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As the kinetically sluggish oxygen evolution reaction (OER) is considered to be a bottleneck in over-
all water splitting, it is necessary to develop a highly active and stable electrocatalyst to overcome
this issue. Herein, we successfully fabricated a three-dimensional iron-dysprosium oxide
co-regulated in-situ formed MOF-Ni arrays on carbon cloth (FeDy@MOF-Ni/CC) through a facile
two-step hydrothermal method. Electrochemical studies demonstrate that the designed
FeDy@MOF-Ni/CC catalyst requires an overpotential of only 251 mV to reach 10 mA cm-2 with a
small Tafel slope of 52.1 mV dec-1. Additionally, the stability declined by only 5.5% after 80 h of
continuous testing in 1.0 M KOH. Furthermore, a cell voltage of only 1.57 V in the overall water
splitting system is sufficient to achieve 10 mA cm-2; this value is far better than that of most previ-
ously reported catalysts. The excellent catalytic performance originates from the unique 3D rhom-
bus-like structure, as well as coupling synergies of Fe-Dy-Ni species. The combination of lanthanide
and transition metal species in the synthesis strategy may open entirely new possibilities with
promising potential in the design of highly active OER electrocatalysts.
© 2020, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

fact that hydrogen has a high energy density and represents a
promising renewable and environmentally friendly energy

The rapid development of the global economy has increased
the consumption of energy materials. It is urgent to explore
alternative sustainable energy sources to reduce the depend-
ence on fossil fuels [1,2]. Hydrogen generation by electrochem-
ical water splitting is considered to be one of the most exciting
approaches for energy storage and conversion, owing to the
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resource [3-5]. In order to achieve efficient and economical
water electrolysis, it is essential to prepare suitable
high-activity, low-cost oxygen evolution reaction (OER) elec-
trocatalysts. The OER is a half-reaction of water splitting and is
thermodynamically unfavorable. Additionally, due to its
four-electron-proton-coupled transfer process, it has a much
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higher overpotential than the other half-reaction, the so-called
hydrogen evolution reaction (HER). Therefore, the OER deter-
mines the overall efficiency of the total water splitting system
[6,7]. At present, various electrocatalysts have been developed
and evaluated for use in the OER. Notably, some precious met-
als and their oxides (IrOz or RuOz2) provide high OER activity
and relatively low overpotential values; however, the scarcity
and high costs of these metals have severely limited their
large-scale application [8,9]. In contrast, the use of transition
metals and their derivatives, such as Co, Ni, and Fe, is desirable
owing to their low-cost and high earth-abundance [10,11].

Generally, there are two main channels to fabricate highly
active OER electrocatalysts. One approach is to design catalysts
with structural advantages, such as large specific surface areas,
reasonable pore size, and accessible active sites; the other is to
regulate the electronic environment of the reaction site to en-
hance the electrochemical activity [12]. The development of
metal-organic frameworks (MOFs) provides new opportunities
as platforms for the design of non-noble metal catalysts for
water splitting, as the naturally porous structure of MOFs could
promote the diffusion of the substrate or product and signifi-
cantly accelerate charge transfer [13]. At the same time, the
large specific surface area of MOFs exposes their active sites
uniformly, making them good templates or precursors for the
preparation of high-performance OER electrocatalysts [14].
However, most of the MOF systems reported at present still
suffer from significant problems, including poor electrical con-
ductivity and structurally obscured metal centers, which se-
verely hinder their direct utilization in electrochemical pro-
cesses [15].

In this regard, polymetallic electrocatalysts have been stud-
ied extensively for total water splitting [16]. For example, Hao
NisCosMo-OH
nanosheets that showed high electrocatalytic performance in
the OER [17]. Additionally, Guo and co-workers successfully
synthesized a novel CoSe/FeSez catalyst by taking advantage of
the synergistic effects among the different components and the
electron interactions between Fe, Co, and Se to enhance the
OER activity [18]. Nevertheless, further breakthroughs in OER
activity using transition metals remain challenging. Lanthanide
ions have been used in various applications because of their
strong magnetic anisotropies and large spin capacities [19].
Some research suggests that the Dy and Ni spins are ferromag-
netically coupled [20]. Additionally, it could increase the mag-
netism of Fe and change the roughness of transi-
tion-metal-based catalyst surfaces [21,22]; however, relatively
few works have focused on its OER applications.

Based on the above considerations, we first constructed a
unique Fe-Dy-mediated MOF-Ni structure with exposed metal
centers for the OER. The FeDy@MOF-Ni on carbon cloth (CC)
catalyst was designed and fabricated through a simple two-step
hydrothermal method to construct Dy203 and FeSOs doped
with MOF-Ni on CC. In addition to the close contact between the
MOF-Ni nanosheets and Fe-Dy, the obtained FeDy@MOF-Ni
forms a 3D rhombus-like hierarchical structure in which Fe
closely interacts with the adjacent Ni in the presence of Dy. As a
result, the FeDy@MOF-Ni/CC exhibits impressive OER activity,

and co-workers demonstrated trimetallic

with an overpotential of 251 mV at a current density of 10 mA
cm-2, which is on par with the performance of commercial
RuO2. When FeDy@MOF-Ni/CC is used in conjunction with CC
modified with commercial Pt/C in a two-electrode system, it
shows excellent activity for water splitting, requiring only 1.57
V to achieve a current density of 10 mA cm-2. The unique
structure of FeDy@MOF-Ni/CC creates a robust synergetic
effect between Fe/Dy and the Ni active sites. It is expected to
provide excellent electron transport and expose more active
sites, which are responsible for the superior OER activity. The-
se results suggest the great capacity of FeDy@MOF-Ni/CC as an
efficient, economical, and durable OER electrocatalyst, demon-
strating the unique electrochemical improvement in the cata-
lyst induced by Dy-doping. Therefore, this new attractive ave-
nue of utilizing dysprosium species to adjust the coupling effect
between transition metals may provide an approach for the
rational design of OER electrocatalysts.

2. Experimental
2.1. Synthesis of Ni-MOF/CC

First, CC was cut into pieces with a size of 1 cm x 1 cm. The
CC was then successively sonicated in 0.5 M hydrochloric acid,
deionized water, and ethanol three times, followed by drying
under vacuum at 60 °C before use.

In the facile synthesis procedure, 0.58 g of Ni(NO3)2:6H20
and 0.05 g of CTAB were dispersed ultrasonically in 30 mL of
methanol to obtain solution A. Meanwhile, 0.66 g of
2-methylimidazole was dissolved in another 30 mL of methanol
to obtain solution B. Subsequently, solution A was slowly in-
jected into solution B under continuous stirring at room tem-
perature. After 30 min, the resulting solution and CC were
transferred into a Teflon-lined stainless autoclave (90 mL) and
reacted at 180 °C for 8 h. After cooling to room temperature,
the MOF-Ni-modified CC was removed, washed with abundant
deionized water, and vacuum-dried at 60 °C for 12 h. The ob-
tained sample is denoted as MOF-Ni/CC.

2.2. Synthesis of FeDy@MOF-Ni/CC

For the synthesis of FeDy@MOF-Ni/CC, a facile method in-
volving the direct mixing of FeSO4+-7H20 and Dy203 in a 3:2
molar ratio was designed. First, 0.18 mmol Dy203 and 0.27
mmol FeS04-7H20 were dissolved into 10 mL deionized water
and 10 mL ethanol. After stirring for 1.0 h, 3 mL of hydrazine
hydrate was gradually added to the above solution. Ten
minutes later, the resulting mixture and the as-prepared
MOF-Ni/CC were transferred into a Teflon-lined stainless auto-
clave (50 mL) and reacted at 180 °C for 20 h. After cooling to
room temperature, the black sample was removed, thoroughly
washed with deionized water, and vacuum-dried at 60 °C for
3.0 h. The obtained sample was named FeDy@MOF-Ni/CC.

2.3.  Synthesis of Dy@MOF-Ni/CC, Fe@MOF-Ni/CC, and
DyFe/CC
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The  preparation  process for  Dy@MOF-Ni/CC,
Fe@MOF-Ni/CC, and DyFe/CC was similar to that of
FeDy@MOF-Ni, except that only 0.18 mmol Dy203 or 0.27 mmol
FeS04-7H20 were used for the preparation of Dy@MOF-Ni or
Fe@MOF-Ni, respectively. For comparison, Fe-Dy/CC was also
prepared using pure CC instead of MOF-Ni/CC using the ap-
proach described above.

2.4. Synthesis of Ni(OH)z/CC and FeDy@Ni(OH)/CC

The preparation process was similar to that of MOF-Ni. Spe-
cifically, 0.58 g of Ni(NO3)2:6H20 and 0.05 g of CTAB were dis-
persed ultrasonically in 30 mL of methanol. The resulting solu-
tion and CC were then transferred into a Teflon-lined stainless
autoclave (50 mL) and reacted at 180 °C for 8 h. The resulting
product was named Ni(OH)z/CC. Subsequently, the Ni(OH)2/CC
and a solution containing FeS04-7H20 and Dy203 were trans-
ferred into a Teflon-lined stainless autoclave (50 mL) and re-
acted at 180 °C for 20 h, as discussed above. The resulting
composite was called FeDy@Ni(OH)z/CC.

2.5, Electrochemical measurements

Electrochemical measurements were carried out in a stand-
ard three-electrode system operated using a VMP3B-2x2 elec-
trochemical analyzer (CH Instruments, Inc, France). The cata-
lysts loaded on the CC were used as the working electrode (1
cm x 1 cm), a saturated calomel electrode (SCE) was used as
the reference electrode, and a Pt foil was used as the counter
electrode. Electrochemical measurements of the catalysts were
conducted in 1.0 M KOH solution. Polarization curves were
acquired using linear sweep voltammetry (LSV) at a scan rate
of 5 mV s-1. Electrochemical impedance spectroscopy (EIS)
measurements were carried out in the frequency range of 200
kHz—0.1 Hz. Chronopotentiometry was utilized for long-term
stability tests. All measured potentials were calibrated to the
RHE using the following equation: E(RHE) = E(SCE) + 0.2415 V
+ 0.059-pH (Fig. S1). All electrochemical data were corrected

1747

against ohm potential drop. CV tests of the catalysts were con-
ducted at various scan rates in 1 M KOH solution to obtain the
electrochemical double-layer capacitance (Ca).

3. Results and discussion
3.1. Analysis of the synthetic strategy

A schematic diagram of the fabrication process of
FeDy@MOF-Ni/CC using the facile two-step hydrothermal
strategy is illustrated in Fig. 1a. First, a piece of clean CC was
immersed in a methanol solution containing Ni(NO3)z,
2-methylimidazole, and CTAB, and then hydrothermally heated
to 180 °C for 8 h in a Teflon-lined stainless autoclave. A series
of MOF-Ni-coated CC composites were prepared, and referred
to as MOF-Ni/CC. Subsequently, the obtained MOF-Ni/CC com-
posites were immersed in a mixed solution of FeSO4, Dy203, and
hydrazine. The resulting mixture was hydrothermally heated to
180 °C to acquire the final product, Fe-Dy-oxide-modulated
MOF-Ni/CC. Unless otherwise specified, this is abbreviated as
FeDy@MOF-Ni in the following discussion.

3.2.  Crystallinity and microstructural analyses

X-ray diffraction (XRD) patterns were obtained and used to
analyze the phase composition of the materials. As shown in
Fig. S2a, the crystal structure of MOF-Ni gave rise to six strong
diffraction peaks, which is consistent with previous reports for
MOF-Ni [23]. In addition, the XRD patterns of FeDy@MOF-Ni,
together with those of Fe@MOF-Ni and Dy@MOF-Ni, are
shown in Fig. 1b and Fig. S2b. The XRD data of FeDy@MOF-Nj,
Fe@MOF-Ni, and Dy@MOF-Ni match well with the diffraction
peaks of Dy203 (JCPDS: 43-1006) [24,25] and Fez03 (JCPDS:
39-1346). The crystal structure of MOF-Ni was gradually de-
stroyed during the FeDy@MOF-Ni synthesis due to ion ex-
change resulting in structural deformation [26,27].

The microstructures of the catalysts were examined using
scanning electron microscopy (SEM) and transmission electron
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Fig. 1. (a) Schematic illustration of the synthesis process for FeDy@MOF-Ni; (b) XRD patterns of contrast catalyst; SEM images of (c,d) MOF-Ni, (e,f)

FeDy@MOF-Ni.
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microscopy (TEM). The SEM image in Fig. 1c shows that
MOF-Ni was successfully grafted onto the CC surface, and the
high-resolution SEM image in Fig. 1d displays a lamellar struc-
ture composed of two-dimensional nanosheets. However, after
treatment with the Fe-Dy precursor, the morphologies of the
synthesized products underwent dramatic changes, from uni-
formly distributed lamellar structures to irregular rhom-
bus-like structures (Figs. 1e-f). The changes in their morpholo-
gies may have been due to the formation process, namely, dis-
solution-regrowth during the construction of the final material.
To explore the dissolution-regrowth mechanism, we investi-
gated the thermal stability of the as-prepared MOF-Ni/CC and
monitored it via SEM. The SEM image (Fig. S3) shows that the
MOF-Ni was completely dissociated after 20 h at 180 °C in wa-
ter/methanol mixture. On the other hand, FeDy@MOF-Ni was
formed under the same conditions. These results indicated that
the ion displacement occurs simultaneously with MOF-Ni dis-
sociation to create a relatively stable nanocomposite on the
surface of the CC. In addition, elemental analysis (Table S1)
indicated great changes in the element N before and after the
hydrothermal treatment of MOF-Ni, further confirming the
dissolution-regrowth mechanism.

The rhombus-like structure of FeDy@MOF-Ni was further
investigated using TEM (Fig. 2a). It can be observed that the
composite is a bulk material composed of many stacked lamel-
lar layers. This unique structure was believed to facilitate the
transport of electrolytes and gas emissions. The high-resolution
TEM image shows that FeDy@MOF-Ni exhibits two distinct
types of lattice fringes with spacings of 0.31 and 0.37 nm, re-
spectively, corresponding to the (222) plane of Dy203 and the
(210) plane of Fe203 (Fig. 2b). In addition, the HAADF-STEM
image of FeDy@MOF-Ni demonstrates that the elements Ni, Dy,
Fe, C, O, and N were uniformly distributed throughout the
structure (Fig. 2c).

3.3.  Surface characteristics and porosity analysis
The surface functional groups of the synthesized materials

were investigated using Fourier-transform infrared spectros-
copy (FTIR). As shown in Fig. 3a, FeDy@MOF-Ni exhibits three

Fig. 2. (a) TEM and (b) high-resolution TEM images of FeDy@MOF-Ni.
(c) HAADF-STEM image of FeDy@MOF-Ni and the corresponding ele-
mental mappings of Ni, Dy, Fe, C, 0, and N in the composite.

characteristic peaks typical of FeDy@MOF-Ni and Dy@MOF-Ni,
where the two peaks at ca. 550 and 726 cm-! are the stretching
vibrations of Dy-0 [28,29], and the peak at ca. 3609 cm-! can
be ascribed to the stretching vibration of Dy-OH. The FTIR
spectra of Fe@MOF-Ni reveals three characteristic peaks at
1623, 3160, and 3247 cm-1, which correspond to the stretching
vibrations of adsorbed H20 and of O-H and N-H in the imidaz-
ole functional groups, respectively [30-31], implying the pres-
ence of the MOF-Ni structure in the composite. Raman spec-
troscopy was applied to further verify the formation of
FeDy@MOF-Ni. As shown in Fig. 3b, the Raman spectrum of
FeDy@MOF-Ni also corresponds to those of Dy@MOF-Ni and
Fe@MOF-Ni; the three bands at 314, 397, and 501 cm-1 were
assigned to Dy-O vibration [32] and that at 1065 cm-! was
attributed to Ni-O vibration [33]. More importantly, the addi-
tional Raman characteristic bands centered at 603 and 662
cm-! clearly confirmed the existence of partial Fe;03 species in
the composite [34—36]. All the above phenomena indicated that
the engineering of the FeDy@MOF-Ni sample was successfully
actualized using a simple two-step hydrothermal reaction.

Thermogravimetric analysis (TGA) was used to explore the
mass variation during the pyrolysis of FeDy@MOF-Nj,
Fe@MOF-Ni, and Dy@MOF-Ni in an Oz atmosphere in the tem-
perature range of 25 °C to 800 °C with a heating rate of 10 °C
min-! (Fig. 3c and Fig. S4). In Fig. 3¢, the mass loss at tempera-
tures below 230 °C was primarily due to the evaporation of
adsorbed water [37,38]. The sharp exothermic peak indicates
that the MOF appears to be pyrolyzed when the temperature
reaches approximately 263.8 °C [39]. At higher temperatures
near 836.1 °C, a slight weight loss occurs due to continuous
crystallization and catalyst aggregation [40]. Interestingly, no
mass loss is observed at such high temperatures for the
Dy@MOF-Ni material, while a weight loss appears at 379.3 °C
due to the dehydration of the Dy metal hydroxides [13,32].
Moreover, the mass loss of FeDy@MOF-Ni was 16.2%, which
was much lower than that of Fe@MOF-Ni (47.4%), but higher
than that of Dy@MOF-Ni (5.2%) in a similar temperature range
(Fig. S3). This noticeable difference proved once again that the
Dy and Fe species had been successfully doped into the
MOF-Ni.

The Brunauer-Emmett-Teller (BET) gas-sorption measure-
ments demonstrated that the FeDy@MOF-Ni material showed
the characteristics of a type Il isotherm with a pore size range
of 30-50 nm and a corresponding BET specific surface area of
approximately 19.3 m2 g-1 (Fig. 3d). However, the relative BET
particular surface area of the Ni-MOF was approximately 229.0
m2 g1, further indicating the dissociation of the Ni-MOF pre-
cursor and the successful preparation of FeDy@MOF-Ni. Alt-
hough its BET value was smaller than that of Ni-MOF,
FeDy@MOF-Ni exhibited excellent OER performance due to the
strong synergistic effects between the three metals and as a
result of its high-valence Ni3+ and Fe3+active sites.

3.4. XPS analysis

The compositions and surface chemical states of the
as-prepared catalysts were further characterized using X-ray
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Fig. 3. (a) Fourier-transform infrared spectra and (b) Raman spectra of the FeDy@MOF-Ni, Fe@MOF-Ni, and Dy@MOF-Ni catalysts. (c) Thermal
gravimetric (TG) analysis and derivative thermal gravimetry (DTG) curves of FeDy@MOF-Ni obtained in an Oz atmosphere at a heating rate of 2.5 °C
min-1. (d) N2 adsorption-desorption isotherms and the pore size distribution curves obtained using the BJH method (inset) for Ni-MOF and

FeDy@MOF-Ni.

photoelectron spectroscopy (XPS). The survey spectrum (Fig.
S5a) reveals the presence of C, N, O, Ni, Fe, and Dy in the com-
posite; the high-resolution C 1s spectrum was referenced to
C=0 (284.0 eV), C-C (284.8 eV), and C-0 (286.0 eV) as calibra-
tion standards (Fig. S5b) [41]. Meanwhile, for the MOF-Ni pre-
cursor, the ratio of Ni2+/Ni3+ in the high-resolution Ni 2p region
was 2.0 (Fig. S5c). Only pyridinic-N (398.5 eV) and pyrrolic-N
(399.9 eV) were observed in the high-resolution N 1s spectrum
(Fig. S5d) [42,43], which was consistent with the theoretical
results.

The high-resolution Ni 2p spectrum of the as-prepared cat-
alysts exhibits characteristic Ni 2p3/2 and Ni 2p1/2 peaks as well

855.1 and 872.8 eV being associated with the Ni2+ species,
while those at 856.6 and 873.7 eV are associated with Ni3+ spe-
cies (Fig. 4a) [44,45]. In addition, the other pairs of peaks were
assigned as satellite peaks. It is worth noting that the
high-resolution Ni 2p spectrum of Dy@MOF-Ni shows a Ni®
peak, because Ni2*is more easily reduced than Dy3+ (Ni2++ 2e~
— Ni, ¢® = -0.23 V; Dy3++ 3e” — Dy, ¢® = —2.295 V). However,
the metallic Ni species in FeDy@MOF-Ni and Fe@MOF-Ni are
hard to detect because Fe species has a higher standard redox
potential Fe3+/Fe2+ (¢® = +0.77) than Ni2+/Ni0 (¢® = —0.23 V),
thereby oxidizing the Ni0 species. Interestingly, the Ni2+/Ni3+
ratios decrease when both Fe and Dy species are added, with

as the corresponding shake-up satellites, with the peaks at FeDy@MOF-Ni having significantly lower values than
a - - b - c -
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Fig. 4. High-resolution XPS profiles of the (a) Ni 2p, (b) Fe 2p, and (c) Dy 3d levels of FeDy@MOF-Ni, Fe@MOF-Ni, and Dy@MOF-Ni.
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Fe@MOF-Ni (2.12), Dy@MOF-Ni (2.52), and MOF-Ni (2.0),
suggesting a strong coupling effect for FeDy@MOF-Ni during
the hydrothermal reactions.

At the same time, the Fe species of the various catalysts
were also explored (Fig. 4b). A series of peaks can be fitted in
the high-resolution Fe 2p XPS profiles, of which those with
binding energies at approximately 709.9 eV and 711.7 eV are
assignable to Fe2* and Fe3+, respectively [46]. The Fe2+/Fe3+
ratio of FeDy@MOF-Ni was lower than that of Fe@MOF-Nj,
implying that Fe2+ can be converted to a higher valence state in
the presence of Dy species. In the high-resolution Dy 3ds,2
spectrum of FeDy@MOF-Ni in Fig. 4c, a peak corresponding to
Dy203 was fitted at 1297.0 eV [47,48]; this peak was shifted
0.70 eV toward lower binding energy compared with that of
Dy@MOF-Ni, which could be due to the effect of the surface
enrichment of Ni and Fe species on the charge density around
the Dy species. These results indicate that the content of
high-valence Ni and Fe species was remarkably improved in
FeDy@MOF-Ni by the participation of Dy species. The positive
effects of high-valent transition metal species on OER perfor-
mance have been widely reported in the literature [49-50].
Additionally, inductively coupled plasma spectrometry (ICP)
indicated the Ni/Fe ratio of FeDy@MOF-Ni was approximately
1:1 (Table S2).

3.5, Electrocatalytic performance analysis

The electrocatalytic activity of all the OER catalysts was
evaluated using linear sweep voltammetry (LSV) at a scan rate
of 5 mV s-1 in 1.0 M KOH solution. All the LSV polarization
curves were processed using iR compensation (Fig. S6) and
RHE correction due to the effect of ohmic resistance. Further-
more, FeDy@MOF-Ni showed the lowest ohmic resistance,
suggesting that it had the highest conductivity among the cata-
lysts. For comparison, the OER performance of the catalyst
RuO:2 (Aladdin Industrial Corporation, 2.0 mg cm-2 loading on
CC) was also measured. The CV curves overlapped after 3-5

Zixia Wan et al. / Chinese Journal of Catalysis 41 (2020) 1745-1753

cycles in all the measurements. As shown in the polarization
curves in Fig. 5a, a pair of sharp Ni2*/Ni3+ redox peaks ap-
peared in the overpotential range of 0.1 to 0.2 V, which were
ascribed to the formation of NiOOH species [2]. Notably,
FeDy@MOF-Ni displays superior catalytic activity (overpoten-
tial of 251 mV) at a current density of 10 mA cm-2; this overpo-
tential was much smaller than those of Fe@MOF-Ni (288 mV),
Dy@MOF-Ni (382 mV), MOF-Ni (361 mV), and Fe-Dy (401 mV),
and on par with that of commercial RuOz (253 mV). The corre-
sponding Tafel plots are a critical parameter to estimate OER
reaction Kinetics. In Fig. 5b, the plot of FeEDy@MOF-Ni is pre-
sented. Its Tafel slope of 51.8 mV dec-! is much lower than
those of Fe@MOF-Ni (54.6 mV dec-!), Dy@MOF-Ni (105.1 mV
dec-1), MOF-Ni (96.9 mV dec-1), Fe-Dy (80.8 mV dec-1), and
RuO2 (62.6 mV dec-1). This merit indicates that dysprosium
could optimize the coupling effect between transition metals to
enhance OER performance. The OER activity of FeDy@MOF-Ni
was further highlighted by comparing our best catalyst to other
reported high-performance polymetallic catalysts reported in
alkaline media (Fig. 5¢) [51-55].

In order to further determine the intrinsic OER activities of
the catalysts, their turnover frequency (TOF) values were cal-
culated using the formula below:

J*A
4xFxn

Where J corresponds to the current density, A is the area of
the electrode with the number of moles of the catalysts, F is the
Faraday constant (96,485 C mol-1) and n is the number of
moles of all metal atoms. Note that all the metal atoms were
assumed to be active species [56]. As shown in Fig. 5d,
FeDy@MOF-Ni exhibited a high TOF value of 22.9 s-1 at 300
mV, which was higher than those of Fe@MOF-Ni (6.61 s-1), and
Dy@MOF-Ni (0.71 s-1), indicating the superior OER activity of
FeDy@MOF-Ni compared to the other catalysts.

In addition to the TOF value, the electrochemical active sur-
face area (EASA) is another parameter that indirectly indicates
OER activity. In general, the higher the double-layer capaci-

TOF =
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60- —— FeDy@MOF-Ni —— FeDy@MOF-Ni
-~ ——Fe@MOF-Ni —— Fe@MOF-Ni .
£ 50{ —— Dy@MOF-Ni . —— Dy@MOF-Ni 54 my dec
< — MOF-Ni S —— MOF-Ni vdec' 105
< ——FeD = 0.4 80.8 mV 0%
E 404 eDy T | =——FeDy
2 4 Ruo, = ——Ru0, _— —
@ ] % 96.9 mV dec”
3 20 2 03 6 mV dec’
- o 0.39 54.6 My O — 4
c d
s 4 0 251 mV 6 —_— ‘ —62.6 my dec
o 07 518 mV dec”
T T T T 0.2 T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 06 07 08 09 1.0 1.1 1.2
Overpotential (V) log | j mA cm?|
c d 30
400+ Il FeDy@MOF-Ni
25 Il Fe@VOF-Ni
Il Dy@MOF-Ni
S 3004 204
S =
$ 200 g 3 2 15y
o o 7,
=3 Q 5 o
] Q) z 104
> @ o
S 100 a £
w H 54
0.7
ol oM B BM W B B0 0

Catalysts

Overpotential at 300 mV

Fig. 5. OER performance of the different catalysts in 1.0 M KOH. (a) LSV curves obtained at a scan rate of 5 mV s-1. (b) Tafel slopes calculated from the
LSV curves. (c) Comparison with the overpotentials of recently reported catalysts at 10 mA cm-2 (d) Comparison of the TOF of FeDy@MOF-Ni,

Fe@MOF-Ni, and Dy@MOF-Ni at an overpotential of 300 mV.
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tance (Ca), the smaller the overpotential will be at a given cur-
rent density. The EASA is proportional to the Cq, which can be
acquired from CV curves obtained at different scan rates in a
non-faradaic potential region [57,58]. As shown in Fig. S7, the
Cai of FeDy@MOF-Ni was obtained from cyclic voltammogram
curves (CVs) at scan rates of 100, 120, 140, 160, 180, and 200
mV s-L The results show that the catalyst FeDy@MOF-Ni had a
Carof 0.71 mF cm-2, which was higher than those of Fe@MOF-Ni
(0.55 mF cm-2), Dy@MOF-Ni (0.68 mF cm-2), and Fe-Dy (0.56
mF cm-2) (Fig. S8).

There are several benefits to the use of MOF-Ni as a nickel
precursor. Firstly, it can improve chemical absorption through
the hydroxyl group on the catalyst surface due to the stronger
OH-Ni bond [49]. Secondly, its unique 2D-structured
nanosheets expose an abundance of coordinatively unsaturated
metal sites and structural defects [59,60]. Finally, its OER per-
formance can be significantly improved by doping it with other
metal species [61,62]. Therefore, although the MOF-Ni and
Ni(OH)2 precursors have similar lamellar structures (Figs.
$9,10), the OER performance of FeDy@MOF-Ni is far superior
to that of the catalyst FeDy@Ni(OH)2 under the same condi-
tions. This result implies the significant role of the MOF-Ni
precursor in the overall process.

To investigate the OER performance for potential industrial
applications, the overall water splitting reaction was explored
under industrially relevant conditions using a two-electrode
configuration. FeDy@MOF-Ni was used as the anodic oxy-
gen-generating catalyst, and CC modified with commercial Pt/C
modified was used as the cathodic hydrogen-producing catalyst
in 1.0 M KOH electrolyte (Fig. 6a). As we expected,
FeDy@MOF-Ni exhibited excellent catalytic performance, af-
fording a current density of 10 mA cm-2at a cell voltage of only
1.57 V. Furthermore, the stability of FeDy@MOF-Ni was meas-
ured in a three-electrode system, and the overpotential in-
creased only 7 mV at a current of 10 mA cm-2 current after 80 h
(Fig. 6b). The SEM images and XPS data for FeDy@MOF-Ni after

a
604 pyc (-) | | FeDy@MOF-Ni (+)
« _— S
§ 45| [:"K - =
< L O T I
E
2> 30 |
B
c
= 1% 1.57V
[
3
s 4
3 0
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Voltage (V)
b 074 —a— FeDy@MOF-Ni
— = =y
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Fig. 6. (a) Overall water splitting using FeDy@MOF-Ni and commercial

Pt/C on a CC surface in a two-electrode system. (b) Long-term stability

test of the catalyst FeDy@MOF-Ni; the system was operated continu-

ously at 10 mA cm~2 for 80 h.

the long-term stability test showed that it had retained its ir-
regular morphology and richness in Fe3+ and Ni3+ species (Figs.
S$11,12). These results demonstrated that FeDy@MOF-Ni has
excellent mass transport (inward movement of OH- and out-
ward diffusion of oxygen gas) as well as high electrical conduc-

tivity.
4. Conclusions

In summary, a unique FeDy@MOF-Ni-CC composite with a
hierarchical rhombus-like structure was fabricated using a
two-step approach followed by a hydrothermal method. The
catalytic results indicate that the optimum catalyst
FeDy@MOF-Ni-CC has an excellent OER activity and requires
an overpotential of only 251 mV to drive a current density of 10
mA cm-2. Moreover, the catalyst also exhibits a small Tafel
slope of ~52 mV dec-! as well as reasonable stability in 1.0 M
KOH. The high OER performance is mainly due to the 3D
rhombus-like structure, which induces high electrical conduc-
tivity, and the synergies between the multiple metal centers.
This work provides an alternative for the design and fabrica-
tion of low-cost, highly efficient, and robust anodic catalysts by
introducing dysprosium to regulate the effects of transition
metals.

Appendix A. Supplementary data

Figs. S1-S12 and Tables S1-3 give more details on charac-
terization of our synthesized materials and their catalytic per-
formance data; additional photograph, XRD, SEM, XPS and cat-
alytic performance data (PDF).

References

[1] Y. Guo,]. Tang, Z. Wang, Y. Sugahara, Y. Yamauchi, Small, 2018, 14,
1802442.
[2] R. Xiang, C. Tong, Y. Wang, L. Peng, Y. Nie, L. Li, X. Huang, Z. Wei,
Chin. J. Catal., 2018, 39, 1736-1745.
[3] Z.Chen, H. Xy, Y. Ha, X. Li, M. Liu, R. Wu, Appl. Catal. B, 2019, 250,
213-223.
[4] G. Chen, ]. Du, X. Wang, X. Shi, Z. Wang, H.-P. Liang, Chin. J. Catal,
2019, 40, 1540-1547.
[5] H.Gong,Y.Zhang, Y. Cao, M. Luo, Z. Feng, W. Yang, K. Liu, H. Cao, H.
Yan, Appl. Catal. B, 2018, 237,309-317.
[6] Z.-M. Luo, J.-W. Wang, J.-B. Tan, Z.-M. Zhang, T.-B. Lu, ACS Appl
Mater. Interfaces, 2018, 10, 8231-8237.
[71 D. Lyu, Y. B. Mollamahale, S. Huang, P. Zhu, X. Zhang, Y. Du, S.
Wang, M. Qing, Z. Q. Tian, P. K. Shen, J. Catal., 2018, 368, 279-290.
[8] S. Xie, F. Li, S. Xu, J. Li, W. Zeng, Chin. J. Catal, 2019, 40,
1205-1211.
[9] J. Xing, F. Lin, L. Huang, Y. Si, Y. Wang, L. Jiao, Chin. J. Catal,, 2019,
40,1352-1359.
[10] S.Sun,Y. Sun, Y. Zhou, S. Xi, X. Ren, B. Huang, H. Liao, L. P. Wang, Y.
Du, Z.]. Xu, Angew. Chem. Int. Ed., 2019, 58, 6042-6047.
[11] L. Huang, Y. Zou, D. Chen, S. Wang, Chin. J. Catal, 2019, 40,
1822-1840.
[12] Y.Zhou, H. C. Zeng, Small, 2018, 14, e1704403.
[13] B. Devi, R. Rani Koner, A. Halder, New J. Chem., 2017, 41,
7972-7979.



1752 Zixia Wan et al. / Chinese Journal of Catalysis 41 (2020) 1745-1753

Graphical Abstract
Chin. J. Catal,, 2020, 41: 1745-1753  doi: 10.1016/5S1872-2067(20)63606-3

Dissolution-regrowth of hierarchical Fe-Dy oxide modulates
the electronic structure of nickel-organic frameworks as
highly active and stable water splitting electrocatalysts

Zixia Wan, Qiuting He, Jundan Chen, Tayirjan Taylor Isimjan *,
Bao Wang *, Xiulin Yang *
Guangxi Normal University

Hierarchical Fe-Dy oxide co-regulated MOF-Ni on carbon cloth was
fabricated by a facile two-step hydrothermal method. The result-
ing catalyst exhibited highly active and stable oxygen evolution for
the overall water splitting reaction in alkaline media.
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