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The development of an efficient electrocatalyst is an important requirement for water splitting systems to
produce clean and sustainable hydrogen fuel. Herein, we synthesized CoP,/Fe-CoP, yolk-shell nano-
boxes (YSBs) as efficient electrocatalysts for the oxygen evolution reaction (OER). Initially, zeolitic imida-
zolate framework-67/CoFe-Prussian blue analogue (ZIF-67/CoFe-PBA) YSBs were prepared by the reac-
tion of ZIF-67 and [Fe(CN)¢l*~ ions in the presence of a small amount of water as an etching agent. The
size of the CoP, yolk depends on the amount of water. The heteronanostructure composed of the CoP»
yolk and the Fe,Co;_,P, shell with a cubic shape was obtained by phosphidation of ZIF-67/CoFe-PBA
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YSBs. Benefiting from the unique structure and chemical composition, the CoP,/Fe-CoP, YSB electroca-

talyst has a large specific surface area of 114 m? g™ and shows superior electrocatalytic performances for

1

the OER such as a low overpotential of 266 mV, a small Tafel slope value of 68.1 mV dec™, and excellent
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1. Introduction

Electrochemical water splitting is a sustainable and environ-
mentally friendly approach to producing clean hydrogen fuel."
The development of active electrocatalysts for the oxygen evol-
ution reaction (OER) is critical to promoting commercial appli-
cations of hydrogen fuel cells. The OER, the half reaction of
the water splitting reaction at the anode, is a four-electron
transfer reaction, which requires high energy to overcome the
kinetic barrier of the reaction. Therefore, in the past several
decades, many efforts have been devoted to develop an
efficient OER catalyst to improve electrode kinetics and stabi-
lity in acid and alkaline solutions.>* RuO, and IrO, catalysts
are known to be the most active catalysts for the OER.>°
However, their high cost and low natural abundance limit
their commercial use.” Alternatively, transition metal oxides,
chalcogenides, carbides, nitrides and phosphides have been
explored to replace the precious metal based OER catalysts.* "

Transition metal phosphides have recently emerged as
Earth-abundant catalysts for the overall water splitting
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process.'® In particular, cobalt phosphides with various stoi-
chiometric ratios (CoP, Co,P, CoP,) have attracted much atten-
tion in the research field of the OER.">" According to the
recent theoretical and experimental studies, the catalytic
activity of CoP, is superior to those of CoP and Co,P.'® The
positively charged cobalt ions serve as hydroxyl receptors and
the negatively charged P atoms facilitate the desorption of O,
molecules. Wang et al. investigated for the first time the
electrocatalytic OER performance of CoP, nanoparticles on
reduced graphene oxide sheets.’® Furthermore, the use of bi-
metallic phosphides obtained by the doping of other tran-
sition metal atoms improves the electrocatalytic performance
by optimizing the electronic structure and surface energy of
the catalysts.>”

Morphology control is another effective way to further
improve the electrochemical performances of the catalysts.>' >
Among hollow nanostructures, the yolk-shell structure has
been found to be one of the most efficient structures for elec-
trocatalysts.>® The large specific surface area of hollow yolk-
shell structures can provide more active sites for redox reac-
tions. Yin et al. reported the synthesis of Ni,Co;_,P yolk-shell
spheres showing high activity and stability for overall water
splitting.”” Metal-organic frameworks (MOFs) can provide a
variety of possibilities to prepare unique hollow materials with
well-defined interior voids, a large surface area, a low density,
and abundant active sites.”®*° He et al. reported MOF-derived
synthesis of carbon-incorporated nickel-cobalt mixed metal
phosphide (NiCoP/C) nanoboxes by a reaction of ZIF-67 nano-
cubes with Ni(NO3),.*° Furthermore, Prussian blue analogues
(PBAs) have emerged as useful precursors for the synthesis of
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hollow nanostructures for energy storage and conversion
applications.>'7*

Herein, we demonstrate the rational design and synthesis
of CoP,/Fe-CoP, yolk-shell nanoboxes by the formation of the
cobalt iron ferricyanide (CoFe-PBA) structure on sacrificial
ZIF-67. CoP,/Fe-CoP, YSBs exhibited excellent electrocatalytic
activity for the OER, in terms of low overpotential and low
Tafel slope values with long time cyclic stability.

2. Experimental
2.1. Materials

Co(NO3),:6H,O (98%), 2-methylimidazole (99%), -cetyltri-
methylammonium bromide (CTAB) (98%), Ks[Fe(CN)] (99%),
Nafion solution (5 wt%) and NaH,PO, (99.99%) (Sigma-
Aldrich). Ethanol and propanol (Samchun Chemicals).

2.2. Synthesis of ZIF-67/CoFe-PBA YSBs

ZIF-67 nanocube (NC) particles were prepared according to a
previous report.>® A solution of 44 mg of ZIF-67 NCs in 30 mL
of ethanol was sonicated for 10 minutes and mixed with a
solution of 100 mg of K;[Fe(CN)e] in 10 mL of water at 50 °C.
After stirring for 1 hour, the solid product was separated,
washed several times with ethanol, and dried under reduced
pressure at room temperature. To prepare ZIF-67/CoFe-PBA
NBs, 15 mL of water was used in the reaction mixture.

2.3. Synthesis of CoP,/Fe-CoP, YSBs

The solid sample of ZIF-67/CoFe-PBA YSBs (30 mg) was heated
at 300 °C with a heating rate of 2 °C min™" in the presence of
NaH,PO, (150 mg) under an Ar gas flow for 2 h to afford the
product. The same process was applied to prepare Fe-CoP,
nanoboxes (NBs).

2.4. Characterization

X-ray diffraction (XRD) measurements were performed to
characterize the crystal structure of the product (Rigaku,
X-MAX 2000-PC). The morphology and composition of the syn-
thesized nanocrystals were characterized by field emission
scanning electron microscopy (FESEM, Hitachi HF-4800),
transmission electron microscopy (TEM), and high-resolution
TEM (JEM-ARM200F, JEOL, acceleration voltage: 200 kV). The
surface area and pore size distribution were determined using
an ASAP-2420 (Micromeritics, USA). X-ray photoelectron spec-
troscopy (XPS) was conducted to characterize the chemical and
valency states of the products.

2.5. Electrochemical measurements

Electrochemical investigation of the products was conducted
in a three electrode configuration in 1 M KOH using PGSTAT
302N Autolab (Metrohm) - the working electrode (glassy
carbon of 3 mm diameter), reference electrode (Ag/AgCl; satu-
rated KCl) and counter electrode (graphite rod). 2 mg of cata-
lyst was dispersed in 200 pL solution (isopropanol: 190 pL and
5 wt% Nafion: 10 pL) and sonicated for 20 min. Then, 2 pL of
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the catalyst ink was loaded on the glassy carbon and then
dried at ambient temperature. The average loading of the cata-
lyst was about 0.21 mg cm™2. The stability test was performed
at a constant overpotential (vs. RHE). Cyclic voltammetry (CV,
scan rate: 10 mV s~ ') was conducted to measure the double-
layer capacitance (Cq;). Impedance analyses were performed in
the frequency range of 0.1 Hz to 100 Hz (ZIVA-MP2A).

3. Results and discussion

The synthesis procedure of CoP,/Fe-CoP, YSBs is schematically
illustrated in Scheme 1. ZIF-67 nanocrystals with the average
size of 500 nm were synthesized by a surfactant assisted hydro-
thermal method (Fig. S11).>> Cobalt ferricyanide (CoFe-PBA)
was formed on the sacrificial ZIF-67 NCs by the reaction of Fe
(CN)s*>~ anions and Co," cations released from ZIF-67 NCs to
form the Co-ZIF/CoFe-PBA yolk-shell structure. CoP,/Fe-CoP,
YSBs were obtained by direct phosphidation under an anaero-
bic atmosphere.

Fig. 1 shows the FESEM and TEM images of ZIF-67/CoFe-
PBA YSBs with the average size of ~500 nm. Fig. 1b shows the
yolk-shell particle composed of a solid core and an outer shell
comprising small nanograins. According to the elemental
mapping analysis, the Co element is uniformly distributed in
both the yolk and shell, whereas Fe is observed only in the
outer shell of the nanobox (Fig. 1c). Fig. S21 shows the XRD
pattern of ZIF-67/CoFe-PBA YSBs. Along with the XRD peaks of
ZIF-67, two characteristic peaks were also observed at 25.0°
and 35.5° due to the (002) and (400) planes of Co-Fe PBA,
which proves the formation of the hybrid MOF structure.

Water promotes the ion exchange reaction of ZIF-67 NCs
and K;3[Fe(CN)y]. The morphology of YSBs can be controlled by
changing the water/ethanol ratio. In a condition of 5 mL water
and 25 mL ethanol, the size of ZIF-67 crystals reduces slightly
and the CoFe-PBA shell begins to appear (Fig. 2a). Increasing
the amount of water to 10 mL makes the ZIF-67 cube smaller
and results in a cubic yolk-shell structure (Fig. 2b). The ZIF-67
yolk disappears by adding more water (Fig. 2c). Water dissolves
ZIF-67 crystals and the released Co," cations react with [Fe
(CN)6]’~ anions to form a cubic shell, i.e., the etching of ZIF-67
crystals and the formation of Co-Fe PBA occur simultaneously.
The shrinkage and collapse of the nanobox structure were
observed with 20 mL of water (Fig. 2d).

CoP,/Fe-CoP, YSBs were synthesized by a direct phosphida-
tion process. Fig. 3 shows the XRD pattern of the product and

K3[Fe(CN)g] NaH,PO,

1 hour /50 °C 2 hour / 300 °C

Co-ZIFNC ZIF-67/CoFe-PBAYSB CoP,/Fe-CoP, YSB

Scheme 1 Schematic representation for the synthesis of CoP,/Fe-CoP,
YSB catalysts.
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Fig.1 (a) SEM and (b) TEM images of ZIF-67/CoFe-PBA YSBs. (c)
Corresponding mapping images (scale bar: 200 nm).

Fig. 2 TEM images observed under different reaction conditions. (a)
5 mL (b) 10 mL (c) 15 mL and (d) 20 mL of water.

the main diffraction peaks can be assigned to monoclinic
CoP, (JCPDS no. #77-0263).

The shape and size of the yolk-shell structure were retained
without noticeable changes even after phosphidation with the

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 XRD pattern of CoP,/Fe-CoP, YSBs.

Fig. 4 (a and b) SEM and (c and d) TEM images of CoP,/Fe-CoP, YSBs.
(e) Corresponding HR-TEM image and (f) STEM mapping images (scale
bar: 100 nm).

average size of 500 nm (Fig. 4a). Broken particles clearly show
that the outer shell of a particle is comprised of tiny nano-
sized particles (Fig. 4b). Fig. 4c and d show the TEM images of
yolk-shell particles, which are in full consistency with the SEM
results. The lattice fringe spacing of 0.25 nm corresponds to
the (200) plane of CoP, (Fig. 4e). STEM mapping analysis
reveals that Co, Fe, and P elements are evenly distributed. Co
and P are found throughout the particle, but Fe is found at the
outer shell (Fig. 4f). The elemental composition of Fe/Co/P
was observed to be 0.27:0.73:2, being consistent with the
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stoichiometry of transition metal diphosphides (MP,)
(Fig. S3t1). Furthermore, the relative amounts of CoP, and Fe-
CoP, of CoP,/Fe-CoP, YSBs could be estimated by measuring
the dimensions of a single hybrid particle. The calculated
mass percentages of Fe-CoP, and CoP, are about 61% and
39%, respectively, suggesting that the atomic ratio of Fe and
Co is about 1:1.26.

The Brunauer-Emmett-Teller (BET) specific surface area
was found to be 114 m* g~' with a pore size distribution of
11-19 nm, indicating that the yolk-shell particles have a large
surface area and are of mesoporous nature (Fig. 5a). The
chemical valence states of the elements were characterized by
XPS analyses. The spin-orbit doublets of Co 2p3,, and Co 2p,,,
observed at 781.2 and 794.1 eV, respectively, in the Co 2P spec-
trum (Fig. 5b) can be consistent with those of the spectrum of
FeCoP, nanowires.*® Additional doublets at 786.2 and 803.8 eV
are attributed to the oxidized Co.***” The Fe 2p spectrum
(Fig. 5c¢) exhibits two distinct peaks located at 708.9 and 722.1
eV, reflecting the binding energies of Fe** 2p;;, and Fe** 2p,,,,
respectively. The second doublets at 711.5 eV and 724.5 eV are
due to Fe**.>*?7 Fig. 5d shows the P 2p spectrum consisting of
two characteristic peaks at 129.1 eV for P 2p;/, and a relatively
broader peak at 133.7 eV for the P-O species due to surface
oxidation.*®

The TEM images of Fe-CoP, NBs are shown in Fig. 6. The
surface of the nanoboxes is composed of small nanograins.
The obtained lattice fringe value of 0.25 nm corresponds to
the (2 0 0) plane of CoP, (Fig. 6b). The XRD pattern and
elemental composition of Fe-CoP, NBs are shown in Fig. S4
and S5.7 The obtained diffraction peaks are well matched with
monoclinic CoP, (JCPDS no. #77-0263). The elemental compo-
sition of Fe/Co/P of the Fe-CoP, nanobox is almost similar to
that of CoP,/Fe-CoP, YSBs (Fig. S57). In addition, the elemen-
tal mapping image (Fig. 6¢) shows that Co and P elements are
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Fig. 5 (a) Nitrogen adsorption—desorption isotherm (the inset shows
the pore size distribution curve) for CoP,/Fe-CoP, YSBs. (b) High-resolu-
tion XPS spectra of Co 2p, (c) Fe 2p and (d) P 2p for CoP,/Fe-CoP, YSBs.
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Fig. 6 (a) TEM image and (b) HR-TEM image of Fe-CoP, NBs. (c)
Corresponding mapping images (scale bar: 100 nm).

relatively evenly distributed on the entire surface of the image,
whereas Fe accumulated on the edge of the image. This
suggests that the dissolved Co cations from the core part were
deposited on the inner surface of the hollow box. Therefore,
the total elemental ratio of Fe/Co/P does not seem to depend
on the structural change during the reaction. Furthermore,
CoP, nanocubes were synthesized by the phosphidation of
ZIF-67 NCs for the comparison of the eletrocatalytic activity
with that of yolk-shell particles. The XRD pattern and FESEM
image of CoP, nanocubes are provided in Fig. S6.}

The polarization curve in Fig. 7a shows that CoP,/Fe-CoP,
YSBs exhibit a low overpotential (1,,) of 266 mV, whereas Fe-
CoP, NBs need a slightly high overpotential () of 320 mV.
These values are much lower than those of the IrO, bench-
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Fig. 7 (a) Linear sweep voltammetry curves of different electrocatalysts.
(b) Corresponding Tafel slopes. (c) The required overpotential to achieve
a current density of 10 mA cm~2 and Tafel slope values for different cat-
alysts. (d) Corresponding EIS Nyquist plots.
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mark catalyst (380 mV), CoP, NCs (360 mV), and ZIF-67/CoFe-
PBA YSBs (460 mV). However, the yolk-shell nanobox catalyst
exhibits a high current density of 50 mA cm™> and 100 mA
em™? at an overpotential (171,) of 350 and 410 mV, respectively,
which are higher than other catalysts. Additionally, the overpo-
tential of CoP,/Fe-CoP, YSBs is also significantly lower than
the reported values of other catalysts, including NiCoP/C nano-
boxes (300 mV),*® CogFey 4P (298 mV),** AlCoP (330 mV),*®
CoP/carbon dots (400 mV),*® (Cogs4Fep6)P (370 mv),*
Niy¢Co; 4P nanocages (300 mvV),*> Fe-Co-P nanoboxes
(269 mV),* and hollow FeCo,P (320 mV).** As shown in
Fig. 7b, the measured Tafel slope of CoP,/Fe-CoP, YSBs
(61.8 mV dec™") is lower than those of Fe-CoP, NBs (68.9 mV
dec™), CoP, NCs (71.4 mV dec™"), IrO, (79.5 mV dec ') and
ZIF-67/CoFe-PBA YSBs (88.2 mV dec™'), implying that the
CoP,/Fe-CoP, YSB catalyst has faster OER kinetics. Fig. 7c
shows the overpotential and the corresponding Tafel slope
values of the catalysts. EIS measurement was carried out to
demonstrate the charge transfer resistance (R.) of the catalysts
(Fig. 7d). CoP,/Fe-CoP, YSBs exhibited a lower R, value (18.3
Q) than Fe-CoP, NBs (33.1 Q), CoP, NCs (40.1 Q), and ZIF-67/
CoFe-PBA YSBs (57.8 Q). The higher electrical conductivity of
CoP,/Fe-CoP, YSBs might be due to the hybrid yolk-shell struc-
ture, which promotes efficient charge transfer, prevents aggre-
gation during the electrochemical reaction, and generates
strong couple effects that result in enhanced electrocatalytic
activity.*>*?

The durability test was performed for CoP,/Fe-CoP, YSBs
using CV at a fixed scan rate of 10 mV s (Fig. 8a). A slight
overpotential increase (11 mV) was observed for CoP,/Fe-CoP,
YSBs, whereas Fe-CoP, NBs showed an overpotential increase

—
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Fig. 8 (a) LSV curves of CoP,/Fe-CoP, YSBs before and after 3000
cycles. (b) Chronoamperometry stability test at a static potential of 1.5 V
(vs. RHE) for 10 hours. (c) Cyclic voltammetry curves of CoP,/Fe-CoP,
YSBs at different scan rates. (d) The capacitive current density as a func-
tion of scan rate for CoP,/Fe-CoP, YSBs, Fe-CoP, NBs and CoP, NCs.
The measured double-layer capacitance of the system is taken as the
average of the absolute value of the slope of linear fits to the data.
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of 17 mV after 3000 cycles (Fig. S71). The chronoamperometry
test was conducted at a static potential of 1.50 V (vs. RHE)
(Fig. 8b). The current density of the CoP,/Fe-CoP, YSB catalyst
could be maintained even after electrolysis for 10 hours. The
SEM image revealed that the yolk-shell structure was preserved
well after the durability test (Fig. S81), implying the robust
nature of the catalysts.

As shown in Fig. S9,1 ex situ XPS measurement was con-
ducted to investigate the surface chemical composition of
CoP,/Fe-CoP, after the OER. The high resolution Co 2p XPS
spectrum shows that the peaks at 780.3 and 795.6 eV are
related to Co®" and high resolution Fe 2p peaks at 709.5 and
722.6 eV are attributed to Fe*".***® The binding energy of P 2p
at 129.1 eV disappeared, which suggests the oxidation of the P
centre on the surface of the catalyst. Therefore, the surface of
the catalyst is oxidized into metal oxides or hydroxides during
the OER under strong alkaline conditions, consistent with the
previous reports.***°

The electrochemically active surface area (ECSA) was deter-
mined using CV measurements for CoP,/Fe-CoP, YSBs, Fe-
CoP, NBs and CoP, NCs (Fig. 8c, S10a and S10bt). The anodic
current densities measured at a fixed potential of 1.35 V (vs.
RHE) are plotted with respect to scan rates in Fig. 8d. The
capacitance of 19.43 mF cm™> for CoP,/Fe-CoP, YSBs is higher
than those of Fe-CoP, NBs (15.17 mF c¢cm?) and CoP, NCs
(10.62 mF cm™?), implying that the CoP,/Fe-CoP, YSB catalyst
shows a high double-layer capacitance and a high electroche-
mically active surface area because of the yolk-shell structure.

The superior electrocatalytic activity might be ascribed to
the unique yolk-shell structure with a favourable chemical
composition. CoP,/Fe-CoP, YSBs composed of CoP, particles
(core) and Fe-CoP, nanoboxes (shell) show a significantly
lower overpotential than their ingredients. The presence of Fe,
a unique yolk-shell structure, and the hollow nature of the
catalyst are believed to contribute to enhancing the electro-
catalytic activity for the OER. Particularly, a large electro-
chemical surface area and abundant electroactive sites of the
yolk-shell structure can effectively shorten the diffusion length
of ions and expose more active sites than solid
counterparts.’ > In addition, the integrated nanostructure
prevents the aggregation during continuous gas evolution.”?

3. Conclusions

In summary, we synthesized CoP,/Fe-CoP, YSBs using hybrid
MOFs as a promising electrocatalyst for the OER. The anion-
exchange reaction and subsequent phosphidation process
resulted in the formation of CoP,/Fe-CoP, YSBs. The formation
process of yolk-shell structures was observed systematically by
TEM under different reaction conditions. Owing to the large
surface area and many active sites, the CoP,/Fe-CoP, YSB cata-
lyst not only provides superior electrocatalytic OER perform-
ances such as low overpotential and small Tafel slope values,
but also shows superior cyclic stability. This synthetic
approach can be extended to produce a variety of metal phos-

Nanoscale, 2021,13, 4569-4575 | 4573
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phides with a hollow structure for energy storage and conver-
sion applications.
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