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Rationally designing high-efficiency catalysts for electrochemical two-electron water oxidation reaction
(2e™ WOR) to produce hydrogen peroxide (H,O,) is extremely important, while designing bimetallic metal—
organic frameworks (MOFs) is of great significance for effective 2e”™ WOR. Herein, MIL-53(Fe) and different
proportions of Co-doped MIL-53(Fe) were prepared by a hydrothermal method. The structural
characterization and elemental analysis showed that the Co ions were successfully doped into MIL-53(Fe) to
form a MIL-53(Fe/Co) bimetallic MOF, and the morphology of MIL-53(Fe/Co) became more regular after Co

Received 27th July 2024, doping. We found that the optimized MIL-53(Fe/Co) exhibits remarkable 2e~ WOR performance, which gave

Accepted 12th September 2024 an overpotential of 150 mV at 1 mA cm~2. The overpotential of MIL-53(Fe/Co) was approximately 220 mV (at
1 mA cm™?) lower than that of MIL-53(Fe), which may be attributed to the change of microstructure of MIL-
53(Fe) after Co doping and the synergistic effect between Fe/Co. Our work introduces a strategy for

designing bimetallic MOF-based electrocatalysts, opening up new possibilities for efficient 2~ WOR systems.
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1. Introduction

Hydrogen peroxide is an environmentally friendly oxidizing agent.
In addition to the anthraquinone method, which is a main
technique for H,0, synthesis at present,"” electrochemical H,0,
preparation has attracted extensive attention. This method has
the advantages of environmental friendliness, less by-products,
in situ synthesis, and not requiring additional gas supply.>” There
are two methods for electrosynthesis of H,0,: the two-electron
oxygen reduction reaction (2e~ ORR, eqn (1)) and the two-electron
water oxidation reaction (eqn (2)).° H,O, synthesis via the 2e~
ORR has been extensively researched in recent years,”® and it has
reached a high value of H,0, production rate and Faraday
efficiency (FE).>'® However, the drawbacks of this approach are
that it requires a constant supply of oxygen gas. Compared to the
2e” ORR, the WOR requires no additional aeration. The process is
simple and has more practical application prospects.'*
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0, +2H" +2¢” < H,0, E,=0.67Vvs. RHE (1)

2H,0 < H,0, + 2H' + 2e~ E, =1.76 V vs. RHE 2)
Generally, a suitable anode material for the 2e~ WOR should
have some prerequisite properties, including high stability to
fulfil the demand for long-term operation, high selectivity to
prevent the formation of by-products and high activity to save
energy input.'” At present, a variety of metal oxides have been
developed for H,O, generation via the 2e~ WOR owing to their
high selectivity and excellent stability under oxidation conditions,
such as zZnO,"” WO, Sn0,,'” TiO,,'® BivO,"” and CaSnO;.'®
However, due to the poor conductivity of metal oxides, these
electrocatalysts generally show relatively low current density, which
leads to low H,O, yield." Carbon materials generally possess
relatively high electrical conductivity and electrochemical stability,
for instance, carbon cloth (CC), carbon felt (CF), carbon-based
materials boron-doped diamond (BDD) and PTFE modified carbon
fiber paper (CFP).>°* But the low selectivity limits the application
of carbon materials. As a consequence, high selectivity and high
H,0, production yield are hardly achieved simultaneously.
Transition metal-organic frameworks have gained consider-
able attention in recent years due to their large specific surface
area, more active sites and large porosity.>*>* Significantly, the
inherent flexibility of MOFs has empowered researchers to
fabricate a diverse array of MOF-based materials possessing
distinct structures and functionalities.*® Currently, iron-based

© 2024 The Author(s). Published by the Royal Society of Chemistry
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MOFs have broad development prospects and excellent
research value.>® However, their electrocatalytic performances
are far from meeting the needs of practical applications due to
their instability, poor electrical conductivity, and solvent-free or
water-solvent conditions.?”?® To overcome these limitations,
extensive research endeavors have been devoted to exploring
multiple approaches. An effective method is to hybridize the
MOF with secondary highly conductive carriers, such as gra-
phene and polyaniline.”® However, using this method may
block the micropores of the MOF, which would severely limit
the effective mass transfer during electrocatalysis.>°

Another method is to use a MOF as a precursor to prepare
high performance electrocatalysts such as metal oxides, porous
carbon and metal sulfides at high temperature,*** but it may
destroy the ordered channel structure of the MOF and sacrifice
the metal active sites.**** In recent years, novel composite
materials with bimetallic MOFs have gained considerable atten-
tion in heterogeneous catalysis.>® This approach preserves the
MOF’s skeleton while enhancing cycling stability and interfacial
electron transfer efficiency.*® Bimetallic MOF-based composites
have many advantages over monometallic MOF-based materials:
(i) different monometallic MOFs have different metallic ele-
ments, organic ligands, morphology, and structure, which can
be prepared by different combination strategies to construct
bimetallic MOF materials with different compositions, struc-
tures, and functions; (ii) most monometallic MOFs have unde-
veloped holes, but the synthesis of binary metal MOFs can
further effectively improve this property. In addition, the pre-
paration process of bimetallic MOFs is relatively simple and
mild; (iii) the regular staggered arrangement of metal ions (or
metal ion clusters) and organic ligands in bimetallic MOF
structures is conducive to further fixing and dispersing metals
(or metal oxides), improving the stability and catalytic activity of
materials.’” While the development of bimetallic MOFs is still in
its infancy, an increasing number of studies demonstrate their
great potential in various practical applications.®®

Motivated by these concepts, we prepared MIL-53(Fe/Co)
for electrocatalytic synthesis of H,O, by a hydrothermal method
and carried out structural characterization and elemental
analysis, which manifest that the introduction of Co atoms
precisely replaces the Fe site in MIL-53(Fe) to form MIL-53(Fe/
Co) bimetallic MOF. Meanwhile we investigated the electroca-
talytic WOR performance of MIL-53(Fe) and MIL-53(Fe/Co).
Compared with MIL-53(Fe), MIL-53(Fe/Co) exhibits improved
WOR activity. The results showed that the MIL-53(Fe/Co) bime-
tallic MOF showed good synergistic catalysis.

2. Experimental section

2.1. Materials

N,N-Dimethylformamide (DMF) was purchased from Macklin
Biochemical Co., Ltd (Shanghai, China). Ferric chloride hexahy-
drate (FeCl;-6H,0), cobalt(n) acetate tetrahydrate ((CH3COO),
Co-4H,0), potassium hydrogen carbonate (KHCO;), methanol
and ethyl alcohol were purchased from Macklin Biochemical Co.,
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Ltd (Shanghai, China). Cerium(v) sulfate tetrahydrate (Ce(SO,),)
and isopropyl alcohol were purchased from Shanghai Aladdin Bio-
Chem Technology Co., Ltd. Terephthalic acid was purchased from
Tianjin Guangfu Fine Chemical Research Institute (Tianjin, China).
Disodium terephthalate was purchased from Sinopharm Chemical
Reagent Co., Ltd (China). 2,3-Bis(2methoxy-4-nitro-5-sulfophehyl)-
2H-tetrazolium-5-carboxanilide (XTT) was purchased from Yuanye
Co., Ltd, China. All experimental reagents and chemicals were used
without further purification.

2.2. Material preparation

2.2.1. MIL-53(Fe). In a typical experiment,*® FeCl;-6H,0
(6 mmol) and terephthalic acid (6 mmol) were added to
30 mL of DMF solution. After ultrasonication for about 15 min,
the mixture was transferred to a Teflon-lined stainless-steel auto-
clave with a volume capacity of 50 mL and heated at 150 °C for
12 h. After heat treatment, the autoclave was allowed to cool
naturally to room temperature, and the products were collected by
centrifugation at 7000 rpm for five minutes. To remove the
solvent, the obtained powder was washed with ethyl alcohol and
deionized water 3 times, respectively, and dried at 60 °C for 12 h
under vacuum to obtain the MIL-53(Fe) catalyst.

2.2.2. MIL-53(Fe/Co). FeCl;-6H,O (1.2 mmol), (CH;COO),-
Co-4H,0 (4.8 mmol) and terephthalic acid (6 mmol) were added
to 30 mL of DMF solution. After ultrasonication for about 15 min,
the mixture was transferred to a Teflon-lined stainless-steel auto-
clave with a volume capacity of 50 mL and heated at 150 °C for
12 h. After heat treatment, the autoclave was allowed to cool
naturally to room temperature, and the products were collected by
centrifugation at 7000 rpm for five minutes. To remove the
solvent, the obtained powder was washed with ethyl alcohol and
deionized water 3 times, respectively, and dried at 60 °C sustained
for 12 h under vacuum to obtain the MIL-53(Fe: Co = 1:4) catalyst.
By varying the proportion of FeCl;-6H,0 to (CH;COO),Co-4H,0,
we successfully synthesized MIL-53(Fe), MIL-53(Fe:Co = 4:1),
MIL-53(Fe:Co = 3:2) and MIL-53(Fe:Co = 2:3), and when the
FeCl;-6H,0 content is zero, we synthesized a purple sample called
MIL-53(Co).

2.3. Characterization

The crystal structure and micromorphology of the samples were
analyzed using an X-ray diffractometer (XRD, Rigaku, Japan) and
scanning electron microscope (SEM, HITCH, Japan), respec-
tively. The chemical state of the samples was measured by
X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo
Fisher Scientific, USA). The oxygen vacancies of the samples were
measured by electron paramagnetic resonance (EPR, Bruker-
E500, Germany). The photoelectrochemical properties of the
samples were tested on the standard three-electrode system of
the CHI 660E electrochemical workstation (Shanghai Chenhua
Instrument Co, China). UV-vis absorption spectra were acquired
using a UV-vis spectrophotometer (UV-vis, HITCH 3900, Japan).

2.4. Electrochemical measurements

The electrochemical (EC) measurements were conducted in a
three-electrode system, where a saturated calomel electrode

Energy Adv., 2024, 3, 2842-2850 | 2843
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(SCE) and graphite were used as the reference and counter
electrodes, respectively. The catalyst-coated fluorine-doped tin
oxide (FTO) was used as the working electrode and the test area
is 0.2826 cm?. Dispersions with 5 mg of catalysts were prepared
in 1 mL of isopropyl alcohol and homogenized in an ultrasonic
bath for 20 min. 5 pL Nafion solution was then added into
above the catalyst solution and homogenized in an ultrasonic
bath for 20 min again. After homogenization, 10 pL of the
solution was placed in the working electrode and dried.

The electrolyte solution is 2.0 M KHCO;. Linear sweep
voltammetry (LSV) was conducted in the potential range of
1.5-2.75 V (vs. RHE) at a scan rate of 10 mV s~ . The conditions
for measuring electrochemical impedance spectroscopy (EIS)
were 0.05 V amplitude and 100 kHz-0.01 Hz frequency.

2.5. Detection of H,0, production

Electrocatalytic H,O, production on FTO loaded with catalysts
was performed in a two-compartment cell with Nafion 117
membrane as a separator. Both the cathode compartment (30
mL) and anode compartment were filled with the same electro-
lyte (2.0 M KHCO,).

The H,0, concentration was measured by a traditional
cerium sulfate Ce(SO,), titration method based on the mecha-
nism that a yellow solution of Ce** would be reduced by H,0, to
colorless Ce*" (eqn (3)).*° Thus, the concentration of Ce**
before and after the reaction can be measured by ultraviolet-
visible spectroscopy. The wavelength used for the measurement
was 316 nm.

2Ce™ + H,0, — 2Ce*" + 2H" + 0, (3)

Therefore, the concentration of H,0, (M) can be determined
by eqn (4) where MCe*" is the mole of consumed Ce*".

M =2 X Mces (4)

[ ]
$o
FeC|3'6H20
=

DMF

H,BDC t
O
e®e
(CH,C0OO0),Co-4H,0

Fig. 1 Schematic representation of the synthesis of MIL-53(Fe/Co).
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3. Results and discussion

3.1. Characterizations

According to Fig. 1, the synthesis of MIL-53(Fe/Co) was achieved
through a one-step hydrothermal method. Subsequently, SEM
images were collected to characterize the microstructure of the
precursor and the composite. As seen from Fig. 2a, the images
show that the MIL-53(Fe) displayed rod-like crystallites with a
rough surface with diameters of ~0.5 pm. With the incorpora-
tion of Co*", the surface morphology of MIL-53(Fe) was changed
obviously. As shown in Fig. 2b-e, MIL-53(Fe/Co) displayed a
typical bipyramidal prism structure with sharp edges and had a
smooth surface, indicating that Co ion doping can regulate the
MOF morphology of MIL-53(Fe). And the SEM images showed
that the MIL-53(Fe/Co) with different proportions had different
sizes. With the increase in the Co®" percentage from 20 to 80% in
the MIL-53(Fe/Co), the bipyramidal morphology of MIL-53(Fe/
Co) gradually became smaller and the prism of MIL-53(Fe/Co)
gradually became longer. However, the MIL-53(Co) showed a
random block when only single-metal Co is present (Fig. 2f). This
may be due to the fact that after Co ions are completely doped to
replace Fe ions, the destruction of the original ordered structure
of MIL-53(Fe) weakens the connection between metal ions and
ligands, resulting in the complete destruction of the morphology
of the MOF. The mapping images (Fig. 2(g-i)) of MIL-53(Fe: Co =
1:4) confirmed the presence of Fe and Co elements distributed
uniformly across the surface of the material. In addition, we
found that when MIL-53(Co) was prepared into a catalyst solution,
the colour of MIL-53(Co) changed from a purple powder to a pink
solution, as shown in the inset images. In order to observe
whether the microstructure of MIL-53(Co) changes, we collected
the SEM images of the powder and solution.

Shown in Fig. 3 is a comparison of the SEM images of
the powder and solution of MIL-53(Co). We can clearly observe
that the morphology is completely destroyed when it dissolves
in isopropyl alcohol, which shows that the MIL-53(Co) was

R

150°C Q § g

— bbb
12h

MIL-53(Fe/Co)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM image of MIL-53(Fe) (a), MIL-53(Fe: Co=4:1(b), 3:2(c), 2:3(d), 1:4 (e)), MIL-53(Co) (f) and MIL-53(Fe: Co = 4:1), and (g) mapping of Co (h)

and Fe (i).

extremely unstable and further supports the above conjecture.
Therefore, we will not compare the electrocatalytic WOR perfor-
mance of the MIL-53(Co) and MIL-53(Fe/Co) in the following.

To determine the crystal structure and atomic arrangement,
X-ray diffraction analysis was performed on the synthesized
samples. As shown in Fig. 4, the characteristic diffraction peaks
of the MIL-53(Fe) material matched well with the standard XRD
simulation-MIL-53(Fe) results in the reported literature,*® indi-
cating the high crystallinity of MIL-53(Fe).

Upon the introduction of Co into MIL-53(Fe), the diffraction
peak of MIL-53(Fe) at 10.5° and 17.5° experienced a slight shift
towards a lower angle (10° and 17°). This transformation can be
attributed to the fact that the ionic radius of Co** (0.0745 nm)
is much greater than that of Fe** (0.064 nm). When Co replaces
Fe in MIL-53(Fe), the crystal plane spacing increases and
lattice distortion occurs, which causes the diffraction peak to
shift lower.** Thus, the XRD results show that MIL-53(Fe) and
MIL-53(Fe/Co) were successfully synthesized. In addition, we

Fig. 3 SEM image of MIL-53(Co) ((a) powder, (b) solution, inset: photos of the power and solution).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XRD image of MIL-53(Fe), MIL-53(Fe/Co) and simulate-IL-53(Fe).

performed the crystal structure and atomic arrangement of
MIL-53(Co) by XRD.

As shown in Fig. 4, the XRD analysis reveals that when only
single-metal Co was present, the diffraction peak at 17.5° is almost
non-existent, indicating that Co atom doping can accurately
replace Fe atoms, leading to the destruction of the corresponding
lattice faces. Meanwhile, the destruction of the original ordered
structure of MIL-53(Fe) weakened the connection between metal
ions and ligands, which caused the structure of MIL-53(Co) to be
extremely unstable, supporting the previous inference.

XPS was conducted to characterize the chemical elemental
composition and valence states of MIL-53(Fe/Co), MIL-53(Fe)
and MIL-53(Co). The XPS survey spectrum of MIL-53(Fe/Co)
confirms the presence of Fe and Co (Fig. 5a), indicating
the successful incorporation of Co. In the high-resolution
Fe 2p spectrum (Fig. 5a), the two peaks at 712 and 725.9 eV
can be assigned to the 2p;/, and 2p,,, characteristic peaks of
MIL-53(Fe), respectively, which indicates that Fe is present
mainly in the Fe®" valence state in MIL-53(Fe/Co) and MIL-
53(Fe).*> Notably, compared with MIL-53(Fe), the Fe 2p peak of
MIL-53(Fe/Co) will be shifted to a higher energy level step by
step as the proportion of Co atoms increases, suggesting that
the lattice defects induced by Co substitution can modulate
the electronic structure of the active Fe center. In the high-
resolution spectrum of Co 2p in Fig. 5b, the binding energies of
the 2ps/, and 2pj3, characteristic peaks of Co are located at 780.6
and 796.1 eV, with two satellite peaks at 785.5 and 802.6 eV,
respectively, which show that the oxidation state of Co is +2 in
MIL-53(Fe/Co) and MIL-53(Co).?® In addition, the peaks of Fe 2p
increased with increasing percentages of iron in the MIL-53(Fe/
Co) catalysts, whereas the peak of Co 2p decreased with decreas-
ing percentages of cobalt in the MIL-53(Fe/Co) catalysts.

3.2. Electrocatalytic performance of MIL-53(Fe/Co)

The electrocatalytic WOR performance of MIL-53(Fe/Co) was
examined in 2.0 M KHCO;. For comparison, MIL-53(Fe) was

2846 | Energy Adv, 2024, 3, 2842-2850
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also tested. Fig. 6a displays the LSV curves of MIL-53(Fe/Co)
and MIL-53(Fe), respectively. The current density for MIL-53(Fe/
Co) increased steadily with increased potential of the working
electrode in the potential range of 1.5-2.3 V (vs. RHE).
On comparison of MIL-53(Fe/Co) and MIL-53(Fe), the current
density increased gradually with increased Co content at low
overpotential and the MIL-53(Fe: Co = 1:4) achieved the high-
est current density. This was consistent with the above mor-
phological changes, indicating that the change of MIL-53(Fe/
Co) morphology improved its catalytic performance with the
increase of the Co content. In addition, we calculated the
overpotential of MIL-53(Fe/Co) and MIL-53(Fe), as shown in
Fig. 6b. The overpotential of the bimetal-based MOF was lower
than that of the single metal-based MOFs. Therefore, the MIL-
53(Fe/Co) exhibited better performance of electrocatalysis water
oxidation. The reason may be that the synergistic interaction
between Fe/Co bimetals improves the catalytic performance of
water oxidation of MIL-53(Fe/Co).

In addition, stability also plays a key role in the practical
application of the catalyst, so we studied the stability of
MIL-53(Fe/Co) and MIL-53(Fe). As demonstrated in Fig. 6c,
MIL-53(Fe/Co) displays remarkable durability at a fixed
potential of 2.03 V (vs. RHE) over 6 h of electrolytic water
oxidation, indicating that both the MIL-53(Fe/Co) bimetallic
MOF and MIL-53(Fe) monometallic MOF have good stability
during electrocatalytic water oxidation.

To further understand the catalytic kinetics of the WOR
process, electrochemical impedance spectroscopy (EIS) was
performed. Fig. 6d shows the Nyquist plots of MIL-53(Fe/Co)
and MIL-53(Fe). Clearly, the semicircle radius of MIL-53(Fe/Co)
is significantly reduced, indicating excellent charge-transfer
capability and excellent WOR intrinsic activity relative to MIL-
53(Fe). In addition, to further investigate the charge transfer
resistance, EIS was performed and the fitting circuit was
inserted in Fig. 6d. The fitting equivalent circuit showed a
charge transfer resistance of R in parallel with a constant
phase element CPE related to the double layer, both coupled
with the electrolyte resistor Rs. We could deduce that the charge
transfer resistance decreased from 3.4 x 1011 Qto 2.2 x 104 Q
with Co atoms replacing Fe atoms, which was consistent with
the LSV data. Thus, the results above confirm the change of
microstructure of MIL-53(Fe) after Co doping and the synergis-
tic effect between Fe/Co improves the electrocatalytic perfor-
mance of 2e- WOR of the MIL-53(Fe/Co) bimetallic MOF.

To assess the changes in the material after the reaction, the
surface morphology of the catalysts after the reaction was
further examined by SEM (Fig. 7a). Compared with the MIL-
53(Fe:Co = 1:4) before the reaction, there is no significant
difference in the morphology of MIL-53(Fe: Co = 1:4) after the
reaction. This indicates that the morphology is still maintained
after long-term reaction. In addition, the XPS spectra (Fig. 7b)
were measured to characterize the metal oxidation states. The
results show that the spectra of Fe 2p and Co 2p show no
changes in the MIL-53(Fe:Co = 1:4) before and after the
reaction. Compared with the precatalyst, catalysts normally show
better consistency after the reaction.** These above results show

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ya00477a

Open Access Article. Published on 16 September 2024. Downloaded on 12/19/2025 7:15:59 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Q |MiL-53(Fe) M b oo T
P . P
_— MIL-53(Fe,
_,_._L———— Fe2p,, Fe2py, e
MIL-53(Fe:Co=4:1) )
_.""W"'-«,c~,-;~y~v»\-«-.»— T sl ]
3 s MIL-53(Fe:Co=4:1)
g MIL-53(Fe:Co=3:2) =
E e T s |
5 M_g(,__@w‘-ﬁ = - MIL-53(Fe:Co=3:2)
E |MIL-53(Fe:Co=2:3) £
e e T T M st e i rcanatal
MIL-53(Fe:Co=2:3)
r : i p T MIL-53(Fe:Co=1:4)
0 200 400 600 800 1000 705 710 715 720 725 730
Binding energy / eV Binding Energy / eV
C [co2p
MIL-53(Fe:Co=4:1)
ROSIPROWE = .
MIL-53(Fe:Co=3:2)
#—~.~uqctmqﬁ“w“*“‘-» -
©
g MIL-53(Fe:Co=2:3)
gl e e P O
£ - MIL-53(Fe:Co=1:4)
e pre——
r MIL-53(Co)
Co 2y, B Co 2p,,
/' "\M.\.M, B e
Lot
775 780 785 790 795 800 805

Binding Energy / eV
Fig. 5 XPS spectra of MIL-53(Fe) and MIL-53(Fe/Co) (a), Fe 2p (b) of MIL-53(Fe) and MIL-53(Fe/Co) and Co 2p (c) of MIL-53(Fe/Co) and MIL-53(Co).

the morphology and structure of the catalysts before and after

the reaction.

6
a [ —miLs3Fe) |
—— MIL-53(Fe:Co=4:1)
sk MIL-53(Fe:Co=3:2)
—— MIL-53(Fe:Co=2:3)
% MIL-53(Fe:Co=1:4)
5
Q
<3+
£
=,
1}
0 . 1 1
16 1.8 2.0 22
Potential / V (vs RHE)
Cc —— MIL-53(Fe)
—— MIL-53(Fe:Co=4:1)
——— MIL-53(Fe:Co=3:2)
—— MIL-53(Fe:Co=2:3)
MIL-53(Fe:Co=1:4)
£
Q
<
=

Time/h

View Article Online

Energy Advances

In addition, the oxygen vacancies of MIL-53(Fe:Co = 1:4)
before and after the reaction were tested by EPR in Fig. 8. There
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Fig. 7 SEM image (a) and XPS spectra (Fe 2p and Co 2p) (b) of MIL-53(Fe:Co =

are apparent symmetrical and sharp signals at g = 2.0043
(Fig. 8a) and g = 2.002 (Fig. 8b) in MIL-53(Fe:Co = 1:4)
after the reaction, which are attributed to oxygen vacancies.**
The oxygen vacancies still exist in the catalysts after the reac-
tion but with reduced intensity, which may be the influence of
electron transfer.*’

3.3. H,O0, production

The cumulative H,0, yield measurement of MIL-53(Fe:Co =
1:4) was conducted in a H-type electrolytic cell with SCE as the
reference electrode, graphite rod as the counter electrode, and
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1:4) after reaction.

the MIL-53(Fe:Co = 1:4) supported on FTO as the working
electrode. A Nafion 117 membrane was used for separating the
electrolytic cells. The H,O, production performances were
investigated by measuring the H,O, evolution rate. Firstly, the
standard spectral curve of H,0, was obtained using the tradi-
tional Ce(SO,), titration method, as shown in Fig. 9a. In
addition, the H,0, production of MIL-53(Fe:Co = 1:4) was
measured using a chronoamperometry method for 60 min.
The same amount of electrolyte was collected from the anode
chamber at intervals of 5, 10, 20, 30, 45 and 60 minutes to
detect the H,O, production. Based on the standard spectral

bzo-
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Fig. 9 Standard curve for the hydrogen peroxide test (a), time course for H,O, accumulation (b) and Faraday efficiency with MIL-53(Fe:Co = 1:4) at
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Fig. 10 Absorbance spectra of electrolyte solution-trapped hydroxyl radicals (a) and superoxide anions (b).

curve of H,0,, the yield of H,0, was gained, as shown in
Fig. 9b, and the H,0, production generally showed an upward
trend with time. Compared to the H,0, production under
different potentials (2.03 V, 2.13 V, 2.23 V vs. RHE), the H,0,
production of MIL-53(Fe : Co = 1:4) was the highest at 2.13 Vvs.
RHE. H,0, production was achieved by MIL-53(Fe:Co = 1:4)
with a production rate of 4 mmol/gcatalyst. In addition, we
calculated the Faraday efficiency (FE) of MIL-53(Fe:Co = 1:4)
under different potentials (Fig. 9¢). The FE was also the highest
at 2.13 V vs. RHE and reached 30%.

In addition, except for the produced H,O,, the hydroxyl
radicals and superoxide anions were analyzed by fluorimetric
assay and UV-vis spectrophotometer assay, respectively.*®
The fluorescence intensity (Fig. 10a) and UV-vis absorption
peak (Fig. 10b) also displayed no significant change in the
absorption peak before and after the electrocatalytic reaction.
These results indicate that a small amount hydroxyl radicals
and superoxide anions are generated during the production
of H,0,. The generation of superoxide anions and hydroxyl
radicals may stem from the interaction of metals in MIL-
53(Fe: Co = 1:4) with the produced H,0,."”

4. Conclusions

To conclude, we successfully prepared a MIL-53(Fe/Co) bime-
tallic MOF and MIL-53(Fe) monometallic MOF by a hydrother-
mal method and characterized the morphology and structure.
The structural characterization and elemental analysis showed
that Co ions were successfully doped into MIL-53(Fe), which
adjusted the morphology of MIL-53(Fe) and made it more
regular. Meanwhile, we explored the electrocatalysis water
oxidation properties of MIL-53(Fe/Co). The overpotential of
MIL-53(Fe/Co) was only 150 mV at 1 mA cm ™2, which was lower
than that of MIL-53(Fe). Therefore, the MIL-53(Fe/Co) exhibited
good performance in electrocatalytic water oxidation. This may
be attributed to the alteration of the microstructure of MIL-
53(Fe) after Co ion doping and the synergistic interaction
between Fe/Co bimetals. In addition, the ability of MIL-53(Fe/
Co = 1:4) to electrocatalyse water oxidation to produce H,0,
at different potentials was also investigated, and it was found
that MIL-53(Fe/Co = 1:4) had the highest H,O, production at
2.13 V (vs. RHE).
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