurement 
were as follows: mobile phase, acetonitrile, and 0.1 % TFA aqueous 
solution (35:65, v/v); analysis wavelength, 255 nm. IPA (5 mM) as the 
scavenge of HO. was added to the system, and then the degradation of 

BPA was monitored. The experimental operations for capturing free 
radicals were unanimous as those in the heterogeneous Fenton catalysis 
experiments.  

Cumulative [HO.] produced = [p-HBA] × 5.87.                                   (3) 

The low-temperature EPR spectra (JES FA200, JEOL) was conducted 
to determine the presence of OVs on the samples, and the EPR spectra 
(JES-FA200, JEOL) were used to analyze the formation of O2

.-. The 
modulation frequency for the EPR spectrum of O2

.- was 100 kHz. 

2.6. DFT calculation 

All DFT calculations within the generalized-gradient approximation 

Fig. 1. (a) XRD patterns of Fh and 5 %M-Fh (M = Cu, Co, and Mn); (b) TEM image of 5 %Cu-Fh, and the corresponding EDS mapping images and selected area 
electron diffraction pattern. The yellow arrows in the selected area of the electron diffraction patterns indicate diffraction rings for different 5 %M-Fh, with the 
corresponding d-spacing of ~ 0.15 and ~ 0.26 nm; Mössbauer spectra of (c) Fh, (d) 5 %Cu-Fh, (e) 5 %Mn-Fh, and (f) 5 %Co-Fh measured at the temperature of 12 K. 
The iron positions of Fh and 5 %M-Fh correspond to tetrahedrally (Fe4) and octahedrally (Fe8) coordinated iron. The relative area of the Fe4 site is decreased after 
doping with Cu, Co, and Mn; (g) the low-temperature EPR spectra of oxygen vacancies (OVs) in Fh and different 5 %M-Fh; (h) the O 1 s XPS spectra of Fh and 
different 5 %M-Fh. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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(GGA) were performed using the Vienna ab initio Simulation Package 
(VASP5.4.4) along with the projector augmented wave (PAW) method 
[43]. The energy cutoff was set to 600 eV for a 10-6 eV/cell convergence 
of the total energy. The energy and force convergence thresholds at 
which all atoms are released during the structure optimization iteration 
are set to be 10-4 eV and 0.03 eV/ Å. The cluster model of Fh with unit 
cell-size (Fe10O16H2) was used as the optimized conventional cell [17], 
and then the optimized cell of 1 × 2 × 2 is carved out of an extended bulk 
crystal cleaved along the stable (110) crystallographic planes [44], as 
shown in Fig. S2a. Based on the former supercell, the M-Fh model with 
an OV was simulated by substituting a 4-fold coordinated Fe atom on the 
Fh(001) surface with an M (i.e., Cu, Co, or Mn) atom according to the 
results of Mössbauer spectra, XPS, and EPR characterization (see below), 
and then removing an oxygen atom which links to the 6-fold coordinated 
Fe atom and the M atom, as shown in Fig. 2a. A (3 × 3 × l) K-point grid is 
used for structural optimization and electronic structural calculations, 
and DFT-D3 method is adopted to accurately describe the van der Waals 
force interaction between catalysts and adsorbates. Moreover, the vac-
uum layer thickness of 20 Å is set in the z-direction. In addition, the 
energies of an OV formation (Evac (f)) is defined by the formula of Evac 
(f) = Evac + E 1

2 O2 - Est, where Evac, E 1
2 O2, and Est is the energy of a 

supercell with an OV, the half energy of an O2 molecule in the gas phase, 
the energy of a supercell without an OV, respectively [45,46]. The Ead (i. 
e., the adsorption energy) can be obtained by the formula of Ead = Esa - 
(Ecs + Eas), where Esa, Ecs, and Eas is the total energy of substrate with 
adsorbates, the total energy of the clean substrate, and the total energy 
of insulated adsorption species, respectively. The charge density 

difference was calculated as Δρ = ρA+B − ρA − ρB, where ρX is the 
electron charge density of X. Furthermore, the Löwdin population 
analysis has been used to compare the degree of charge transfer quan-
titatively [47]. 

3. Results and discussion 

3.1. Structural characteristics of the samples 

The XRD patterns of Fh, 5 %M-Fh and 1 %M-Fh (M = Cu, Co, and 
Mn) are presented (Fig. 1a and Fig. S1a). All samples exhibit a signal of 
two broad reflections at approximated-spacings of ~ 0.15 and ~ 0.26 
nm, confirming the presence of 2-line Fh [17]. The presence of Co, Cu, or 
Mn does not cause evident differences in the XRD reflections, which 
should be attributed to the weak crystalline structure of Fh, showing 
apparent peak broadening [18,19]. The doping of metal ions will be 
further investigated using the low-temperature Mössbauer spectra in 
subsequent work. 

The morphological details and the element distribution of 5 %Cu-Fh 
(Fig. 1b), 5 %Co-Fh, and 5 %Mn-Fh (Fig. S1b-c) were collected by TEM 
and EDX mapping. The EDS mapping of the selected samples shows that 
O, Fe, Cu, Mn, and Co elements are homogeneously distributed, indi-
cating the uniform dispersion of doping elements. In addition, the 
electron diffraction patterns of the selected area for different 5 %M-Fh 
show the diffraction rings corresponding to the d-spacing of ~ 0.15 and 
~ 0.26 nm for Fh, well consistent with above XRD results. 

The Mössbauer spectra were carried out at a temperature of 12 K to 

Fig. 2. (a) The most stable relaxed configurations of M-Fh (001) surfaces with an OV (the red dotted line circle), and the brown sphere represents the M atom (M =
Cu, Co, or Mn); (b) the proposed reaction process of H2O2 activation into HO. at the Fe-Fe dual catalytic sites on the Fh surface; (c) adsorption of H2O2 on the Fh and 
M-Fh (001) surface with an OV; (d) energy diagram of the proposed reaction process for Fh and M-Fh models. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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probe the occupied sites of doping cations (Fig. 1c-f). The Mössbauer 
spectra of both Fh and M-Fh show two overlapping sextet hyperfine 
patterns, which correspond to 57Fe in tetrahedral (Fe4) and octahedral 
(Fe8) sites, respectively. The isomer shift (IS) is consistent with values 
reported in other studies and shows the range for Fe4 of 0.23–0.42 mm 
s− 1 and Fe8 of 0.35–0.59 mm s− 1 [48-50]. The relative area of the Fe4 
site is decreased after doping with Co, Mn, or Cu (Fig. 1c-f and Table 1), 
suggesting that the doped cations are mainly replacing the tetrahedral 
Fe3+ in Fh. In particular, the change in the relative area of the Fe4 site 
caused by Mn doping is more significant than those caused by Co or Cu 
doping, which should be attributed to the similar ionic radius of Mn2+ vs 
Fe3+ (67 and 65 pm respectively) [51], resulting in an easier structural 
substitution of Mn2+ for Fe3+ in Fh. 

The existence of crystal defects (e.g., OVs) in the Fh structure is 
evident. More OVs will be created to maintain the electrostatic balance 
because the doped metal has lower valence than Fe(III) in the Fh 
structure [35,36]. The energies of an OV formation (Evac (f)) on the Fh 
and M-Fh surfaces have been listed in Table 2 and follow the order: Fh 
(-7.44 eV) > Co-Fh (-7.52 eV) > Cu-Fh (-7.77 eV) > Mn-Fh (-8.21 eV). 
The formation of OVs will be more favorable in the M-Fh surfaces than in 
the Fh surface from a thermodynamic aspect, and there may be more 
OVs on the surface of M-Fh than on the surface of Fh. As such, XPS 
analysis and EPR spectra were used to identify the existence of OVs in 
Fh, 5 %Cu-Fh, 5 %Co-Fh, and 5 %Mn-Fh (Fig. 1g-h). The EPR signal at g 
= 2.005 can be ascribed to OVs, and the intensity of EPR signal increases 
with the increment of OVs amount [52,37]. According to the intensity, 
the amount of the OVs decreases in the order: 5 %Mn-Fh > 5 %Co-Fh >
5 %Cu-Fh > Fh (Fig. 1g). In the XPS analysis (Fig. 1h), the O1s spectra of 
Fh, 5 %Cu-Fh, 5 %Co-Fh, and 5 %Mn-Fh are deconvoluted into three 
distinct peaks corresponding to oxygen atoms of diverse states: lattice 
oxygen species at 529.3–530.5 eV, the adsorbed oxygen OVs at 
530.5–531.7 eV, and adsorbed H2O at 531.8–533.2 eV [52,53]. The 
relative OVs concentration can be approximated by dividing the area of 
the OVs peak to the area of the whole O 1 s. The relative OVs concen-
tration is 31 %, 37 %, 38 %, and 41 %, respectively, in Fh, 5 %Cu-Fh, 5 % 
Co-Fh, and 5 %Mn-Fh, which follows the same trend as detected by EPR 
characterization. It seems that the OVs amounts in M-Fh are closely 
related to the ionic radius of the doped metal: a similar ionic radius will 
result in easier substitution, and subsequently will create more OVs 
amounts to keep the electrostatic balance. As a result, Mn (67 pm) doped 
Fh has more OVs amounts than the Co (75 pm) or Cu (73 pm) doped Fh. 
These discrepancies may regulate the surface activity of Fh, which will 
be discussed later. 

3.2. The activation of H2O2 by OVs. 

After identifying the doping sites and the existence of OVs in Fh and 
M-Fh, we constructed the models of Fh with an OV (Fig. S2b) and M-Fh 
with an OV (Fig. 2a) for DFT calculation. When the lattice oxygen atom 
leaves the oxide to form an OV, the electrons associated with the 
removed oxygen atom (i.e., 2e-) will redistribute to the surrounding 
metal cations (i.e., the localized electrons) [35,36]. The abundant 

localized electrons around OVs can improve the adsorption and activa-
tion of various molecules [37]. For example, an OV provides unsaturated 
coordination sites to attract H2O2 and the H2O2 can chemically bond to 
the metal atoms around the OV. Then, the localized electrons are 
transferred from the metal cations around the OV to adsorbed H2O2 (i.e., 
the consumption of localized electrons on the metal atoms and the 
accumulation of electrons on the O–O of H2O2), which facilitates the 
heterolytic dissociation of H2O2 to generate a OH– bound on the metal 
atom and a free HO. [37,53]. In addition, the new OVs created by the 
doped metal ions (i.e., OVs(-Fe)) may have different behaviors in 
adsorbing and activating H2O2. As such, we calculated the process 
involving the activation of H2O2 and generation of HO. at OV(Fe-Fe) or 
OV(-Fe) (i.e., OV + H2O2 → HO. + OH− ). 

The detailed reaction processes for generating HO. on the OV(Fe-Fe) 
were proposed (Fig. 2b): (1) H2O2 is first adsorbed on OV(Fe-Fe) and then 
chemically bond to a 3-fold coordinated Fe atom and a 5-fold coordi-
nated Fe atom in a side-on bridging mode [36,53]; (2) the bond H2O2 is 
homogeneously dissociated to form two hydroxyl groups at the 3-fold 
coordinated Fe site and the 5-fold coordinated Fe site, respectively 
[53,54]; (3) one hydroxyl group desorbs from the 3-fold coordinated Fe 
site to generate a reactive hydroxyl radical [36] (DFT results showed 
that the desorption of the hydroxyl group from the 5-fold coordinated Fe 
site makes the model unstable, and therefore we only need to consider 
the desorption of the hydroxyl group from the 3-fold coordinated Fe site 
for the following reaction paths); (4) the other adsorbed hydroxyl group 
reacts with a proton under acidic conditions to generate H2O and then 
desorbed form the catalyst surface [36,55]. The reaction energy in above 
reaction processes was calculated accordingly (Fig. 2). Based on the 
obtained adsorption energy (Fig. 2c), the adsorption energy of H2O2 on 
the OV(Fe-Fe), OV(Co-Fe), OV(Cu-Fe), and OV(Mn-Fe) is -0.65, -0.89, -1.03, and 
-1.00 eV, respectively, following the trend of Cu-Fh > Mn-Fh > Co-Fh >
Fh. Thus, the adsorption of H2O2 was more favorable at OV(M− Fe) than at 
OV(Fe-Fe), and the OV(Cu-Fe) shows the highest capacity for adsorbing 
H2O2. Besides, the desorption of hydroxyl group from the 3-fold coor-
dinated Fe/M site to form a reactive hydroxyl radical is the rate- 
determining step (RDS) in the reaction process for generating HO. 

[47]. According to the energy diagram (Fig. 2d), the energy barrier of 
RDS in different systems follows an order of Mn-Fh (0.85 eV) > Fh (0.68 
eV) > Co-Fh (0.52 eV) > Cu-Fh (0.47 eV), which displays that OV(Cu-Fe) 
and OV(Co-Fe) exhibit higher H2O2 activation capacity than OV(Fe-Fe), 
while the capacity of generation of HO. at OV(Mn-Fe) is lower. The charge 
transfer for generating HO. was shown in Table 2. The two adsorbed 
hydroxyl groups accept electrons of -0.35 |e|, -0.31 |e|, -0.32 |e|, and 
-0.37 |e| from the metal site in the Fh, Cu-Fh, Co-Fh, and Mn-Fh, 
respectively. As a result, the Cu-Fh and Co-Fh have less charge trans-
fer between the adsorbed hydroxyl groups and the metal site than Fh, 
which indicates that the hydroxyl group dissociates easier from the 
metal site for the Cu-Fh and Co-Fh to form HO. than Fh. The above 
theoretical results suggest that Cu-Fh might be the most promising 
candidate for H2O2 activation, owing to its highest capacity in adsorbing 
H2O2 and lowest energy barrier for generating HO.. 

Table 1 
Low-temperature Mössbauer parameters for Fh and 5%M-Fh. IS is the chemical 
isomer shift, QS is the quadrupole splitting, H is the hyperfine field, and A is the 
area under the partial doublet (occupancy of the position).  

Sample Position IS (mm s− 1) QS (mm s− 1) H (T) A (%) 

Fh Fe4 
Fe8 

0.12 
0.59 

-0.38 
0.08 

47.29 
47.96 

27.48 
72.52 

5 %Co-Fh Fe4 
Fe8 

0.24 
0.59 

-0.34 
0.11 

47.87 
48.89 

26.58 
73.42 

5 %Cu-Fh Fe4 
Fe8 

0.24 
0.56 

-0.48 
0.14 

47.41 
47.79 

24.35 
75.65 

5 %Mn-Fh Fe4 
Fe8 

0.24 
0.55 

-0.37 
0.05 

48.06 
48.12 

20.98 
79.02  

Table 2 
Comparison of Fh and M-Fh. The contents of the comparison are listed below: 1) 
the ionic radius of Fe3+ vs M2+; 2) the concentration of OVs; 3) the formation 
energy of a single OV in Fh or M-Fh; 4) the adsorption energy of H2O2 on the OV; 
5) the energy barrier of RDS on the OV; 6) The charge transfer between the 
adsorbed hydroxyl groups and the metal site.   

Fh Cu-Fh Co-Fh Mn-Fh 

Radius of Fe3+ or M2+ / pm 65 73 75 67 
OVs concentration / % 31 37 38 41 
Evac (f) /eV -7.44 -7.77 -7.52 -8.21 
Adsorption energy of H2O2 / eV -0.65 -1.03 -0.89 -1.00 
Energy barrier of RDS / eV 0.68 0.47 0.52 0.85 
Δq / |e| -0.35 -0.31 -0.32 -0.37  
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3.3. Influence of the doped metal on the oxidation potential of Fh 

The doped metal ions may modify the oxidizing potential of catalysts 
[40], which could further affect their capacity of accepting electrons 
from H2O2 to generate Fe(II) during the Fenton reaction process. In 
addition, the kinetics of Eqs. (1) is several orders of magnitude slower 
than that of Eqs. (2), and therefore the oxidizing capacity of the catalyst 
(i.e., the generation of Fe(II)) is critical to Fenton catalysis process 
[55,56]. In this term, the Mott-Schottky plots were measured to verify 
the oxidation potential of Fh and 5 %M-Fh. According to the Mott- 
Schottky plots (Fig. 3a), the slope of all samples is positive, as ex-
pected for an n-type semiconductor, indicating that the Efb is nearly 
equal to the CB potential [12]. The determined Efb values of Fh, 5 %Cu- 
Fh, 5 %Co-Fh, and 5 %Mn-Fh are about -0.54, -0.47, -0.52, and -0.54 V 
vs SEC, respectively. Thus, the CB potential is estimated to be -0.30, 
-0.23, -0.28, and -0.30 V vs NHE. When the catalyst is an electron 
acceptor, the potential corresponding to the bottom of CB is the oxida-
tion potential [39]. Above results reveal that the oxidation potential of 
Fh, 5 %Co-Fh, and 5 %Mn-Fh are indeed comparable while the oxidizing 
capability of 5 %Cu-Fh slightly increased, suggesting that Fe(III) on 5 % 
Cu-Fh should be more easily reduced by H2O2 to generate Fe(II) (Eq. 
(1)). 

Indeed, we directly detected the Fe(II) content on Fh and M-Fh, 
which follows the trend of 5 %Cu-Fh > Fh ≈ 5 %Co-Fh ≈ 5 %Mn-Fh 
(Fig. 3b), well in accordance with their oxidation potential (Fig. 3a). 
These results, from different aspects, indicate that Cu-Fh should be more 
efficient Fenton catalyst than other samples. 

3.4. Detection of H2O2 activation 

The concentrations of HO. were directly measured to verify the 

activation of H2O2 to HO. by Fh or M-Fh (Fig. 3c). After 120 min’s re-
action, the concentration of HO. in different systems follows the order: 5 
%Cu-Fh (137.1 μmol/L) > 5 %Co-Fh (68.2 μmol/L) > Fh (56.8 μmol/L) 
> 5 %Mn-Fh (33.1 μmol/L). The generation of HO. in the Fh system was 
18.7 μmol/L within 60 min, comparable with the vaules from previous 
studies (i.e., 15.1 or 15.6 μmol/L) that applied Fh as heterogeneous 
Fenton catalysts to generate HO. [14,57]. In addition, the concentration 
of HO. in 5 %Cu-Fh and 5 %Co-Fh systems is about 2.4 times and 1.2 
times higher than that in the pure Fh system, respectively. Conversely, 
the concentration of HO. in the 5 %Mn-Fh system is much smaller than 
those in the Fh system. Therefore, 5 %Cu-Fh is the most promising 
candidate for HO. generation. 

According to above analysis (i.e., parts 3.2 and 3.3), the different 
concentration of HO. in the Fenton systems catalyzed by Fh and M-Fh 
could be caused by two factors: (1) the energy barrier of RDS at OVs(Fe- 

Fe) or OVs(-Fe) and (2) the oxidation potential of Fh and M-Fh. Clearly, 
both factors are favorable for the generation of HO. for 5 %Cu-Fh, 
leading to the highest HO. concentration in this system (137.1 μmol/L). 
On the other hand, the concentration of HO. (Co-Fh > Fh > Mn-Fh) 
correlates well with the energy barrier of RDS at OVs(-Fe) in the systemes 
(Co-Fh < Fh < Mn-Fh), but not with their oxidizing capacity (Co-Fh ≈ Fh 
≈ Mn-Fh). As such, it is reasonable to believe that the relative contri-
bution of the two factors in generating HO. is quite different for these 
catalysts, which further resulted in the concentration difference of HO. 

in these systems. 
The decomposition efficiency of H2O2 in Fh and 5 %M-Fh hetero-

geneous Fenton systems was measured as well in this work. The 
decomposition of H2O2 follows the order: 5 %Co-Fh ≈ 5 %Cu-Fh > 5 % 
Mn-Fh > Fh (Fig. 3d), and the decomposition kinetics were fitted with 
the pseudo-first-order equation, with the calculated Kapp being 0.069, 
0.066, 0.046, 0.033 min− 1, respectively (Fig. 3e). Considering the 

Fig. 3. (a) Mott-Schottky plots of Fh and 5 %M-Fh collected at a frequency of 2 kHz; (b) concentration of generated Fe(II) on catalysts in the heterogeneous Fenton 
reaction; (c) concentration of HO. in the heterogeneous Fenton reaction; (d) H2O2 consumption in the heterogeneous Fenton reaction; (e) apparent H2O2 decom-
position rate constants of Fh and 5 %M-Fh; (f) O2 production in the heterogeneous Fenton reaction. [Catalyst dosage] = 1.0 g L-1; [BPA] = 10.0 mg/L; [H2O2] = 10.0 
mmol L-1; pH = 3. 
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inconsistence of H2O2 decomposition and HO. generation in these sys-
tems (e.g., high H2O2 decomposition while low HO. generation in 5 % 
Mn-Fh), we propose that part of the added H2O2 were decomposed into 
O2 through the following reactions [48,58].  

HO2
. + HO2

. → H2O2 + O2                                                               (4)  

≡Fe(III) + HO2
. → ≡Fe(II) + O2 + H+ (5)  

≡Fe(III) + O2
.- → ≡Fe(II) + O2                                                         (6)  

HO2
. + H2O2 → H2O + O2 + HO.                                                     (7)  

HO2
. + HO. → H2O + O2                                                                 (8) 

As such, the production of O2 in these systems was quantified, and 
the obtained values follow the the order 5 %Co-Fh ≈ 5 %Cu-Fh > 5 % 
Mn-Fh > Fh (Fig. 3f), consistent with the trend of H2O2 decomposition. 
Besides, the detected O2 concentration is larger than the HO. concen-
tration in these systems (Fig. 3c and 3f), which explains the consistence 
of H2O2 decomposition with O2 generation but inconsistence with HO. 

generation. 

3.5. Heterogeneous Fenton catalytic activities 

The experiments involving BPA degradation were carried out to 
validate the heterogeneous Fenton catalytic activities of Fh and M-Fh 
(with the doping content of 1 % or 5 %). All samples show a weak 
adsorption capacity toward BPA within 30 min (Fig. 4a and b). The 
evident degradation of BPA is observed by all samples when H2O2 was 
added, with the degradation efficiency decreasing in the order: Cu-Fh >
Fh > Co-Fh > Mn-Fh (Fig. 4a and b). 

The degradation kinetics of BPA over Fh and M-Fh were fitted with 
the pseudo-first-order equation to directly compare the heterogeneous 
Fenton catalytic activities (Fig. 4c and d). These results further confirm 

that metal-doping can change the Fenton activity of Fh, and it becomes 
more obvious with the increment of doping content of metal cations. In 
specific, the apparent rate constant (Kapp) in the 5 %Cu-Fh system is 
0.0074 min− 1, much larger than those in the pure Fh system (0.0048 
min− 1) and 1 %Cu-Fh system (0.0052 min− 1). Conversely, the calculated 
Kapp in the 5 %Co-Fh (0.0018 min− 1) and 5 %Mn-Fh (0.0008 min− 1) 
system is much smaller than those in the Fh system and in the systems 
with less doped ions (the calculated Kapp in the 1 %Co-Fh and 1 %Mn-Fh 
is 0.004 min− 1 and 0.003 min− 1). 

The dominant reactive ROS species for the degradation of BPA were 
further detected, and 5 %M-Fh were selected as representatives (Fig. 4e). 
When 5 mM of IPA (i.e., the scavenger of HO.) was added, the removal 
rate of BPA is inhibited by 70 %, 69 %, 74 %, and 79 % in the Fh, 5 %Cu- 
Fh, 5 %Co-Fh, and 5 %Mn-Fh systems, respectively, after 120 min’s 
reaction. These results indicate that HO. plays a dominant role in BPA 
degradation, well consistent with previous studies [55,56]. In addition, 
the EPR signal of O2

.- is observed in all reaction systems after the addition 
of H2O2 (Fig. 4f). Above results verify that both HO. and O2

.- are gener-
ated in the heterogeneous Fenton process, according to the reactions 
shown in Eq. 2 and Eq. (1), respectively. 

3.6. The underlying mechanisms for BPA degradation through Fenton 
reaction in the M-Fh systems 

Above results well show that doping transition metals in Fh can affect 
the structure of Fh, and thus the activation of H2O2 and the Fenton 
reactivity as well. According to above discussion, the underlying reac-
tion mechanisms for BPA degradation through Fenton reaction in the M- 
Fh systems were proposed (Scheme 1). Firstly, the doping of metal ions 
can create new OVs to stimulate the generation of HO. with different 
energy barriers (reaction I in Scheme 1). Secondly, doping metal ions 
will influence the oxidation potential of Fh, and thereby affect the Fe 
(II)/Fe(III) redox cycle (reaction II in Scheme 1). The synergistic effect of 

Fig. 4. (a) Degradation kinetics of BPA catalyzed by Fh and 1 %M-Fh; (b) degradation kinetics of BPA catalyzed by Fh and 5 %M-Fh; (c) apparent degradation rate 
constants of Fh and 1 %M-Fh; (d) apparent degradation rate constants of Fh and 5 %M-Fh; (e) the removal rate of BPA in the systems with or without the addition of 
IPA; (f) the EPR spectra of DMPO-O2

. adducts produced by Fh and 5 %M-Fh. [Catalyst dosage] = 1.0 g L-1; [BPA] = 10.0 mg/L; [H2O2] = 10.0 mmol L-1; pH = 3. 
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these two aspects determine the efficient catalyzing of H2O2 into HO., 
and thus the degradation of BPA (reaction III in Scheme 1). 

In particular, 5 %Cu-Fh is the most efficient catalyst among the 
studied samples and shows high efficiency in decomposing H2O2 into 
HO. and thus degrading BPA. The superior performance of 5 %Cu-Fh can 
be attributed to the lowest energy barrier to generate HO. at OVs(Cu-Fe) 
and the highest oxidation capacity for accepting electrons from H2O2 to 
reduce Fe(III). Therefore, the concentrations of both HO. and Fe(II) in 
the 5 %Cu-Fh system are the highest. 

On the other hand, the 5 %Co-Fh and 5 %Mn-Fh systems decreased 
the degradation of BPA. The oxidation potential of 5 %Co-Fh and 5 % 
Mn-Fh is close to that of Fh, and therefore the generation of Fe(II) on 
these samples should be comparable. However, the generation of HO. in 
the 5 %Co-Fh and 5 %Mn-Fh systems is not remarkably influenced by 
the oxidation potential, but is highly dependent on the energy barrier of 
HO. generation at OVs(Co-Fe) and OVs(Mn-Fe). Therefore, the concentra-
tion of HO. in the Fh, 5 %Co-Fh and 5 %Mn-Fh systems follows the order 
5 %Co-Fh > Fh > 5 %Mn-Fh, consistent with the trend of energy barrier 
of HO. generation at OVs(-Fe). 

A number of previous studies have concerned the Fenton activity of 
other metal-doped iron (oxyhydr)oxides (e.g., magnetite, goethite, and 
hematite), and different mechanisms were proposed to explain the 
change of activity resulting from doping [51,59–61]. One well recog-
nized reason is the variation of adsorption capacity toward organic 
contaminants, which is attributed to the change of specific surface area 
and surface groups after doping metals [9]. However, both Fh and M-Fh 
show a weak adsorption capacity toward BPA due to the lack of strong 
interaction affinity towards BPA [12,13], and thus the adsorption ca-
pacity of Fh/M-Fh should not be an important factor controlling the 
degradation of BPA in this work. 

Several studies also proposed that the doped metals may affect the 
cycling rate of Fe(II)/Fe(III) on the catalysts [33,34,51]. Specifically, the 
redox pairs of transition metals (e.g., Cu(I)/Cu(II), Co(II)/Co(III), and 
Mn(II)/Mn(III)) may participate in the redox cycling of Fe(II)/Fe(III) to 
change the electron transfer process [33,34,51]. However, detecting the 
electron transfer between these metals is not easy, and our results also 
show that the Fe(II) contents on Fh, Mn-Fh, and Co-Fh are indeed 
comparable (Fig. 3c). Besides, the electric potential of metal ions in an 
aqueous solution might not suit the reactions on solid phase after 
doping, as their electric potential in the crystal structure of minerals will 
be quite different [62]. As such, instead of just focusing on redox pairs of 
the doped metals, we analyzed the electronic structure of the whole 
resulting catalysts, and combined it with the detected solid Fe(II) con-
tents to directly compare the capability of the catalysts in accepting 
electrons from H2O2 to reduce Fe(III). 

The influences of OVs created by doped metal ions in iron (oxyhydr) 
oxides (i.e., OVM-Fe) in decomposing H2O2 into HO. was already verified 
by previous experimental studies [53,63,64]. For instance, Jin et al. 

reported that the Cu-doped Fe3O4@FeOOH showed a higher HO. content 
than Fe3O4@FeOOH, and the authors proposed that the generated OVs 
on the doped sample helped the decomposition of H2O2 into HO. [48]. 
On the other hand, some studies performed DFT calculations and 
claimed that OVs may decompose H2O2 to form an H2O molecule and an 
adsorbed O, and then the adsorbed O will desorb as O2. However, few 
experiments have directly demonstrated the formation of O2 on the OVs. 
The energy of heterogeneous H2O2 dissociation on OV(Fe-Fe) is -1.70 eV 
in this work (Fig. S3), which is smaller than the dissociation of H2O2 into 
two hydroxyl groups (-0.90 eV). From the energetic aspect, the hetero-
geneous dissociation of H2O2 on the OVs is an energetically more 
favourable process. However, from the aspect of the H2O2 dissociation 
process on OVs, homogeneous dissociation (i.e., the cleavage of O–O 
bond) is more straightforward than heterogeneous dissociation. The 
steps of heterogeneous H2O2 dissociation require the breaking of at least 
two bonds (i.e., the cleavage of O–H bond and O–O bond) and the 
recombination of newly formed atoms [65,66]. In particular, the 
recombination of newly formed atoms to form water is limited by the 
probability of atomic collision [67]. Overall, the homogeneous and 
heterogeneous dissociation of H2O2 has advantages in the above two 
aspects, respectively, and both two ways are possible in this work. 
However, we did not discuss the heterogeneous dissociation of H2O2 on 
the OVs because this work focuses on the effect of doping metals on the 
heterogeneous Fenton activity, in which HO. plays a dominant role in 
BPA degradation and the oxidizing capacity of HO. is much higher than 
that of O2 [59]. Therefore, this work just focused on the dissociation of 
H2O2 into two hydroxyl groups (i.e., homogeneous dissociation) rather 
than the heterogeneous dissociation of H2O2 into water and adsorbed O 
(i.e., heterogeneous dissociation). In addition, understanding the effects 
of OVs(-Fe) on H2O2 decomposition and HO. generation behaviors at the 
atomic scale is still a challenge. On the other hand, DFT calculations can 
provide accurate descriptions of atomic structures and electronic prop-
erties to explore the underlying mechanisms of generating HO. at OVs. 
[35,47]. In this work, we clarified the detailed reaction process for 
OV(-Fe), inducing the adsorption and the heterolytic dissociation of H2O2 
into an adsorbed OH− and a free HO. through DFT calculations. More-
over, we calculated the energy of each reaction step on OV(-Fe) and then 
found the energy barrier of HO. generation at OV(-Fe) is quite different 
for Fh and M-Fh catalysts, which further resulted in the concentration 
difference of HO. in these systems. 

4. Conclusion 

This work presents a comprehensive study of the structure and 
Fenton reactivity of transition metal doped Fh. The obtained results 
clarified how the different doped metals influence the activation of H2O2 
through the energy barrier of HO. generation at OV(-Fe) and the oxida-
tion potential of the M-Fh. In particular, Cu-Fh is the most efficient 

Scheme 1. The underlying reaction mechanisms for BPA degradation during Fenton reaction in the M-Fh systems.  
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catalyst and shows high efficiency in activating H2O2 into HO., owing to 
its lowest energy barrier for generating HO. at OVs and the highest 
oxidation capacity for reducing Fe(III) to Fe(II). However, with an 
inapparent change of oxidation capacity for Co-Fh and Mn-Fh 
(compared with Fh), the generation of HO. in these systems is highly 
dependent on the energy barrier difference of HO. generation at OV(-Fe). 
As such, the concentrations of HO. in the Fh, Co-Fh, and Mn-Fh systems 
follow the same trend as the energy barrier (i.e., Co-Fh > Fh > Mn-Fh). 
With the combination of above factors, the overall Fenton activity of the 
samples in decomposing bisphenol A decreases in the order Cu-Fh > Fh 
> Co-Fh > Mn-Fh. The proposed structural and electronic effects in this 
work provide novel information for the understanding of the Fenton 
activity of doped Fh and can help the design of Fh-based novel hetero-
geneous Fenton catalysts as well. 
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