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Metal-organic framework derived carbon-confined Ni,P nanocrystals
supported on graphene with high effective surface area, more exposed
active sites, and enhanced charge transport were successfully
designed. The resulting material shows excellent oxygen evolution
reaction performance with a remarkably low overpotential of
285 mV at 10 mA cm 2 and outstanding durability.

The oxygen evolution reaction (OER) is one of the most fundamental
and important reactions in many fields such as water splitting and
rechargeable metal-air batteries." Generally, this reaction suffers
from sluggish kinetics and a large overpotential; thus efficient
catalysts are in demand.*® Although IrO, and RuO, show high
OER performances, their high costs and scarcity severely hinder
their practical applications.® Moreover, IrO, and RuO, may be
subject to oxidation during the OER process, leading to the
degradation of catalytic activity and an increase of the over-
potential.”® Thus, alternative electrocatalysts are indeed required
to make the OER more practically feasible.>*°

Transition metal phosphides (TMPs), such as Ni,P and CoP,
show great potential in realizing efficient oxygen evolution, due
to their high conductivity, abundant resources, and long term
catalytic stability."""'> While significant progress has been made in
promoting the OER performance of TMPs, low chemical durability
under a high oxidation potential needs to be conquered. During
the OER process, the TMPs can be oxidized to metal oxides/
hydroxides/oxyhydroxides easily. On the one hand, the oxidation
decreases the electronic conductivity of the TMPs dramatically,"***
which is harmful to the electrocatalytic performance. On the other
hand, the metal oxides/hydroxides/oxyhydroxides on the surface of
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the TMPs are recognized as active sites for the OER.*>™” Thus, a
structure which could facilitate the transport of electrons and
ensure the occurrence of electrocatalytic reactions should be
designed to enhance the OER performance of TMPs. Recently,
carbon-confined metal species derived from metal-organic frame-
works (MOFs) have drawn growing interest and achieved excellent
electrocatalytic performances.'”'® Metal-derivatives from MOFs
can serve as catalytically active sites. Meanwhile, organic ligands
can be converted into graphitized/amorphous carbon matrix,
which functions as an electron highway and confines the crystal
growth of metal-derivatives.'>*° However, the derived carbon often
shows an agglomerated morphology, a low degree of graphitization,
and unsatisfactory electronic conductivity. In order to achieve high
catalytic activity, reducing agglomeration to fully expose the active
sites and building an interconnected charge transport highway
should be satisfied at the same time.

Herein, we report Ni-MOF derived carbon-confined Ni,P
nanocrystals supported on a graphene (Ni,P@C/G) structure,
and superior OER electrocatalytic performance has been
achieved. The Ni,P@C/G catalyst shows remarkable electrocatalytic
activity with an overpotential of 285 mV to generate 10 mA cm ™ >
and exhibits great durability during the long-term stability test.
Compared with Ni,P@C, the improved OER performance of
Ni,P@C/G is ascribed to the introduction of graphene, which
increases the electrochemically active surface area, exposes
more active sites, and enhances the charge transport. The catalytic
mechanism and structural evolution of Ni,P@C/G during the OER
test have also been discussed.

The synthesis process of Ni,P@C/G is illustrated in Fig. 1.
Firstly, a Ni-MOF supported on reduced graphene oxide (Ni-MOF/
rGO) was prepared by a facile solvothermal method. Then
Ni-MOF/rGO was annealed in argon to obtain carbon-confined
Ni nanocrystals supported on graphene (Ni@C/G). Finally, Ni@C/
G was phosphorized to Ni,P@C/G. For comparison, a Ni-MOF,
Ni@C and Ni,P@C were also fabricated.

X-ray diffraction (XRD) patterns of the Ni-MOF/rGO and
pristine Ni-MOF (Fig. S1, ESIt) are in good agreement with a
previous report,* indicating the successful synthesis of Ni-MOF
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Fig. 1 Scheme for the synthesis of Ni,P@QC/G.

crystals with/without GO. Scanning electron microscopy (SEM)
images of the Ni-MOF/rGO present a sheet-like morphology with
needle-like Ni-MOF crystals uniformly dispersed on the surface
of rGO (Fig. S2a and b, ESIY). The pristine Ni-MOF agglomerates
into microspheres with a diameter of ~1.7 um (Fig. S2c and d,
ESIt), which is also consistent with a previous report.>* After
being annealed in argon, the products Ni@C/G and Ni@C were
acquired and characterized by XRD and SEM. For both samples,
all the diffraction peaks can be indexed to pure Ni (JCPDS No.
89-7128) (Fig. S3, ESIT), and the morphologies can be generally
preserved after annealing (Fig. S4a-d, ESIt). Due to the decom-
position of Ni-MOF crystals into Ni@C, the needles on the original
sheet-like Ni-MOF/rGO disappear and the surface becomes
rougher (Fig. S4a and b, ESIf), while the spherical structure of
the pure Ni-MOF shrinks to ~1.5 pm (Fig. S4c and d, ESIY).
After phosphorization, Ni,P@C/G and Ni,P@C can be obtained.
The XRD results show that both samples are composed of highly
pure Ni,P (JCPDS No. 89-4864) (Fig. 2a). The SEM and transmission
electron microscopy (TEM) images of Ni,P@C/G show that the
sheet-like structure is retained after phosphorization, and the
Ni,P@C nanoparticles are uniformly distributed on the graphene
surface without agglomeration (Fig. 2b and c). Fig. 2d clearly
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Fig. 2 (a) XRD patterns of Ni,P@C/G and Ni,P@C. (b) SEM image of
Ni,P@C/G. (c and d) TEM images of Ni,P@QC/G. The inset shows the
HRTEM image of Ni,P@C/G.

This journal is © The Royal Society of Chemistry 2017

View Article Online

ChemComm

demonstrates that Ni,P nanocrystals with a size of ~13 nm are
confined within carbon shells (the thickness is ~4 nm). From the
high-resolution TEM (HRTEM) image (Fig. 2d, inset), distinct
lattice fringes can be observed on the carbon shell, proving the
successful formation of graphitized carbon, and a lattice spacing
of 0.339 nm corresponding to the (001) plane of Ni,P is also
identified. In contrast, the spherical structure is maintained after
phosphorization (Fig. S5a and b, ESIt), but Ni,P@C nanocrystals
show an agglomerated morphology (Fig. S5¢, ESIT), and a lattice
spacing of 0.506 nm corresponding to the (100) plane of Ni,P is
also observed (Fig. S5c, inset, ESIf). Raman spectra show two
peaks at ~1325 and 1590 cm™ " for both Ni,P@C/G and Ni,P@C,
and the two peaks are ascribed to the characteristic D-band
(disorder induced phonon mode) and G-band (graphite band)
of carbonaceous materials (Fig. S6, ESIT).>>?* The peak intensity
ratio of the D-band to the G-band (Ip/Is) is correlated with the
graphitization degree of carbon materials.** The I,/I; values for
Ni,P@C/G and Ni,P@C are 1.17 and 1.23, respectively, confirming
their similar graphitization degrees. Through elemental analysis,
the carbon contents in Ni,P@C/G and Ni,P@C are determined to
be 22.17 wt% and 11.92 wt%, respectively, and the graphene
content in Ni,P@C/G is calculated to be 11.64 wt% (assuming
the weight ratio of Ni,P to MOF derived carbon is constant). The
as-prepared Ni,P@C/G exhibits a specific surface area of 86 m”* g ",
much higher than that of Ni,P@C (19 m* g~") (Fig. S7, ESI¥),
resulting from the well dispersion of carbon-confined Ni,P nano-
crystals on graphene.

The OER activities of Ni,P@C/G and Ni,P@C were tested in
1 M KOH solution. The electrocatalytic performances of com-
mercial IrO, and graphene (original GO after annealing and
phosphorization is denoted as graphene) were also evaluated
for comparison. The linear sweep voltammetry (LSV) curves
(Fig. 3a) reveal that Ni,P@C/G exhibits the lowest onset potential
and delivers the highest current density. Both Ni,P@C/G and
Ni,P@C exhibit anodic peaks which are attributed to the oxidation
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Fig. 3 (a) LSV curves of Ni,P@C/G, Ni,P@C, graphene and IrO, in 1 M
KOH at a scan rate of 5 mV s~ (b) The corresponding Tafel plots for
Ni,P@C/G, Ni,P@C, graphene and IrO,. (c) CV current density versus scan
rate for Ni,P@C/G, Ni,P@C and graphene. The linear slope is equivalent to
twice that of the double-layer capacitance (Cg). (d) Nyquist plots for
Ni,P@C/G, Ni,P@C and graphene. The inset shows the equivalent circuit.
(e) The TOF values calculated from the current at an overpotential of
350 mV for Ni,P@C/G and Ni,P@C. (f) Durability tests of Ni,P@C/G and
Ni,P@C in 1 M KOH at a constant current density of 10 mA cm™2.
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of Ni,P (Fig. S8, ESIt).'""” The overpotential of Ni,P@C/G is only
285 mV to reach 10 mA cm™2, much lower than those of Ni,P@C
(340 mv), IrO, (320 mV) and graphene (360 mV). These results
show that the Ni,P@C/G catalyst exhibits the highest OER activity.

For investigating the OER kinetics, Tafel plots (Fig. 3b) were
analysed. The Tafel slopes are 44, 68, 77 and 47 mV dec™ " for
Ni,P@C/G, Ni,P@C, IrO, and graphene, respectively, which
reflects that Ni,P@C/G shows the fastest kinetics. It is noted
that the Tafel slope of graphene is inconsistent with the
polarization curve, because they are two different kinetic para-
meters, and the Tafel slope is mainly used to elucidate the rate-
determining step, and this phenomenon has also been observed
in previous reports."” The OER activities of Ni@C/G and Ni@C
were also measured for comparison. The Ni@C/G and Ni@C
catalysts show overpotentials of 350 and 380 mV at a current
density of 10 mA cm™ > and Tafel slopes of 84 and 89 mV dec™*
(Fig. S9a and b, ESIt), respectively, which are much higher than
those of Ni,P@C/G and Ni,P@C. These results indicate that the
phosphorization of nickel can largely enhance its electrochemical
performances. Moreover, a comparison of Ni,P@C/G with other
reported non-noble OER electrocatalysts is summarized in Table
S1 (ESIt); the result implies that Ni,P@C/G shows outstanding
catalytic performance and possesses the potential to realize the
practical applications.

To figure out the apparently different performances of Ni,P@C/
G, Ni,P@C and graphene, electrochemically active surface areas
(ECSAs) were estimated from the double-layer capacitance (Cq4;) by
conducting cyclic voltammetry (CV) measurements in the non-
Faradaic region (Fig. S10, ESI{). As shown in Fig. 3c, the Cq
value of Ni,P@C/G is 780 uF cm™ %, 79% higher than that of
Ni,P@C (436 UF cm ™ ?) and 223% higher than that of graphene
(241 uF cm™?), indicating that effective active sites of Ni,P@C
are significantly increased when coupled with graphene.

Electrochemical impedance spectra (EIS) were also obtained
to gain insight into the reaction kinetics. Fig. 3d presents the
Nyquist plots which were fitted with an equivalent circuit as
shown in the inset. The R; mainly results from the solution
resistance. R; and R, are associated with the interfacial charge
transfer resistance (R.. = R; + R,), which can be interpreted as the
Faradaic process and oxygen-species adsorption, respectively.>*®
The kinetics can be assessed through the R, value: the lower the
resistance, the faster the reaction kinetics. Compared with
Ni,P@C (12.7 ohms) and graphene (19 ohms), Ni,P@C/G shows
a much lower R of 6.5 ohms. The improved charge transport
capability of Ni,P@C/G mainly originates from the interconnected
electron highway based on graphitic carbon and graphene; thus
higher OER catalytic activity can be achieved.

To assess the intrinsic catalytic activity of Ni,P@C/G and
Ni,P@C, their turnover frequencies (TOFs) were calculated at
an overpotential of 350 mV assuming that all the Ni atoms are
catalytically active. The TOF of Ni,P@C/G is 0.1 s™*, which is
10 times that of Ni,P@C (0.01 s~ '), illustrating enhanced
electrocatalytic activity (Fig. 3e).

The long-term stability tests of Ni,P@C/G and Ni,P@C were
conducted at a constant current density of 10 mA cm 2. As shown
in Fig. 3f, the required potential of Ni,P@C/G first decreases and
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then stabilizes, as the material activation continuously proceeds
during the early stage of the OER process. Repeating rises and
drops of potential in the first ~8 hours are observed, and this
phenomenon is caused by the generation and removal of oxygen
bubbles on the electrode surface. Ni,P@C exhibits a similar
performance to that of Ni,P@C/G, but a higher potential is
needed.

To investigate the underlying mechanisms of the Ni,P@C/G
catalyst for the OER, ex situ X-ray photoelectron spectroscopy
(XPS) was carried out to analyze the surface chemical composition
and electronic states before and after the OER test (Fig. 4a and b).
The Ni 2p;, spectrum of Ni,P@C/G before the OER test exhibits
three peaks: the peak at 853.2 eV corresponds to the Ni®* in Ni,P,
whereas the peak at 856.9 eV can be assigned to the surface
oxidized Ni species, and the satellite peak at 861.8 €V is also
observed in the Ni 2p;,, region.””?® After the OER test, only one
main peak at ~855.6 eV and a satellite peak (861.46 eV)
are observed in the Ni 2p;/, spectrum. The main peak can be
attributed to Ni(OH), or NiOOH species formed during the OER
process according to previous studies.*>*° In fact, Ni(OH), will
be oxidized to NiOOH within the potential range of the OER;*
thus we can ascribe this peak to NiOOH, which will be further
proved by ex situ TEM. In the P 2p region of Ni,P@C/G before
the OER test, peaks at 129.8 eV and 130.5 eV are in agreement
with P 2p;/, and P 2py,, from Ni,P,>’** and the peak located at
134.0 eV is attributed to the oxidized P species.”’* After the
OER test, the P 2p peaks disappear, which agrees well with a
previous report.”” And this phenomenon might be caused by the
transformation of P in Ni,P into phosphates during the OER
and their further dissolution in the electrolyte."> The energy
dispersive X-ray spectroscopy (EDS) in high-angle annular dark
field scanning transmission electron microscopy (HAADF-STEM)
mode (Fig. S11, ESIT) was performed to characterize the element
distribution before and after the OER process. The EDS elemental
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Fig. 4 High-resolution (a) Ni 2ps,» and (b) P 2p XPS spectra of the
Ni,P@C/G before and after the OER process at 10 mA cm™2 in 1 M KOH
for 5000 s. (c) TEM image and SAED pattern (inset) and (d) HRTEM image of
the Ni,P@C/G after the OER stability test in 1 M KOH for 10 h.
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mapping images reveal that the phosphorus content decreases
after the OER stability test, which further proves the conversion
of Ni,P during the OER process. After the stability test for 10 h,
the nanocrystals are still uniformly dispersed on the surface of
graphene (Fig. S12, ESIT). An ex situ TEM image (Fig. 4c) shows
the existence of nanosheets after the OER test, which could be
attributed to the in situ generated NiOOH. The selected area
electron diffraction (SAED) pattern (Fig. 4c, inset) also confirms
the formation of NiOOH and the (102) diffraction ring of NiIOOH
can be observed. The (201) diffraction of Ni,P can also be
observed in the SAED pattern, indicating that Ni,P is not fully
oxidized in the 10 hour OER process. Sub-nanocrystals instead of
an integrated nanocrystal are observed in the HRTEM image
(Fig. 4d). Lattice spacings of 0.237 nm and 0.202 nm presented in
the image are assigned to the (102) plane of NiOOH and the (201)
plane of Ni,P, respectively. The HRTEM image also shows that
the graphitic carbon shell is well maintained after the long-term
stability test, suggesting that the interconnected conductive
network based on the graphitic carbon shells and graphene
substrate can continuously and effectively ensure electron trans-
port. Based on the above analyses, we can conclude that carbon-
confined Ni,P nanocrystals were partially in situ oxidized to
NiOOH species which serve as electrocatalytically active sites,
and the robust carbon/graphene network enable fast electron
transfer, thus resulting in highly efficient OER performance.

In summary, graphene supported carbon-confined Ni,P
nanocrystals were successfully designed. The electrocatalytic
performance of Ni,P@C/G is superior to that of commercial
IrO,, with a remarkably decreased overpotential (285 mV at
10 mA cm ™ ?), a considerably low Tafel slope (44 mV dec™ ") and
outstanding durability. Its excellent electrocatalytic performance
for the OER is attributed to the increased electrochemically active
surface area, more exposed active sites, and enhanced charge
transport. Ex situ XPS and TEM results show that the Ni,P was
partially oxidized during the OER process and the in situ
generated NiOOH presumably enhances the electrocatalytic
performance for the OER. This work demonstrates the inspiring
applications of carbon-confined transition metal phosphides
coupled with graphene for an efficient OER, and other energy
conversion and storage fields.
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