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In this work, we synthesized high-performance electrocatalysts for oxygen evolution reaction (OER) by one-step

carbonization of cobalt(Co)-doped NH,-MIL-53(Fe) with different molar ratios between Fe and Co. The results showed that

the as-prepared composite with a molar ratio between Fe and Co = 1:3 and the calcination temperature of 550 °C

displayed the best OER activity, denoted as MOF(Fe;-C0s)sson. The MOF(Fe;-Cos)sson €Xists microporous structure with a

high Brunauer-Emmett-Teller (BET) surface area of 235.37 m®-g™. It shows excellent OER catalytic behavior in 0.1 M KOH

solution. The overpotential at 10 mA-cm™is 0.39 V and the Tafel slope is 54.86 mV-dec™, which is comparable to that of

the as-synthesized RuO,. The satisfied results are attributed to the presence of pyridine N, Co;0,, the enlarged surface

area and the micropores structures after calcination.

Introduction

The growing demand for energy and the increasing concern about
environment pollution from the combustion of coal, oil, and natural
gas has boosted the research of diverse kinds of sustainable and
environmental friendly energy conversion and storage modes. The
splitting of water to produce O, (oxygen evolution reaction, OER)
and H, (hydrogen evolution reaction, HER) either electrochemically
or photoelectrochemically is hopeful to meet the energy
requirement on a global scale and slow down the current
environment pollution resulted from the mass consumption of fossil
sources. However, the electrochemical splitting of water is
kinetically sluggish in both acidic and alkaline media, and generally
needs a large overpotentialm. Therefore, it is important to employ
highly active catalysts to decrease the overpotential and thus
achieve efficient water splitting. Hence, a high-performance
electrocatalyst is needed to promote the reaction kinetics and
decrease the large overpotential and then high energy conversion
efficiency can be obtained. IrO, and RuO, are considered as the
most efficient and stable catalyst both in acidic and alkaline
solutions®. However, Ir and Ru are rare elements with high
expense which restricts their wide applications. Recent researches
have shown that cobalt (Co) is a promising catalyst for OER with
acceptable overpotential both in neutral and alkaline solutions
among other kinds of non-noble metal, such as LiCoo_sFeoAzOZB] and
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LiCog 33Nip 33Fe0330,™", 3d  ( M(Ni,Co,Fe,Mn) hydr(oxy)oxide
catalysts[sl, Co-Pi composites materials 6, chalcogenidesm, Co
doped perovskites (&) , and molecular catalysts[gl. More interestingly,
many studies indicated that the combination of Co with other
functional materials could show better OER performance than Co
compounds onIy“o].Because the activities of transition-metal based
catalysts for OER were proposed to relate to the number of 3d-
electrons in the transition metal ions, the enthalpy of formation of
the transition metal hydroxides, and the surface oxygen binding
energy[u]. Moreover, the e, orbital of surface transition metal ions
participate in bonding with surface-anion adsorbates, and the
occupancy of e, orbital can greatly influence the binding of oxygen-
related intermediate species on surface-anion adsorbates and thus
the OER activitym].

Metal-organic frameworks (MOFs) are a new class of porous
crystalline inorganic—organic hybrid materials synthesized by
combining metal ions and organic ligands in an appropriate way and
have drawn great attention in recent yearsm]. Because of the
excellent properties of large surface area, tunable pore size,
attracting electrical, optical, and catalytic properties, MOFs have
shown a variety of potential applications such as heterogeneous
catalysism], gas storage and separation“sl, and drug
delivery/release“sl. The metal centers and metal-oxo units in MOFs
act as effectively active sites in the catalytic reactions, especially
electrocatalysis[m. Recently, MOFs were utilized as novel templates
for the preparation of nanoporous carbons and metal oxides by
direct carbonization of MOFs in inert atmospheres[m]. The MOFs-
derived materials showed great potential in hydrogen storage“g],
electrochemical capacitors[zol and lithium ion batteries®®". Jiang and
his coworkers synthesized a ZIF-8-derived nanoporous carbon
material with an unexpectedly high surface area, considerable
hydrogen storage capacity and good electrochemical properties as
an electrode material for electric double layer capacitorsm]. Zhang
et al reported a scalable synthesis of anisotropic hollow Fe,0;
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microboxes by annealing prussian blue microcubes'®®. The as-

synthesized Fe,03; manifested high specific capacity (~950 mA-h-gf1
at 200mA-g71) and excellent cycling performance when used as
anode material for lithium ion batteries. However, only a few works
focused on electrochemically catalysis of OER by MOF-derived
materials. Most of the reported MOF-derived OER catalysts are
focused on direct carbonization of single transition metal-based
MOFs[Z4], which exhibit limited catalytic activity towards OER.

In this work, Co-doped NH,-MIL-53(Fe) has been directly carbonized
in N, atmosphere and its electrochemical catalytic property toward
OER in alkaline electrolyte has been investigated. The regular
arrangement of metal ions and organic motifs in MOF structures
leads to a uniform distribution of metal oxide nanoparticles, in situ
formation of carbon species and pyridine N. The results showed
that the OER efficiency was strongly dependent on the molar ratio
of Fe and Co and the carbonization temperature. The Co-doped
NH,-MIL-53(Fe) annealed at 550 °C in an inert atmosphere with a
molar ratio of Fe: Co = 1:3 (denoted as MOF(Fe;-Cos)sson) Showed
the best electrocatalytic activity toward OER with an overpotential
as low as 0.39 V at 10 mA-cm™ and a Tafel slope of 72.9 mV-dec™,
even comparable with the RuO, catalyst in alkaline electrolyte.

Results and discussion
Characterization of Materials.

The as-prepared Co-doped NH,-MIL-53(Fe) based materials were
characterized by transmission electron microscopy (TEM). Figure S1
(Supporting Information) shows that the metal or metal oxide
nanoparticles (M or MO,) NPs in situ formed uniformly with size <
20 nm (especially, the diameter of M or MO, NPs formed from
MOF(Fe;-Cos)sson is €a.5 nm) and the skeleton of the Co-doped NH,-
MIL-53(Fe) is maintained (Figure S1).

To achieve the high electrocatalytic activity of Co-doped NH,-MIL-
53(Fe) toward oxygen evolution, the influences of molar ratios of Fe
and Co and calcination temperature were investigated. Figure S2 B,
C and D show that the sample size became longer and thinner
obviously with increasing content of Co in the Co-doped NH,-MIL-
53(Fe). The calcination temperature is also an important factor
which could influence the size of M or MO, NPs. As shown in Figure
1, the morphologies of obtained-calcinates ( MOF(Fe;-Cos) ) under
different temperatures (Figure 1B, C, D and E) were as same as the
one before calcinations (Figure 1A). The results indicates that the M
or MO, NPs are uniformly formed at 550 ‘C (Figure 1C, the
diameter of M or MO, NPs is ca.5 nm), and when temperature is
below or above 550 ‘C, bulk M or MO, NPs are formed on the
surface of calcinates (Figure 1B, D and E). The framework structure
of MOF(Fe;-Co;) was destroyed when calcination at 600 °C and
700 °C (Figure 1D and E).Because of the low electrocatalytic
efficiency of MOF(Fe;-Co4)s50n , MOF(Fe3-Co4)s50n, MOF(Fe1-Cos)soon,
MOF(Fe;-Cos3)epon @and MOF(Fe;-Cos);g0n for OER (discussed detailed
later), the following characterization just show the relative results
of MOF(Fe;-Co3)s5on-
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Figure 1. TEM images of MOF(Fe;-Co;) calcinated at different
temperatures. (A) MOF(Fe;-Cos), (B) MOF(Fe;-Cos)spon, (C) MOF(Fe;-
Co3)sson, (D) MOF(Fey-Cos)soon, and (E) MOF(Fe;-Cos)yoon-

The chemical composition of MOF(Fe;-Cos)sson Was confirmed by X-
ray powder diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS). The atomic ratio of Co/Fe is determined to be 1.45 : 1
according to the ICP-OES result. Figure S3 showed that all the
diffraction peaks of the as-prepared MOF(Fe,-Co,) composites are
consistent with the prepared NH,-MIL-53(Fe), which indicated that
the introduction of cobalt didn’t influence the initial framework
structure of NH,-MIL-53(Fe). As shown in Figure 2A, the XRD
pattern shows obvious Co30, peaks, indicating the formation of
Co30, in MOF(Fe;-Cos)sson.The peaks of Fe,03 are relatively low
because of the low content of Fe in MOF(Fe;-Cos)sson Which is in
coincidence with the result of XPS. As shown in the XPS full
spectrum of MOF(Fe;-Cos)sson (Figure 2B), both MOF(Fe;-Cos) and
MOF(Fe;-Cos)sson showed the existence of C 1s, N 1s, Ols, Fe 2p
and Co 2p. Figure 2C, 2D and 2E showed the deconvoluted spectra
of Co 2p, Fe 2p and N 1s in the MOF(Fe;-Cos)sson Sample. The
deconvolution of Co 2p in Figure 2C showed the peak positions of
Co 2p3/, (780eV) and Co 2p,,, (795 eV) are in good accordance with
the presence of C0304[25]. The peaks at 711.3 and 724.9 eV are Fe
2p3/; and Fe 2p,, (Figure 2D), respectively, which indicates the
presence of Fe(lll), and the satellite peak at the binding energy of
718.8 eV also corresponds to Fe(lll)[zsl. The deconvoluted N 1s
spectrum is displayed in Figure 2E. The result shows that three
kinds of N (pyridine N, pyrrole N and graphite N) existed in
MOF(Fe;-Cos)sson- It has been reported that the pyridinic and
quaternary N atoms were active sites for the OER™"., Hence, the
enhancement of the OER activity attribute to the presence of the
pyridine N.

This journal is © The Royal Society of Chemistry 20xx
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Figure 2 (A) XRD pattern of MOF(Fe;-Cos)sson, (B) XPS full spectrum
of MOF(Fe;-Cos) and MOF(Fe;-Cos)sson, (C) deconvoluted Co 2p and
(D) Fe 2p and (E)N 1s XPS spectra of MOF(Fe;-Cos)sson-

The surface areas of as-prepared MOF(Fe;-Cos;) and MOF(Fe;-
Co3)s50n Were measured by Brunauer-Emmett-Teller (BET) method.
Figure S4 illustrates the BET surface area of MOF(Fe;-Cos)sson
(235.37 m*-g") is 4.35 times higher than that of MOF(Fe,-Cos)
(54.03 m?’ -g'l). The curve of MOF(Fe;-Cos)sson Sample shows the
Type | isotherm with no obvious hysteresis, indicating the
microporosity according to IUPAC classification. Such high surface
area of MOF(Fe;-Cos)s50n Can provide more active sites to improve
the OER efficiency. As shown in Figure S4, MOF(Fe;-C03)s50n Shows
mesopores centered at 12.25 nm and micropores centered at 3.5

nm, further implying the microporous structure in MOF(Fe;-Co3)s50n-

What’s more, the pores on the surface of MOF(Fe;-Cos)sson Which
connect with the cavity enable the catalyst contacting with the
reactant at both the outer and inner surfaces and helping
accelerate the diffusion of generated O,.

Oxygen Evolution Activity.

Linear sweep voltammetry (LSV) was used to evaluate the
electrochemical performance of the as-synthesized porous
MOF(Fe;-Cos)s5on for OER. It is very important to compare the
overpotential for achieving the current density of 10 mA cm?,
which is about 10% efficiency of solar-to chemical conversion. As
shown in Figure 3A and B, in O,-saturated 0.1 M KOH, the as-
synthesized MOF(Fe;-Cos)sson presents higher OER current and
lower applied potential at the OER current density of 10 mA-cm™
(1.62 V) than other MOF(Fe,-Co,) composites. It is worth to note
that the LSV curves of MOF(Fe;-Co3)s50y and MOF(Fe;-Co,)s5on Were
almost overlapped to each other (Figure 3A). The reasons are as
follow. Firstly, the same content of N element was introduced
during the experiment procedure. Secondly, the slight differences
of the quantity of Co atoms dropped on the electrode (according to
ICP-OES results, 6.38 » 10° M and 5.44 « 10° M, respectively) and
the BET surface areas (235.37 m? -g'1 and 22879 m? -g'l,
respectively) between MOF(Fe;-Cos)sson and  MOF(Fe;-Coq)sson.
Accordingly, the tiny differences of the content of active sites made
the LSV curves of MOF(Fe;-Co3)sson and MOF(Fe;-Co4)s50n Nearly the
same. The overpotential at MOF(Fe;-Cos)sson modified electrode is
0.39 V with a 10 mA-cm™ current density, which is much close to
that of the state-of-the art RuO, (0.38 V). The OER kinetics of the
above catalysts are studied by Tafel plots (log j-E), as shown in
Figure 3C. The Tafel slope for the MOF(Fe;-Cos)sson catalyst is about

This journal is © The Royal Society of Chemistry 20xx

72.9 mV-dec which is better than other as-prepared composites
and comparable to the RuO, catalyst (77.4 mV * dec'l) (Figure 3C).
The durability of the catalysts is significant in practical applications.
The stability test was conducted with continuous cyclic potential
scans in 0.1M KOH at a sweep rate of 100 mV st Compared to the
overpotential increase of 23 mV for RuO, at the current density of
10 mA-cm'Z, 2 mV variation was observed at the MOF(Fe;-Cos)sson
modified electrode after 1000 cycles (Figure 3D). The turnover
frequency (TOC) was calculated to be 0.0033 st (with an
overpotential of 400 mV) and 0.0050 st (with an overpotential of
450 mV).

The results suggest that the MOF(Fe;-Cos)sson exhibits excellent
electrochemical OER catalytic ability which is comparable to the as-
synthesized RuO,.
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Figure 3 LSVs for different catalysts (A) (MOF(Fe;-Cos)sson (black
line), MOF(Fe;-Co)sson (red line), MOF(Fe3-Co,)sson (green line))and
(B) (MOF(Fe;-Cos)sson  (black line), MOF(Fe;-Cos)soon (red line),
MOF(Fe;-Cos)eoon (red line) MOF(Fe;-Cos)y0on (green line) and RuO,
(pink line)). (C) Tafel plot for different catalyst, and (D) OER
polarization curves of MOF(Fe;-Cos)s50n and RuO, before and after
cyclic potential scans (1.0 — 2.0 V versus RHE) for 1000 cycles. All
the experiments are performed on a RDE (1600 rpm) in an O,-
saturated 0.1 M KOH solution (scan rate: 5 mV-s™ for LSVs and 1
mV-s™ for Tafel plot).The calculation of the OER current density was
based on the geometric surface area.

Experimental

Materials. Fe(NO3);-6H,0, Co(NOj3),:6H,0, sodium hydroxide
(NaOH) and dimethylformamide (DMF) were purchased from
Beijing Chemical Corp. 2-aminoterephthalate (H,ATA) were
purchased from Alfa Aesar. Nafion (5.0 wt %) and RuCl;-3H,0 were
purchased from Sigma—Aldrich. All chemicals used were of
analytical grade and used without further purification. Milli-Q
ultrapure water (Millipore,=18.2 M Q- cm) was used throughout

the experiments.

J. Name., 2013, 00, 1-3 | 3
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Characterization. Transmission electron microscopy (TEM) was
performed on a HITACHI H-600 Analytical TEM with an accelerating
voltage of 100 kV. X-ray powder diffraction (XRD) patterns were
recorded on a D8 ADVANCE (BRUKER, Germany) diffractometer
using Cu —Ka radiation with a Ni filter (A =0.154059 nm at 30 kV and
15 mA). X-ray photoelectron spectroscopy (XPS) measurement was
performed on an ESCALAB-MKI | spectrometer (VG Co., United
Kingdom) with Al Ka X-ray radiation as the X-ray source for
excitation. The exact composition of Co/Fe in the as-prepared
MOF(Fe;-Cos)s50n Was determined by an inductively coupled plasma
optical emission spectrometer (ICP-OES, X Series 2, Thermo
Scientific USA). Brunauer-Emmett-Teller (BET) surface areas and
Nitrogen sorption isotherms were measured with an ASAP
2020 Physisorption Analyzer (Micrometrics
Corporation).

Instrument

All the electrocatalytic measurements were performed with a CHI
832c electrochemical workstation (Chenhua Instruments Corp,
Shanghai, China) at room temperature. Rotating disk electrode
(RDE) technique was employed on a Model RRDE-3A Apparatus
(BAS, Japan) with a CHI832c electrochemical workstation. A
conventional three-electrode cell was used, including a KCI
saturated Ag/AgCl electrode as reference electrode, a platinum wire
as counter electrode, and a rotating disk electrode of glassy carbon
(RDE) with a diameter of 3.0 mm as working electrode, respectively.

Synthesis of Co-doped NH,-MIL-53(Fe). Co-doped NH,-MIL-53(Fe)
was prepared as described previously with some modification®. In
a typical procedure, 1 mmol of Fe(NO;3);:6H,0, 3mmol of
Co(NO3),-6H,0 and 1 mmol of H,ATA were added slowly into 10 mL
of DMF solution. The mixture was stirred for 10 min at room
temperature followed by transferred into a Teflon-lined stainless
steel autoclave (with volume of 50 mL) and heated at 150 °C for 6 h.
After cooled naturally to room temperature, the mixture was
centrifugated at 6000 rpm for 5 minutes and the precipitate was
purified with methanol and water successively and dried in vacuum
at 60 °C for 24 h, denoted as MOF(Fe;-Cos). Adjusting the amount
of Fe(NO3);:6H,0 and Co(NOj3),6H,0, we synthesized different
molar ratios of Fe and Co MOF, denoted as MOF(Fe;-Co,) and
MOF(Fe;-Co,).

Carbonization of Co-doped NH,-MIL-53(Fe). Under N, flow, the as-
obtained MOF(Fe;-Cos) was carbonized at 550 “C for 2h with the
heating rate of 10 °C /min. The obtained black powder was denoted
as MOF(Fe;-Cos)sson cOMposite. For comparison, MOF(Fe;-Cos) was
also carbonized at 500, 600 and 700 °C under the same condition,
denoted as MOF(Fe;-Cos)sgon, MOF(Fe;-Cos)gpon and MOF(Feq-
Cos)700n, Fespectively.

MOF(Fe;-Co,) and MOF(Fe;-Co,) were also treated at 550 ‘C under
the same condition with MOF(Fe;-Cos), denoted as MOF(Fes-
Co1)ssony,  MOF(Fe;-Coq)sson, respectively. The results showed
MOF(Fe,-Co,)sson composites are uniform, monodispersed spindle-
like structure (Figure S1) which preserved the original morphology
of NH,-MIL-53(Fe) (Figure S2 A, Supporting Information).

Synthesis of RuO,. The RuO, was prepared as described before?®.

An aqueous solution containing 0.01 mol of RuCl;-3H,0 was heated
(100 °C) with magnetical stirring for 10 min, then 1 mL of NaOH (1
M) was added to the solution in order to obtain the precursor Ru-

4| J. Name., 2012, 00, 1-3

hydroxide. The obtained mixture kept heating at 100 °C for 45 min
under stirring, then the precipitate was washed several times and
calcined at 350 °C for 1 h to obtain the RuO,. The as-prepared RuO,
was chacterized by XPS and TEM (Figure S5).

Electrochemical Measurements. All the measurements were

carried out at room temperature. The electrochemical
measurement of OER was measured by a Model RRDE-3A
Apparatus (BAS, Japan) with a CHI832c electrochemical

workstation. A RDE was used as working electrode for the test of
OER activity. A KCl saturated Ag/AgCl electrode was used as the
reference electrode and was calibrated with respect to a RHE (Egye =
Eng/agcl + 0.059 pH + 0.197) and Pt wire were used as the working
and counter electrodes, respectively.

Before modification, RDE was polished with 1, 0.3 and 0.05 um
alumina slurry, respectively. Then, it was washed successively with
alcohol/water (1:1) mixture in an ultrasonic bath and dried in air.
For a typical procedure, 1.0 mg of the MOF(Fe;-Co,)s00n OF RUO,
catalyst was dispersed in a mixture (0.5 mL) of water, isopropyl
alcohol, and Nafion (5.0 wt %) with a ratio of 20:1:0.75 (v/v/v)
under sonication. In the RDE system, a certain amount of MOF(Fe;-
Co3)s50n SOlUtion was casted onto the pretreated RDE surface (142
pg/cm?). For comparison, the RuO, modified RDE (RuO,/RDE) was
prepared under the same procedure with an amount of catalyst (71
ug /cm?’).

In RDE measurements, linear sweep voltammetry (LSV) were
conducted in an oxygen-saturated KOH solution (pH 13) at room
temprature using a scan rate of 5mV-s™ and a rotation speed of
1600 rpm (BAS, Japan). All LSV polarization curves were corrected
with 95% iR-compensation.

Furthermore, the turnover frequency (TOF) was calculated based on
all the cobalt ions dropped on the electrode rather than the cobalt
ions on the surface of the electrode. TOF was calculated according
to equation: TOF = j*A/(4*F*m), where j is the current density
obtained at overpotential of 400mV and 450 mV, A is the surface
area of the electrode, F is the Faraday efficiency (96,000 C-mol'l)
and m is the number of moles of the cobalt ions dropped onto the
electrode. The mole number of cobalt ions was quantified through
ICP-OES result.

Conclusions

In summary, by one-step carbonization of cobalt doped NH,-
MIL-53(Fe), we successfully synthesized the porous MOF-
derived complexes which show outstanding electrochemical
activity toward oxygen evolution catalysis. The MOF(Fe;-
Cos)sson shows the highest OER electrocatalytic efficiency
among the as-obtained materials. The results of
characterization showed that, the MOF(Fe;-Co3)s50n presents a
spidle-like 3D structure with a large surface area and
mesopores in the material, and the formation of pyridine N
and Co3;0, are the key factors which could boost the
performance of OER activity. The overpotential of 0.39 V at the
current density of 10 mA-cm? with a large anodic current, and
the Tafel slope of 72.9 mV-dec’ in alkaline solution are

This journal is © The Royal Society of Chemistry 20xx
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obtained through LSV. The favorable OER performance is
comparable to the as-synthesized RuO,. The MOF(Fe;-C0o3)sson
catalyst also possesses better stability than as-prepared RuO,
under serious cyclic potential scans. Such novel designed MOF-
based materials in this work provide a facile and universal way
to enrich families of OER electrocatalysts and can be extended
by doping other transition metals, such as nickel, manganese
and titanium, and other heteroatoms, such as boron,
phosphorus and sulphur, in MOFs.
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