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Abstract
N o w a d a y s ,  t h e  s c a r c i t y  o f  f r e s h 

water  resources  and the ever-growing 
environmental pollution have been attracting 
increased concern. The Fenton-like process 
has been widely investigated due to its high 
efficiency in removing persistent organic 
contaminants  by in-si tu production of 
SO4•

- or HO• radicals. However, limited 
mechanism understanding hinders any 
significant advances in Fenton chemistry. In 
the past five years, Prof. Junhu Wang’s team 
in the Mössbauer Effect Data Center have 
made a series of progress in investigating 
the mechanism of Fenton-like reaction, by 
using Mössbauer technique determine the 
coordination environment, spin state and 
oxidation state of iron ions. Herein, we 

systematically reviewed the application 
of Prussian blue analogues (PBAs) in the 
research fields such as shape-controlled 
synthesis of multi-metal nitrides (oxides), 
and their applications in catalytic activation 
H2O2/PMS based Fenton-like reactions for 
the removal of organic pollutants. Mössbauer 
technique was applied to investigate the 
mechanism of the Fenton-like reaction, as 
well as the structure-function relationship 
between the catalysts and their activities. 

 
Introduction
Among various advanced oxidation 

processes (AOPs), Fenton and Fenton-like 
processes have been widely investigated in 
view of their high efficiency, simplicity and 
environmental friendliness [1-3]. Reactive 
oxygen species (HO•, HO2• etc.), generated 
during the Fenton process through Eq. 1-2, 
are highly efficient in degrading nearly 
all organic compounds rapidly and none 
selectively [4]. However, because the reaction 
rate of ferric ions with H2O2 (Eq. 2) is much 
slower than that of ferrous ions with H2O2 
(Eq. 1), ferric ions are quickly accumulated 
during the Fenton reactions. Therefore, 
a large amount of research focuses on

Fe2+ + H2O2 → Fe3+ + HO• + OH− 
                        k1 = 76 M−1S−1        (1)

Fe3+ + H2O2 → Fe2+ + HO2• + H+  
                              k2 = 0.02 M−1S−1        (2)

accelerating the FeII/FeIII redox cycle to 
increase the pseudo first-order rates of the 
Fenton system [5-17]. Reducing agents 
(RAs), such as hydroxylamine [8], ascorbic 
acid [10], quinone [13], humic acid [14] etc., 
were reported to be effective in accelerating 
the reduction of FeIII to FeII, which further 
enhances the oxidation performance of 
the Fenton system. However, they may 
also compete for the active sites of the 
catalyst with organic compounds and the 
oxidant (H2O2), leading to the decrease of 
Fenton activity [17-19]. In addition, the 
limited understanding of the mechanism of 
heterogeneous Fenton reactions in presence 
of RAs hinders any significant advances in 
Fenton chemistry. 

In our research, Prussian blue/TiO2 
nanocomposites were first  designed to 
explore the synergistic effects between 
photocatalyst and Fenton-like system [5]. 
Then, two kinds of Fe-Co Prussian blue 
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Fig. 1. Room temperature 57Fe Mössbauer 
spectra of PB(57FeIII

4[FeII(CN)6]3)/TiO2 with and 
without UV irradiation. The green and blue solid 
lines represent the high-spin Fe III component 
in PB with different coordination environment, 
respectively. The purple solid line represents the 
low-spin FeII component in PB.

analogues (Fe-Co PBAs) with different 
iron valence state, Fe3[Co(CN)6]2•12H2O 
and Fe[Co(CN)6]•2H2O, were developed as 
novel photo-Fenton catalysts for in-depth 
investigation of the heterogeneous Fenton 
reaction mechanism [20]. To further study 
the reaction intermediates and pathway of 
active iron species during the Fe-Co PBA 
catalyzed Fenton-like process, hydrazine (Hz) 
was newly introduced to enhance the oxidation 
performance of the Fenton system [21]. 
Combining the XPS and Mössbauer results, the 
Hz coordinated iron site (H2NH2N-Fe), which 
is evolved from the original water coordinated 
iron site (H2O-Fe), was identified as a more 
active site which largely increased the reaction 
rate. Considering that although CN- is closely 
associated with stable [Co(CN)6]

3- complex, 
one may prefer to use oxide in place of cyanide 
catalysts. FexCo3-xO4 nanocages derived from 
Fe-Co PBAs were also developed as excellent 
catalysts for removal of bisphenol A by 
activation of peroxymonosulfate (PMS) [22]. 
All through these researches, 57Fe Mössbauer 
spectroscopy plays a crucial role to determine 
the oxidation state and the coordination 
environment of iron species in the catalysts. 
The octahedral-site Mn III/MnIV content in 
MnxFe1.8-xCo1.2O4, mainly determined by 
sensitive 57Fe Mössbauer and XPS techniques, 
was discovered to be directly correlated with 
the oxygen reduction/evolution reaction (ORR/
OER) activity [23].

In addition, series of bimetallic FexCoy@
C nanocages were newly synthesized via a one-
step thermal decomposition of FeyCo1-y-Co 
PBAs nanospheres in nitrogen atmosphere 
at different temperatures and developed as 
Fenton-like catalysts to activation PMS for BPA 
removal [24]. A novel strategy based on a one-
step thermal decomposition of MOFs in N2 
atmosphere was developed for shape-controlled 
synthesis of graphene encapsulated transition 
metal nitrides (TMNs) (FexMn6-xCo4-N@C). 
The catalytic oxidation performance of the as-
synthesized FexMn6-xCo4-N@C nano-dices in 
BPA degradation by PMS activation was found 
largely enhanced with the increasing of the 
content of Mn4N [25].

 
1. Prussian blue/TiO2 nanocomposites as 

a heterogeneous photo-Fenton catalyst for 
degradation of organic pollutants in water

1.1. Synthesis of Prussian blue/TiO2 
nanocomposites (PB/TiO2 NPs)

PB/TiO2 NPs with different loading of 
PB were synthesized by a simple chemical 

solution deposition method [26]. Briefly, a 
ferrocyanide solution (0.03 M) and a TiO2 solid 
powder at different stoichiometric molar ratios 
of PB and TiO2 were dissolved in 15 mL water, 
followed by magnetically stirring for 30 min 
at ambient temperature. In the mixed colloid 
solution, 15 mL ferric chloride solution (0.04 
M) was added slowly with continuous stirring 
for another 30 min. The colloid solution was 
aged for at least 12 hours, which resulted 
in precipitates. Finally, the precipitate was 
centrifuged and washed with deionized water 
three times and the resulting product was dried 
in an oven at 333 K for 12 hours. One 57Fe 
enriched PB (57FeIII

4[FeII(CN)6]3)/TiO2 sample 
with a molar ratio of 1/60 was prepared by the 
same method as that used to synthesize the 
other samples but instead of FeCl3 solution 
by using 57FeCl3 stock solution for Mössbauer 
characterization. 

1.2. Reaction mechanism and reactive 
intermediates
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Initially, attempt was made to examine if 
any change in valence of iron via electron-
transfer in the studied heterogeneous system 
occurred. The 57Fe Mössbauer spectroscopy 
is an ideal method for determining the 
oxidation state and spin-state of iron ions 
in a solid. The parameters of the Mössbauer 
spectroscopy, isomer shift (IS) and quadruple 
splitting (QS) are listed in Tables 1 and 2. 
IS is sensitive to the iron valence state while 
QS varies with the coordination environment. 
Fig. 1 shows the Mössbauer spectra of 57Fe 

enriched PB(57FeIII
4[FeII(CN)6]3)/TiO2 NPs 

sample with and without UV irradiation. The 
57Fe enrichment into the high-spin site FeIII 
allowed us to confirm that the UV irradiation 
had no effect on the values of the hyperfine 
parameters of this site. This suggests that 
high-spin FeIII in PB/TiO2 NPs could not be 
reduced to high-spin FeII by photo-induced 
electrons of TiO2.  I t  could be that  the 
electron-transfer in PB/TiO2 in photo-Fenton 
process only occurred on the low-spin FeII. 

Table 1. Room temperature 57Fe Mössbauer parameters of different simulated systems 
obtained by Model I

Table 2. Room temperature 57Fe Mössbauer parameters of different simulated systems by 
Model II

Experimental errors are ± 0.001 mm s-1 for isomer shift (IS), ± 0.005 mm s-1 for quadrupole splitting (QS) 
and 1% for relative area. IS is relative to α-iron foil.

Experimental errors are ± 0.001 mm s-1 for isomer shift (IS), ± 0.005 mm s-1 for quadrupole splitting (QS) 
and 1% for relative area. IS is relative to α-iron foil.
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The electron-transfer in PB/TiO 2 in 
photo-Fenton process was investigated 
by carrying out a series of Mössbauer 
measurements focusing on the low-spin 
site in non-enriched samples. The low-spin 
FeII and FeIII are difficult to distinguish in 
bulk Prussian blue particles [27], but for 
the nanoparticles, it was easier because 
of the large specific surface area and thus 
more electron-transfer reactions could be 
happened. Considering that the electron-
transfer rate (τr) related to Fenton reaction 
cycle might be in two different regimes 
with respect to the characteristic time in 
Mössbauer spectroscopy (τM ≈ 10-8 s) [28], 
the Mössbauer spectra were analyzed using 
two models, which are described below.

Fig. 2. Room temperature 57Fe Mössbauer 
spectra of PB/TiO2 NPs with a molar ratio of 1/60 
at different systems. The green singlet and blue 
doublet subspectra represent the low-spin FeII and 
high-spin FeIII components, and the cyan doublet 
represents the low-spin FeIII component.

Fig. 3. (a) Room temperature Mössbauer 
spectrum of PB/TiO2 with a molar ratio of 1/60. 
The singlet and doublet subspectra represent the 
low-spin FeII and high-spin FeIII components, 
respectively, and (b) the isomer shifts of low-spin 
FeII measured at different systems

M o d e l  I :  s l o w  e l e c t r o n - t r a n s f e r 
be tween  low-sp in  Fe I I  and  Fe III.  Th i s 
model is applicable when the electron-
transfer is slower than the characteristic 
time of Mössbauer spectroscopy. Because 
the low-spin Fe III has five electrons in 
the t2g orbital group, it should have some 
quadruple splitting [29]. The finite value 
of QS originates from the valence electron 
term if the electron-transfer on the surface 
of nanoparticle is slower than 10-8 s. The 
spectra with a quadrupole doublet for low-
spin FeIII and a singlet for low-spin FeII are 
shown in Fig. 2.  From this model, we could 
identify the percentages of low-spin FeIII 
and FeII in different reaction conditions. 
The increase of low-spin FeIII was observed 
when the reaction with H2O2 was conducted, 
however, after the irradiation by UV lamp, 
the percentage of low-spin Fe III changed 
back to its original value as listed in Table 1. 
This supports the reduction of low-spin FeIII 
by the photo-induced electrons of TiO2.
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Model II: fast electron-transfer between 
low-spin  Fe I I and  Fe III.  This  model  i s 
applicable when the electron-transfer is faster 
than the characteristic time of Mössbauer 
spectroscopy. The spectra using the model 
of an average valence was analyzed. In this 
model, as the electron-transfer was very 
fast, we describe the state of low-spin iron 
(average between FeII and FeIII) by a singlet 
subspectrum as shown in Fig. 3. Since the 
crystallographic environments of the low-
spin FeII and FeIII were very similar, the time 
averaging of the electron density would 
result in some intermediate value of the 
isomer shift. The isomer shift of the low-
spin mixed-valent state FeII/FeIII changed 
from -0.152 mm s-1 to -0.142 mm s-1 when 
we conducted the in-situ reaction with H2O2 
(Table 2).  This may be due to shift of the 
electron density towards more oxidized 
state (FeIII) [30]. After the irradiation by UV 
lamp, the IS changed to its original value of 
-0.153 mm s-1. This indicates the shift of the 
average valence state towards more reduced 
state (FeII) owing to the participation of 
the photo-induced electrons of TiO2, also 
supports the reduction of low-spin FeIII by 
the photo-induced electrons of TiO2.

1.3. Synergistic effect of PB/TiO2 NPs 
as a heterogeneous photo-Fenton catalyst 

In order to evaluate the synergistic 
effects between photocatalysis and Fenton 
react ions,  PB/TiO 2 NPs with different 
loading of  PB were synthesized and a 
series of RhB degradation experiments was 
carried out for comparison. Fig. 4 shows the 
first-order rate constants of PB/TiO2 NPs 
with different molar ratios under different 
reaction systems. There was no activity of 
PB/TiO2 NPs with different molar ratios 
under UV irradiation without H2O2. The 
reason should be the same as that mentioned 
above for the PB/TiO2 NPs with a molar 
ratio of 1/60. This supports the synergism 
between the TiO2 photocatalysis in the 
photo-Fenton process. With the assistance of 
UV and H2O2, the photo-induced electrons 
of TiO2 could reduce the FeIII in PB oxidized 
by H2O2, thus increasing the reaction rate.

The Fenton activity of PB/TiO2-H2O2 
increased linearly with the increase of PB 
loading on the surface of TiO2. This is 
because PB (FeIII

4[FeII(CN)6]3) contained 
FeII, the activity increased with the increase 
of iron. However, when the mole ratio of 

PB/TiO2 was 1/15, UV light seemed to 
have no more contribution to the photo-
Fenton reaction. This may be explained by 
considering that high surface coverage of 
TiO2 by PB NPs could inhibit penetration 
of UV light  to the surface of TiO 2.  In 
subsequent experiments, the mole ratio 
of PB/TiO2 = 1/60 was chosen because it 
yielded the maximum synergism in the 
photo-Fenton process. 

The  s t eps  o f  ox ida t ion  o f  o rgan ic 
pollutants in water by the photo-Fenton 
process are described by reactions 5-9.  
Without the UV irradiation, the reaction 
between PB and H2O2 generates •OH and the 
FeIII containing species in PB (reaction 3). 
However, FeIII is further reduced by H2O2 to 
FeII (reaction 4). This later step regenerates 
PB for further utilization in the Fenton 
reaction.  In the presence of UV radiation 
in the PB/TiO2-H2O2 system, reactions 7-9 
also occur, leading to enhanced degradation. 
UV irradiat ion of  the  surface of  TiO 2 
induces electron and hole pairs (reaction 
5). The hole oxidizes the water molecule to 
produce •OH. Therefore •OH is produced 
from two reactions (3 and 6) in the photo-
Fenton system which results in the increased 
removal efficiency of RhB compared to that 
obtained in dark Fenton process. Moreover, 
the electron induced in reaction 5 can reduce 
FeIII species in [FeIII–(NC)6–FeIII] to give 

Fig.  4 .  The ra te  constants  of  the  RhB 
degradation over PB/TiO2 NPs with different molar 
ratios in different systems. Reaction conditions: 
[RhB] = 12 mg L-1, [H2O2] = 0.4 M (if needed), 
catalyst = 1.0 g L-1 (if needed), T = 308 K, and 
27 W black light with 2.5 mW cm-2 intensity (if 
needed).



53

back PB (reaction 7). Hence, regeneration 
of PB is possible from two reactions 4 and 
7, which facilitate the Fenton reaction in the 

studied system. Reactions 3-7 support the 
postulated mechanism.

[FeIII–(NC)6–FeII] + H2O2 → [FeIII–(NC)6–FeIII] + •OH  + OH−     (3)

[FeIII–(NC)6–FeIII] + H2O2 → [FeIII–(NC)6–FeII] + H2O + 1/2O2     (4)

TiO2 + hv → e- + h+                     (5)

h+ + H2O → •OH + H+          (6)

[FeIII–(NC)6–FeIII] + e- → [FeIII–(NC)6–FeII]       (7)

2. Excellent Photo-Fenton Catalysts 
o f  Fe-Co  PBAs  and  The ir React ion 
Mechanism Study 

2.1. Synthesis of Fe-Co PBAs
Fe3[Co(CN)6]2•12H2O (FeII-Co PBA) 

and Fe[Co(CN)6]•2H 2O (FeIII-Co PBA) 
were prepared by react ion of  aqueous 
solutions of FeCl2•4H2O or FeCl3•6H2O 
and K3[Co(CN)6]. The preparation process 
was similar to previous reports [21, 26] but 
with slight modification. Typically, 25 mL 
K3[Co(CN)6] aqueous solution (0.10 M) 
was slowly added into 25 mL FeCl2•4H2O 
or FeCl3•6H2O aqueous solution (0.10 M) 
under magnetic stirring. The mixed solution 
was further st irred for another 30 min 
and aged for 1 day. Finally, the resulting 
precipitates were centrifuged and washed 
for at least three times with deionized water, 
followed by drying in an oven at 333 K for 
12 hours. For comparison, the insoluble 
PB sample was synthesized by the same 
process as that of FeIII-Co PBA, except the 
replacement of K3[Co(CN)6] (0.10 M) using 
K4[Fe(CN)6] •3H2O (0.15 M). 

2.2. Characterizations of catalysts by 
Mössbauer spectroscopy and plausible 
mechanisms of the photo-Fenton reaction 
over Fe-Co PBAs catalysts

In order to investigate the iron redox 
cycling and the mechanisms of the photo-
Fenton processes over Fe-Co PBA catalysts, 
57Fe Mössbauer spectroscopy was applied 
to  de te rmine  the  ox ida t ion  s t a t e  and 
coordination environment of iron ions in Fe-
Co PBAs under different Fenton reaction 
conditions (Fig. 5). The fitting model of 
the spectra was same as a previous work to 
a similar PBA complex [31]. The obtained 
Mössbauer isomer shifts of FeII-Co PBA 
(Fig. 5a) suggest that 89% of the Fe species 
are in high-spin FeII. In this porous structure 
with rich of water coordinated Fe (Fe-

water), majority of the FeII/FeIII species are 
octahedrally coordinated by nitrogen as 
well as oxygen of water molecules [32]. 
According to their quadruple splitting values, 
the irons are ascribed in different chemical 
environments  [29,  33]:  26% of Fe II in 
octahedral trans-(H2O)2FeN4 and (H2O)FeN5, 
32% of FeII in (H2O)3FeN3 with H2O in facial 
conformation, and 31% FeII in cis-(H2O)2FeN4 
and (H2O)3FeN3 in meridional conformation. 

Mössbauer spectrum of FeII-Co PBA 
after the photo-Fenton reaction (Fig. 5c) 
gives clear evidence that the major part 
iron ions (92%) was oxidized and the new 
Fe-O phase was generated during the photo-
Fenton process.  I t  is  frequently found 
in Fenton reactions that the oxidation of 
ferrous species is usually in a higher rate 
than the inverse process [31, 34]. Indeed, 
FeIII-Co PBA with Fe III in octahedrally 
coordinated structure showed considerable 
photo-Fenton activity even though it is 
lower than FeII-Co PBA. The contents of 
FeII in FeIII-Co PBA before and after the 
reaction were both around 4%. No obvious 
difference between the Mössbauer spectra 
of FeIII-Co PBA before and after the photo-
Fenton reaction also suggests that it is quite 
stable (Fig. 5d). These Mössbauer results 
made it clear that the iron redox cycling 
in Fe-Co PBAs occurs during the Fenton 
processes. The FeII in Fe-Co PBAs tended 
to be oxidized by H2O2 to produce a new 
Fe-O phase on the surface of the Fe II-Co 
PBA nanoparticles. The FeIII could also be 
reduced by H2O2 at a slower rate until the 
ratio of FeII and FeIII active sites reached to a 
certain value. Abundant vacancies and water 
coordinated iron sites for creating maximal 
active sites are responsible for the excellent 
photo-Fenton activities of Fe-Co PBAs.

G e n e r a l l y  s p e a k i n g ,  a t  l e a s t  o n e 
coordination posit ion of Fe II/FeIII s i tes 
should be opened or occupied by a labile 
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Fig. 5. Room temperature 57Fe Mössbauer spectra of FeII-Co PBA (a) before, (c) after; FeIII-Co PBA 
(b) before, and (d) after photo-Fenton reactions. The spectrum of (a) was fitted with four quadrupole 
doublets. Prevailing external (green color) doublet was assigned to FeII in octahedral trans-(H2O)2FeN4 
and trans-(H2O)FeN5 (1/2trans(H2O) & 5/4N). Middle doublet (magenta color) was assigned to FeII in 
(H2O)3FeN3 with H2O in 3D conformation (3fac(H2O) & 3N). Inner doublet (blue color) was assigned 
to cis-(H2O)2FeN4 and (H2O)3FeN3 with three H2O in one plane (2cis/3mer(H2O) & 4/3N). The minor 
doublet (cyan color) represented to the small amount of high-spin FeIII ions in the FeII-Co PBA. The 
spectrum of (c) was fitted in the same model as (a) except for the doublet (purple color) assigned to the 
newly formed Fe-O species after photo-Fenton reaction. The spectra of (b) and (d) were fitted with two 
quadrupole doublets. The cyan and blue solid lines represent the high-spin FeIII and FeII components in 
FeIII-Co PBA, respectively.

ligand (such as H2O) for a homogeneous 
Fenton reaction to occur [35, 36]. The 
unsaturated or labile ligand coordinated 
FeII/FeIII is considered to preferentially 
form the Fe–peroxide complexes and then 
produce the hydroxide radicals [37]. Thus, 
the plausible mechanisms of photo-Fenton 
reaction over Fe-Co PBAs can be proposed 
as follows. Taking the iron ion in (H2O)
FeN5 as an example, in the first stage of 
the Fenton process, the water molecules 
coordinated to iron sites are replaced by 
H2O2 and form FeII-peroxide complexes to 
produce the HO• radicals (Eq. 8). However, 
the oxidation of the majority of iron ions 
(92%) in FeII-Co PBA should result  in 

releasing some iron ions to form the new 
Fe-O phase on the surface of FeII-Co PBA 
nanoparticles. The FeIII in Fe-Co PBAs 
could also be reduced by H2O2 at a slower 
rate to produce superoxide radical (HOO•) 
through the formation of FeIII-peroxide 
complexes (Eq. 9). In the FeII-Co PBA, the 
rate of the reaction expressed by Eq. 9 is 
not negligible, therefore, the residual FeII 
could be always observed by Mössbauer 
spectroscopy. In the FeIII-Co PBA, the rates 
of the reactions expressed by Eq. 8 and Eq. 9 
should be inversely proportional to the contents 
of the active sites of FeII and FeIII, therefore, 
no change could be observed by Mössbauer 
spectra. 

[Fe(CN)5(H2O)]3- + H2O2 → [Fe(CN)5(HO)2]
3- + H2O  → [Fe(CN)5(H2O)]2- + HO• + OH-         (8)

[Fe(CN)5(H2O)]2- + H2O2 → [Fe(CN)5(HO)2]
2- + H2O → [Fe(CN)5(H2O)]3- + HOO• + H+        (9) 
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The content of FeII in the FeII-Co PBA 
after the photo-Fenton process at pH = 4.8 is 
11%, higher than that after the dark Fenton 
reaction (8%), and smaller than that after 
the photo-Fenton process at pH = 3.0 (17%). 
The corresponding Mössbauer spectra are 
shown in Fig. 6 .  These results indicate 
that the enhanced Fenton activity with the 
assistance of either visible light or low pH is 
caused by the accelerated reduction of FeIII 

to FeII. The most probable reason for this 
acceleration is that the dyes such as RhB 
could be excited by visible light irradiation, 
then it could transfer electron to FeIII (Eqs. 
10, 11) [3, 38].

RhB + hv → RhB*                             (10)

RhB* + FeIII → FeII + RhB*+      (11)

Fig. 6. Room temperature 57Fe Mössbauer 
spectra of FeII-Co PBA after the different Fenton 
reaction condition. The spectra were fitted with 
four quadrupole doublets. The green color doublet 
is assigned to FeII in octahedral trans-(H2O)2FeN4 
and trans-(H2O)FeN5 (1/2trans(H2O) & 5/4N). 
The magenta color doublet is assigned to FeII 

in (H2O)3FeN3 with H2O in 3D conformation 
(3fac(H2O) & 3N). The cyan color doublet 
represents to the high-spin FeIII component in the 
FeII-Co PBA. The purple color doublet is assigned 
to the newly appeared Fe-O species after the photo-
Fenton reaction.

Fig. 7. Room temperature 57Fe Mössbauer 
spectra of FeIII-Co PBA before and after different 
reaction system. The spectra of were fitted with 
three quadrupole doublets. The cyan and magenta 
doublets are assigned to FeIII in FeN6 and (H2O)
FeN5, respectively. The blue doublet is assigned 
FeII coordinated with x(H2O)&(6-x)N in FeIII-Co 
PBA.

3. Hydrazine drastically promoted 
Fenton oxidation of bisphenol A catalyzed 
by FeIII-Co Prussian blue analogue

3.1. Plausible mechanisms of the Hz 
promoted FeIII-Co PBA Fenton process

To understand the mechanisms of the 
Hz promoted FeIII-Co PBA Fenton reaction, 
i t  is  important to identify the reaction 
intermediates and pathway of iron species. 
57Fe Mössbauer spectroscopy is an ideal 
technique for determining the coordination 
environment and oxidation state of iron 
ions in a solid [5, 20, 22]. The Mössbauer 
spectra of FeIII-Co PBA before and after 
different reaction system were measured 
to explore the changes of the coordination 
environments of active iron species during 
the Fenton process. The model of fitting 
the spectra was similar as in our previous 
works [20, 39]. As shown in Fig. 7, the cyan 
and magenta doublets could be assigned to 
six nitrogen coordinated FeIII in [Fe(CN)6]

3- 
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or [Fe(CN)5(Hz)]2- (defined as: FeN6) and 
five nitrogen and one water coordinated 
FeIII in [Fe(CN)5(H2O)]2- (defined as: (H2O)
FeN5), respectively. The blue doublet could 
be assigned to FeII existed in FeIII-Co PBA. 
The content of FeII in FeIII-Co PBA increased 
from 4.5% to 7.7% after the reaction with 
Hz, suggesting that Hz is capable to reduce 
a part  of FeIII to FeII.  More interesting 
phenomenon is that, the content of FeIII in 
FeN6 was increased from 75.0% to 86.5% 
with the decrease of FeIII in (H2O)FeN5 from 
20.5% to 5.8%. This result indicates that the 
water coordinated iron site (H2O-Fe) was 
partly replaced by Hz coordinated iron site 
(H2NH2N-Fe) during the Hz promoted Fenton 
process. However, when Hz and H2O2 were 
coexisting in the reaction system, it was of 
great importance to find that the content of 
FeIII in (H2O)FeN5 was higher than the one 
without H2O2. All these results suggest that 
the reaction of H2O2 with [Fe(CN)5(Hz)]2- 
is most likely to occur during the Fenton 
process.

Fig. 8. The plausible reaction intermediates 
and pathway of active iron species during the 
Hz/FeIII-Co PBA Fenton process.

Therefore, considering the Mössbauer results, 
the water coordinated iron site (H2O-Fe) could 
be further identified as the main active site in 
the Fe-Co PBAs Fenton process. However, 
in the Hz/FeIII-Co PBA Fenton system, the 
plausible reaction intermediates and pathway 
of active iron species could be proposed as 
follows (Eqs. 12-16). Firstly, the Hz could 
reaction with [Fe(CN)5(H2O)]2-, replaced the 
water and produced Hz coordinated iron site, 
thus increasing the content of FeIII in FeN6 
(Eq. 12). Secondly, [Fe(CN)5(Hz)]2- served 
as a more active site and reaction with H2O2, 
which produced the HO• radicals. Thirdly, the 
as-produced FeII in [Fe(CN)5(H2O)]3- could be 
easily oxidized by H2O2 to [Fe(CN)5(H2O)]2-, 
with the generation of hydroperoxyl radicals 
(HOO•). The whole reaction mechanism 
during the Hz/FeIII-Co PBA Fenton process 
was shown in Fig. 8. All these results clearly 
demonstrate that the Hz coordinated iron site 
is most probably the main activity site for the 
Hz promoted FeIII-Co PBA Fenton process. 

[Fe(CN)5(H2O)]2- + Hz → [Fe(CN)5(Hz)]2- + H2O (12)

[Fe(CN)5(Hz)]2- + H2O2 → [Fe(CN)5(H2O2)]
2- + Hz (13)

[Fe(CN)5(H2O2)]
2- → [Fe(CN)5(H2O)]3- + HOO• + H+ (14)

[Fe(CN)5(H2O)]3- + H2O2 → [Fe(CN)5(H2O2)]
3- + H2O (15)

[Fe(CN)5(H2O2)]
3- → [Fe(CN)5(H2O)]2- + HO• + OH- (16)

4. FexCo3-xO4 nanocages derived from 
nanoscale metal–organic frameworks for 
removal of bisphenol A by activation of 
peroxymonosulfate

4.1. Preparation of FexCo3-xO4 nanocages
FeyCo1-y-Co PBAs nanospheres were 

prepared by the reaction of FeCl2•4H2O and 
CoCl2•6H2O mixture with K3[Co(CN)6] in 
PVP aqueous solution. Typically, desired 
amounts of FeCl2•4H2O and CoCl2•6H2O 
(totally 9 mM) were dissolved in 40 mL 
deionized water with PVP (1.2 g) under 
vigorous stirring. Then 40 mL K3[Co(CN)6] 
aqueous solution (5 mM) was slowly added 
into the premixed solution. The obtained 
colloid solution was further stirred for 
another 30 min and aged for 20 h. The 
resulting precipitates were centrifuged and 
washed for at least three times with the 
mixture of ethanol and deionized water, 
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followed by drying in an oven at 333 K for 
20 h. To obtain the FexCo3-xO4 (0 < x < 1.0) 
nanocages, FeyCo1-y-Co PBAs nanospheres 
were heated at 773 K and kept for 1 h.

4.2. Activation mechanism of PMS 
over Fe0.8Co2.2O4 nanocages

Fig. 9. Room temperature 57Fe Mössbauer 
spectra of Fe0.8Co2.2O4 nanocages before and 
after reaction. The spectra were fitted with two 
quadrupole doublets. The blue and green doublets 
were assigned to the octahedral-site (B-site) 
and tetrahedral-site (A-site) FeIII in Fe0.8Co2.2O4 
nanocages, respectively.

The 57Fe Mössbauer spectroscopy is 
an ideal technique for determining the 
coordination environment and oxidation 
state of iron ions in a solid. The Mössbauer 
spectra of Fe0.8Co2.2O4 nanocages before and 
after reaction were measured to clarify the 
role of iron ion in activation of PMS (Fig. 
9). Due to the superparamagnetic effect 
of Fe0.8Co2.2O4 nanocages [40], the spectra 
were fitted with two quadrupole doublets. 
According to the isomer shift  (IS) and 
quadruple splitting (QS), the blue and green 
doublets were assigned to the octahedral 
(B-site) and tetrahedral (A-site) Fe III in 
Fe0.8Co2.2O4 nanocages, respectively [41, 42]. 
Negligible changes could be observed after 
the reaction. Considering that negligible 
changes could be observed for the BPA 

removal efficiency with the Fe content in 
FexCo3-xO4 increasing, the activity probably 
did not originate from the iron ions in 
Fe0.8Co2.2O4 nanocages.

5 .  “ C o p o l y m e r- c o - m o r p h o l o g y ” 
conception for shape-controlled synthesis 
of prussian blue analogues and as-derived 
spinel oxides

5.1. Synthesis of PBAs and MnxFe1.8-xCo1.2O4 
nano-dices with controlled morphology

 Our strategy for synthesizing PBA 
copolymer with different  morphology, 
based on a “copolymer-co-morphology” 
conception, is depicted in Fig. 10. When 
using Fe or M (M = Mn, Co, Zn) salt as 
the precursors, Fe-Co and M-Co PBA with 
different morphology could be obtained by 
the same synthetic method, which is similar 
to the previous reports [43-46]. When mixing 
two kinds of PBAs into a solid solution 
[47, 48], by simultaneously using Fe and M 
salt as the precursors, the MyFe1-y-Co PBA 
copolymer could be easily obtained. It is of 
great interest and importance to discover 
that a specific morphology of the copolymer 
could also be inherited from such strategy. 
More fascinating phenomenon is that, the 
final morphology of the PBA copolymer 
seems to inherit both the shape features of 
two parent PBAs. 

5.2. Cation distribution of the as-
prepared MnxFe1.8-xCo1.2O4 nano-dices

The cation distribution of the as-prepared 
MnxFe1.8-xCo1.2O4 nano-dices was determined 
by 57Fe Mössbauer technique in combination 
wi th  XPS .  The  77  K  57Fe  Mössbaue r 
spectra of MnxFe 1.8-xCo1.2O4 nano-dices 
are shown in Fig. 11A. The spectra were 
fitted with thirteen sextets which follow 
approximately the binomial distribution of 
the iron and non-iron cations [49-52]. The 
isomer shift (IS) range (0.32-0.53 mm s-1) 
suggests the presence of FeIII ions in high-
spin valence state in these spinel oxides. 
There is a definite difference between the IS 
values for A-site and B-site FeIII ions. The 
bond separation Fe-O is larger for B-sites 
as compared to that for A-sites and thus a 
larger isomer shift at B-sites is expected [49-
52]. According to this, the obtained seven 
sextets (green) were assigned to A-site FeIII 
and the other six (orange) were assigned 
to B-site FeIII. Therefore, a definite ratio 
of FeIII at A and B-site of the spinel oxides 
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Fig. 10. chematic illustration of the “copolymer-co-morphology” conception for shape-controlled 
synthesis of Prussian blue analogues and as-derived spinel oxides: if polymer “A” (Fe-Co PBA) and 
“B” (M-Co PBA) with different morphology could be prepared using the same method, the as-prepared 
copolymer “AB” (MyFe1-y-Co PBA) would have one certain morphology, which inherited both the shape 
feature of polymer “A” and “B”. The morphologies were drawn according to the SEM or TEM results (Fig 
S1), the small colorful balls were used to reflect the changing of the composition.

Fig. 11. (A) 77 K 57Fe Mössbauer spectra of MnxFe1.8-xCo1.2O4 nano-dices fitted follow the binomial 
distribution of the iron and non-iron cations. The spectra were fitted with thirteen sextets. In agreement with 
the fitted IS values, seven sextets (green) were assigned to the tetrahedral-site (A-site) FeIII and the other six 
(orange) were assigned to the octahedral-site (B-site) FeIII. (B) Room temperature 57Fe Mössbauer spectra 
of MnxFe1.8-xCo1.2O4 nano-dices. The cyan sextet and green doublets were assigned to the tetrahedral-site 
(A-site) FeIII, the yellow sextet and orange doublets were assigned to the octahedral-site (B-site) FeII.



59

Fig. 12. Structure-function correlations between the ORR activities and the relative contents of A-site 
or B-site M ions of MnxFe1.8-xCo1.2O4 nano-dices.

was determined and shown in Table S3. 
Substituting Mn for Fe has the overall effect 
of decreasing the hyperfine field (Hhf) at both 
the A and B sites, which is because that the 
Mn–O–Fe superexchange is not as strong as 
the Fe–O–Fe superexchange. Of the three 
cations Co, Fe, and Mn, it has been reported 
that Mn is tend to substitute into B sites and 
displaces Co onto A sites [49-52]. Therefore, 
the most possible cation distribution of the 
MnxFe1.8-xCo1.2O4 nano-dices was estimated 
and concluded in Table 3.

The room temperature 57Fe Mössbauer 

spectra of MnxFe 1.8-xCo1.2O4 nano-dices 
are shown in Fig. 11B. The spectra were 
fitted with two sextets or together with two 
quadrupole doublets. According to the IS 
and quadruple splitting (QS) [40], the wide 
and narrow doublet could be assigned to the 
B-site and A-site FeIII of the spinel oxides, 
respectively. Similar FeIII ratio at both the 
A and B-site of the spinel oxides were 
detected, which is also consistent with the 
XPS results, further confirming the cation 
distribution of the as-prepared nano-dices.

Table 3. The chemical compositions, cation distribution, ratios of different cation, surface 
area, average crystallite size of MnxFe1.8-xCo1.2O4 nano-dices

The chemical compositions were analyzed from both EDS and ICP, the cation distribution was obtained 
from the analysis of Mössbauer spectra, the ratios of different cations were obtained analyzed by XPS, and 
the average crystallite size was calculated using the Scherrer equation.
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Fig. 12 shows the structure-function 
correlations between the ORR activities 
and the relative contents of A-site or B-site 
M ions of MnxFe1.8-xCo1.2O4 nano-dices. 
As can be seen, the trend of the half-wave 
potential of the ORR curve and the current 
density at 1.7 V of the OER curve were very 
similar to that of B-site MnIII/MnIV contents 
of the catalysts. All these results clearly 
demonstrate that  the B-si te Mn III/MnIV 
content is the main factor for the electro-
catalysis ORR/OER activity.

6.  Graphene encapsulated Fe xCo y 
nanocages derived from nanoscale metal–
organic frameworks as efficient activators 
for peroxymonosulfate

6.1. Characterization of FexCoy@C 
nanocages by Mössbauer spectroscopy

Fig. 13. Room temperature 57Fe Mössbauer 
spectra of FexCoy@C nanocages. The spectra 
were fitted with two sextets, corresponding to 
two kinds of metallic irons in the Fe3Co7 alloy 
with different chemical environment and/or 
different crystallite size. The blue doublet in the 
spectra of Fe3Co7@C-500 and Fe2Co8@C-500 
could be assigned to the Fe3+ in Fe2O3.

The 57Fe Mössbauer spectroscopy was 
applied to determining the coordination 
environment and oxidation state of Fe 
ions in the samples (Fig. 13). The spectra 
were fitted with two sextets, corresponding 
to the Fe3Co7 alloy in different chemical 
e n v i r o n m e n t s  a n d / o r  w i t h  d i f f e r e n t 
crystallite sizes [53]. The blue doublet in 
the spectra of Fe3Co7@C-500 and Fe2Co8@
C-500 could be assigned to the Fe III in 
Fe2O3. As can be seen, only Fe3Co7@C-650, 
and Fe3Co7@C-800 contain the pure phase 
of Fe metal. The other two samples obtained 
by heating FeyCo1-y-Co PBAs at 500 ºC 
contain more than 20% percentage of Fe2O3, 
suggesting that heating temperature largely 
affect the oxidation state of iron ions in the 
samples.

7 .  To p o t a c t i c  t r a n s f o r m a t i o n  o f 
metal–organic frameworks to graphene 
encapsulated transition metal nitrides as 
efficient Fenton-like catalysts

7.1. Synthesis and characterization of 
graphene encapsulated TMNs (FexMn6-xCo4-N@
C)

The  MOF precursors ,  Mn yFe 1-y-Co 
PBAs,  were prepared s imilar ly  to  our 
previous report [23]. The SEM images of 
the PBAs reveal the well-controlled morphology 
of the four samples like nano-dices with good 
dispersity. A TG-DSC profile of Mn0.4Fe0.6-Co 
PBA under N2 atmosphere indicates two 
decomposition stages. The weight loss at 
the first stage (below 215 ºC) could be 
ascribed to the loss of water molecules from 
the MOFs structure. The following weight 
loss at the second stage (over 455 ºC) could 
be ascribed to the conversion of MOFs 
structure to the final products. As illustrated 
in Scheme 1, through thermal decomposition 
of MnyFe1-y-Co PBAs at 650 ºC in N2, the 
CN- group of PBAs will serve as nitrogen 
and carbon sources to form of nitrogen 
doped graphene layers [54-56]. Meanwhile, 
Co and Fe atoms will form FeCo alloy while 
Mn atoms will form Mn4N nanocrystals 
inside, which was most probably due to 
the same crystal system (Cubic) and space 
group (Pm-3m) of FeCo and Mn4N. The 
final obtained FexMn6-xCo4-N@C particles, 
constructed from the small FeCo and Mn4N 
nanocrystals encapsulated in graphene 
layers, will inherited the morphology of 
MnyFe1-y-Co PBAs.
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Fig. 14. (A) Room temperature 57Fe Mössbauer spectra of FexMn6-xCo4-N@C nano-dices. The 
latter three spectra were fitted with two sextets, corresponding to two kinds of metallic irons in the 
FeCo alloy with different chemical environment and/or different crystallite size. The magenta doublet 
and the green sextet in the upper three spectra could be assigned Fe4N. (B) XRD patterns (C) High 
resolution XPS spectrum of N 1s of FexMn6-xCo4-N@C nano-dices.

 57Fe Mössbauer spectroscopy was applied 
to investigate the coordination environment 
and oxidation state of Fe ions in the samples 
(Fig. 14A). The four spectra were fitted 
mainly with two sextets, which could be 
assigned to two kinds of metallic irons 
in the FeCo alloy with different chemical 
environment and/or different crystallite size 
[53]. According to the isomer shift (IS) and 

Scheme 1. The preparation route and model of the graphene encapsulated TMNs (FexMn6-xCo4-N@C) 
with well-controlled morphology

hyperfine field (Bhf), the magenta doublet and 
the green sextets in the upper three spectra 
could be assigned Fe4N [57]. The Bhf value of 
the green sextet in Fe5Mn1Co4-N@C (9.0 T) 
was found much smaller than the literature 
reported value (21.6T),  which is  most 
probably due to the substitution of the Fe 
by Mn [58]. In addition, the high resolution 
XPS spectra of N 1s of FexMn6-xCo4-N@C 
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nano-dices were fitted with three individual 
peaks, corresponding to nitrogen bound to the 
metal (Mn-N and Fe-N; 396.6 eV), pyridinic 
N (398.4 eV), and graphitic N (400.7 eV), 
respectively (Fig. 14C) [59]. All these results 
suggest that the graphene encapsulated TMNs 
(FexMn6-xCo4-N@C), with Mn4N and FeCo 
alloy as the main phase and well-controlled 
morphology could be successfully synthesized 
through the one-step thermal decomposition 
of MnyFe1-y-Co PBAs.

7.2. Activation mechanism of PMS 
over FexMn6-xCo4-N@C

To better understand the effect for PMS 
activation on MnO and Mn4N, density 
functional theory (DFT) calculations are 
performed to investigate the adsorption of 
PMS on MnO and Mn4N surfaces. Based 
on experimental results, MnO (200) and 
Mn4N (111) are chosen in the calculations. 
After considering all the possible adsorption 
sites and orientation of PMS, Fig. 15 shows 
the relaxed atomic structures of a PMS 
molecule adsorption on MnO (200) [panel 
(a)] and Mn4N (111) surfaces [panel (b)], 
respectively. For the adsorption on MnO 
(200) surface, it shows that the PMS is 
standing on the MnO (200) surface with 
the two O atoms on -SO4 side bonding with 

Fig. 15. The atomic configuration of PMS on 
MnO (200) [panel (a)] and Mn4N (111) surfaces 
[panel (b)], respectively. The red, yellow, white, 
purple, and blue spheres are O, S, H, Mn, and N 
atoms, respectively

Fig. 16. The proposed mechanism for PMS 
activation over FexMn6-xCo4-N@C nano-dices.

two Mn atoms on surface. The two bond 
lengths are 2.094, 2.277 Å, respectively. For 
the adsorption of PMS on the Mn4N (111) 
surface, the PMS is laying down with the 
OH group on the left, and two O atoms from 
-SO4 group bind with two Mn atoms on the 
surface. To better understand the interaction 
between the surfaces and PMS, also for the 
activation of PMS, The adsorption energy 
(or binding energy for this case) Eads can 
be determined by Eads =Etot – EMnO – EPMS, 
where Etot, EMnO, and EPMS are the energies 
of the MnO surface with PMS adsorption, 
the MnO surface, and the PMS molecule, 
respectively. The adsorption on both surface 
is quite strong with Eads being -4.0 and -5.23 
eV for MnO (200) and Mn4N (111) surfaces, 
respectively. This also agrees with the 
formation of covalent bonds between PMS 
and the two surfaces as shown in Fig. 15. 
Comparing the two surfaces, the adsorption 
of PMS on Mn4N (111) is stronger with 
stronger Eads, longer lO-O, and more electrons 
received on PMS. Therefore, the PMS on the 
Mn4N (111) is more active.

To investigate the activation mechanism, 
the involved radicals produced during the 
PMS activation were investigated using radical 
scavenger experiments. High resolution XPS 
spectra of the used catalyst were applied to 
further explore the PMS activation mechanism. 
The overall mechanism of PMS activation 
over FexMn6-xCo4-N@C nano-dices could be 
proposed as following (Fig. 16). Firstly, ≡Co0/
Fe0/Mn0 in FexMn6-xCo4-N@C could activate 
PMS to produce SO4•

- and •OH radicals 
through Eqs. 17, 18 with itself oxidized 
to ≡Co2+/Fe2+/Mn2+ and ≡Co3+/Fe3+/Mn3+, 
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respectively [59, 60]. Secondly, the generated 
≡Co2+/Fe2+/Mn2+ could be quickly oxidized by 
PMS and produced SO4•

- radicals (Eq. 19). 
Both PMS and ≡Co0/Fe0/Mn0 could further 
reduce ≡Co3+/Fe3+/Mn3+ to ≡Co2+/Fe2+/Mn2+ 
and thus makes the reaction proceed cyclically 

until PMS was completely consumed [61-63]. 
In addition, the stronger Eads, longer lO-O, and 
more electrons received on PMS catalyzed by 
Mn4N, largely enhanced the catalytic activity 
of FexMn6-xCo4-N@C.

Co0/Fe0/Mn0 + 2HSO5
- → Co2+/Fe2+/Mn2+ + 2SO4•

- + 2OH- (17)

Co0/Fe0/Mn0 + 3HSO5
- → Co3+/Fe3+/Mn3+ + 3SO4

2- + 3•OH (18)

Co2+/Fe2+/Mn2+ + HSO5
- → Co3+/Fe3+/Mn3+ + SO4•

- + OH- (19)

Co3+/Fe3+/Mn3+ + HSO5
- → Co2+/Fe2+/Mn2+ + SO5•

- + H+             (20)

Co0/Fe0/Mn0 + 2Co3+/Fe3+/Mn3+ → 3Co2+/Fe2+/Mn2+             (21)

•OH/SO4•
- + BPA → intermediates → CO2                        (22)

Conclusions
This review covers the application of 

Prussian blue analogues (PBAs) in the 
research fields such as shape-controlled 
synthesis of multi-metal nitrides (oxides), 
and their applications in catalytic activation 
H2O2/PMS based Fenton-like reactions for 
the removal of organic pollutants. Mössbauer 
technique results provided strong evidence 
to investigate the mechanism of the Fenton-
like reaction, as well as the relationship 
between the structure and activity of the 
catalysts. 
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