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The development of low-cost, efficient, and stable electrocatalysts with bifunctional catalytic activity for
overall water splitting is desirable but remains a great challenge. Here, a template-confinement strategy
is presented with nickel metal-organic framework (MOF-74-Ni) implanted on graphene oxide and
incubated by low temperature phosphorization to become ultrasmall nickel phosphide nanocrystals
anchored on reduced graphene oxide (termed NiP/rGO). The size-controlled synthesis of ultrasmall
metal-based catalysts is of vital economic interest and scientific importance for chemical conversion
technologies. The Ni,P/rGO guarantees large active surface area and perfect dispersity of the active sites
with ultrasmall particle sizes (average about 2.6 nm), which can serve as a highly efficient electrocatalyst
for overall water splitting. In 1.0 M KOH, the Ni,P/rGO exhibited remarkable electrocatalytic performance
for both HER and OER, affording a current density of 10 mA cm™ at overpotentials of 142 mV for HER
and 260 mV for OER with small Tafel slope. Furthermore, an electrolyzer employed with Ni;P/rGO as
a bifunctional catalyst in both the cathode and anode in 1.0 M KOH generated 10 mA cm~2ata voltage
of 1.61 V with excellent stability, comparable to the integrated Pt/C and RuO, counterparts, which is
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1. Introduction

Electrolysis of water, a sustainable technology that generates H,
and O, via hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER), has attracted extensive attention due
to its environmentally friendly properties and potential for large-
scale commercialization.> However, because of the reaction
kinetics of the two core redox processes for water splitting, both
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1 Electronic supplementary information (ESI) available: Experimental section,
PXRD patterns and SEM images of MOF-74-Ni and MOF-74-Ni/GO, XPS survey
spectra and elemental mappings of the Ni,P/rGO, high-resolution XPS spectra
in the C 1s region of MOF-74-Ni/GO and Ni,P/rGO, TEM images of
MOF-74-Ni/GO, PXRD patterns of Ni,P/C and Ni,P particles, electrochemical
cyclic voltammetry curves at different potential scanning rates, N,
adsorption-desorption isotherm, LSV of Ni,P/rGO before and after the
pre-activation process, high-resolution XPS spectra in the Ni 2p region of
Ni,P/rGO after the pre-activation process and 2000 CVs, PXRD patterns and
additional TEM images of Ni,P/rGO after the pre-activation process, LSV of
Ni,P/rGO/NF for OER and HER, ICP results, summary of various TMPs catalysts
for OER and HER, summary of various catalytic electrodes for overall water
splitting. See DOI: 10.1039/c7ta10218f
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the OER and HER need high overpotentials for activation, which
greatly limits the practical applications of overall water split-
ting.? Currently, precious metal Pt-based materials and Ir/Ru-
based materials are state-of-the-art catalysts for HER and OER
respectively, but their high cost, low natural abundance and
unsatisfactory durability limit their scale-up applications in
industrial deployment.*” Over the past decade, enormous effort
and progress have been made to develop efficient, stable and
noble metal-free alternative electrocatalysts, such as transition
metal sulfides,®**° selenides, phosphides, and other
transition metal-based composites.™>*

Among the aforementioned materials, transition metal
phosphides (TMPs, e.g., Nij,Ps5** Ni,P,**?** NisP,,>” Cu;P,*
CoP,"” FeP,*® MoP*) have emerged as the most promising HER
catalysts due to their hydrogenase-like catalytic mechanism and
high catalytic activity and durability.**** In addition, theoretical
calculations show that Ni,P possesses superior activity over the
noble metal catalysts for HER, implying the synthesis of Ni,P
is of great significance in both theory and practice.?*?*%
Furthermore, Hu et al. first showed that Ni,P was also highly
active for OER.** Using Ni,P as a catalyst for OER has drawn
particular attention and achieved excellent electrocatalytic
performance,***~*” suggesting the potential of Ni,P as a bifunc-
tional electrocatalyst for overall water splitting.

11-13 14-18

This journal is © The Royal Society of Chemistry 2018


http://crossmark.crossref.org/dialog/?doi=10.1039/c7ta10218f&domain=pdf&date_stamp=2018-01-19
http://orcid.org/0000-0002-3600-0323
http://orcid.org/0000-0002-9013-017X
http://orcid.org/0000-0002-6074-4146
http://orcid.org/0000-0002-7141-8477
http://orcid.org/0000-0001-9370-4995
http://orcid.org/0000-0002-5352-0953
http://dx.doi.org/10.1039/c7ta10218f
http://pubs.rsc.org/en/journals/journal/TA
http://pubs.rsc.org/en/journals/journal/TA?issueid=TA006004

Published on 21 December 2017. Downloaded by Leibniz Institut fuer Analytische Wissenschaften (ISAS Dortmund) on 02/03/2018 14:03:17.

Paper

To achieve high catalytic activity, various strategies have
been developed, such as optimized nanostructures, porous
structures with high Brunauer-Emmett-Teller (BET) surface
area and high dispersion of active sites on highly conductive
supports (porous carbon, graphene, carbon nanotubes, etc.). To
a great extent, reducing the sizes of metal-based particles,
especially synthesis of ultrasmall nanoclusters or even single
atoms, would be an effective way to improve catalytic perfor-
mance.***° However, the preparation of Ni,P combined with
multiple favorable factors still remains a challenging task.

Recently, metal-organic frameworks (MOFs) have been
proven to be ideal precursors to synthesize a variety of porous
nanostructured carbon/metal composites with perfect dis-
persity of active sites;***"** MOF-derived carbon-confined metal
species have gained growing interest and achieved excellent
electrocatalytic performance.****™*¢ The metal derivatives and
graphitized/amorphous carbon matrix derived from the metal
centers and organic ligands of MOF precursors can function as
catalytic active sites and electron highways, respectively, during
the catalytic process. The uniform dispersion of metallic active
sites and the coordination effect in the MOF precursors ensure
that the metal source aggregates, making the intrinsic elec-
tronic and surface composition of MOF-derivatives different
from the surface coating of the active sites at the surface/
interface, which favors the catalytic performance.*®** Lou et al.
reported that MOF-derived porous nickel phosphide nanoplates
manifest excellent electrocatalytic activity for OER in alkaline
solutions.?® In our previous work, we fabricated hierarchically
porous Ni,P polyhedrons via an in situ conversion strategy of
one-step calcination at low temperature, which showed
impressive electrocatalytic activity in basic solutions.?” Mai et al.
reported nickel phosphide supported on graphene was
remarkably active and a stable OER catalyst in alkaline media,
and ascribed improved OER performance to the introduction of
graphene.* Despite the achieved superior progress of half-cell
reactions, there are few reports on developing effective elec-
trocatalysts for both OER and HER in the same electrolyte based
on a single catalyst to achieve the overall water splitting.**>°
Therefore, the development of highly efficient bifunctional
electrocatalysts for overall water splitting is of prime
importance.>>**

Herein, nickel metal-organic frameworks (MOF-74-Ni)
implanted on graphene oxide and incubated with phosphori-
zation to become ultrasmall nickel phosphide nanocrystals
anchored on reduced graphene oxide (termed as Ni,P/rGO) are
reported as highly efficient bifunctional electrocatalysts for
overall water splitting. The MOF-74-Ni/graphene oxide (termed
as MOF-74-Ni/GO) was synthesized via a facile one-step room-
temperature reaction and the Ni,P/rGO was obtained after
a one-step calcination at low temperature with sodium hypo-
phosphite as a phosphorus source (Scheme 1). The Ni,P/rGO
guaranteed large active surface areas and perfect dispersity of
the active sites with ultrasmall particle sizes (average about 2.6
nm). In addition, due to the specific interfacial effect between
MOF and graphene oxide, the carbon/graphene surface tends to
form homogeneous carbon during the phosphorization calci-
nations, which could connect into a carbon network and
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function as an electron highway to obtain satisfactory electronic
conductivity and enhanced charge-transfer efficiency. As
a result, the Ni,P/rGO exhibited excellent catalytic performance
for both HER and OER in 1.0 M KOH. Furthermore, an elec-
trolyzer employing Ni,P/rGO as a bifunctional catalyst in both
the cathode and anode generated 10 mA cm > at a voltage of
1.61 V with excellent stability, which is comparable to the
integrated Pt/C and RuO, counterparts and among the best
performances of TMPs.

2. Experimental
2.1 Synthesis of MOF-74-Ni nanocrystals

MOF-74-Ni was prepared from a modified procedure.”* In
a typical procedure, 2,5-dihydroxyterephthalic acid (DHTA,
0.991 g, 5 mmol) and sodium hydroxide (0.800 g, 20 mmol) were
mixed in 100 mL distilled water; then, nickel acetate tetrahy-
drate (2.488 g, 10 mmol) was dissolved in another 50 mL
distilled water. After vigorous stirring for 0.5 hour at room
temperature, the two solutions were mixed in a beaker with
avolume of 250 mL. After vigorous stirring for another 0.5 hour,
the beaker was sealed with sealing film and continuously stirred
for another 24 hours at room temperature. Then the fine faint
yellow crystalline product was recovered by centrifugation and
washed several times with distilled water. Finally, the yellow
crystals were obtained by vacuum freeze drying for 12 h.

2.2 Synthesis of MOF-74-Ni/GO hybrid composites

MOF-74-Ni/GO hybrid composites were synthesized using
a similar procedure to that of MOF-74-Ni described above,
except for the addition of GO aqueous solution (5 wt% of nickel
acetate tetrahydrate).

2.3 Synthesis of Ni,P/rGO, Ni,P particles and Ni,P/C hybrid
composites

In a typical procedure, 50 mg as-prepared MOF-74-Ni/GO and
1.0 g NaH,PO,-H,0 were placed in two separate positions in
a typical corundum porcelain boat with MOF-74-Ni/GO at the
downstream position. The samples were heated at 275 °C for
three hours (5 °C min~') under a constant flow of nitrogen at
30 mL min~". After naturally cooling to ambient temperature,
ultrasmall Ni,P/rGO nanocrystals were obtained. Ni,P particles
and MOF-derived Ni,P carbon composites (termed as Ni,P/C)
were synthesized using a similar procedure to that described
above, except for the use of nickel acetate tetrahydrate and
MOF-74-Ni as the nickel source.”

2.4 Characterization and electrochemical measurements

The phases of the materials were confirmed using powder X-ray
diffraction patterns (PXRD, PANalytical X'pert PRO). The scan-
ning electron microscopy (SEM) and transmission electron
microscopy (TEM) images of as-prepared catalysts were recor-
ded on JSM-7500F microscope and JEOL JEM2100F microscope,
respectively. X-ray photoelectron spectra (XPS, Thermo ESCA-
LAB 250, Al Koa) were conducted to obtain the elemental
composition and chemical state of the materials. The elemental
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contents of the materials were characterized using inductively
coupled plasma analysis (ICP, Vista Axial, USA). Raman spectra
were recorded using JY HR800 under ambient conditions. N,
adsorption-desorption experiments were carried out on an
Autosorb-iQ, (Quantachrome Instruments, USA) instrument.

All the electrochemical experiments were conducted on the
electrochemical workstation (CHI 760E) in a three-electrode
system in 1.0 M KOH solution at room temperature, with the
glassy carbon electrode (GCE, 0.071 cm? in area), Ag/AgCl and Pt
wire/carbon rod as the working electrode, reference electrode
and the counter electrode, respectively. Five milligram catalysts
were dispersed in 1 mL of ethanol/distilled water/Nafion (v/v/v =
9:9:2) and followed by a sonication process of 30 min to
obtain the suspension liquid. Then, 3.5 pL well-dispersed
catalysts (about 0.25 mg cm™?) were placed on the GCE with
drying at 60 °C for the test. Linear sweep voltammetry (LSV,
5 mV s ') and continuous cyclic voltammetry (CV, 100 mV s~ )
scans were recorded to characterize the polarization curves and
the long-term stability, respectively. The time-dependent
current density (i-f) curve was obtained at 260 mV (vs. RHE)
for OER and —142 mV (vs. RHE) for HER. All potentials were
referenced to a reversible hydrogen electrode (RHE) with iR
correction: Eysgup = Evs.agiagal + 0.197 + 0.05916pH-iR, where
the R refers to the ohmic resistance, which could be obtained
from the electrochemical impedance spectroscopy (EIS).

3. Results and discussion
3.1 Material preparation and characterization

The proposed strategy to synthesize ultrasmall nickel phos-
phide nanocrystals anchored on reduced graphene oxide (Ni,P/
rGO) is illustrated in Scheme 1. MOF-74-Ni supported on gra-
phene oxide (MOF-74-Ni/GO) was first synthesized via a facile
reaction at ambient temperature. Then the obtained MOF-74-
Ni/GO was phosphorized into Ni,P/rGO, as outlined in our
previous report, with sodium hypophosphite as a phosphorus
source, and is shown in detail in the ESI.1>* For comparison,
nonporous Ni,P particles (obtained using nickel acetate

1684 | J Mater. Chem. A, 2018, 6, 1682-1691

MOF-74-Ni/GO

Scheme 1 |llustration of the synthesis procedure for the Ni,P/rGO.

Ni,P/rGO

tetrahydrate as the nickel source) and MOF-derived Ni,P carbon
composites (termed as Ni,P/C, obtained using MOF-74-Ni as the
nickel source) were prepared according to our previous work
with small modifications (see details in ESIt).>* Powder X-ray
diffraction (PXRD) patterns indicated that the MOF-74-Ni and
MOF-74-Ni/GO nanocrystals had similar patterns as the refer-
ence (Fig. S1t), indicating the successful synthesis of the MOF
precursor.”>** In addition, the PXRD patterns (Fig. S27)
confirmed the successful preparation of Ni,P particles and
Ni,P/C. Scanning electron microscopy (SEM) photos showed
that MOF-74-Ni nanocrystals of 20-80 nm size (Fig. S3at) grew
uniformly on the surface of GO (Fig. S3b and ct) due to a coor-
dination effect between Ni** and oxygen species on the surface
of GO, clearly indicating the template-directed effect of GO.>**
After the low-temperature phosphorization calcinations, Ni,P/
rGO was obtained. The PXRD patterns of Ni,P/rGO (Fig. 1)

Intensity (a.u.)

JCPDS No.89-4864

] [ | |I I T A |
T T T T T T v T v )
20 30 40 50 60 70

2-Theta (Degree)

Fig. 1 PXRD patterns of Ni,P/rGO.
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show four typical peaks at 26 = 40.7°, 44.6°, 47.4° and 54.2°,
which can be assigned to the (111), (201), (210) and (300) planes
of Ni,P (JCPDS no. 89-4864), respectively. Based on the Scherrer
formula, the average crystallite sizes of Ni,P were obtained. The
corresponding crystallite sizes calculated from the peak widths
of the PXRD pattern were 10.49 nm, 8.55 nm, 9.67 nm and
11.75 nm, respectively. Furthermore, the broad diffraction peak
appearing at around 25° can be assigned to the (002) plane of
disorderedly stacked graphene sheets, suggesting the successful
reduction of graphene oxide to its reduced phase during the
phosphorization calcinations.>>*

To confirm the elemental composition and chemical state of
Ni,P/rGO, X-ray photoelectron spectroscopy (XPS) spectra were
obtained. The XPS survey spectra (Fig. S41) of Ni,P/rGO
confirmed the presence of Ni, P, C and O, which further illus-
trated the formation of Ni,P on rGO. Fig. 2a and b show the
high-resolution C 1s XPS spectra of MOF-74-Ni/GO and Ni,P/
rGO. The C 1s peaks observed at 284.8, 286.2 and 289.1 eV
can be assigned to carbon in the form of C-C, C-O and O=C-O,
respectively. Despite the C 1s of Ni,P/rGO showing similar
oxygen-containing functionalities, the intensities of O=C-O at
289.1 eV (Fig. 2a and b and S51) were much smaller than those
in MOF-74-Ni/GO, confirming the successful reduction of GO to
rGO, and the domination of C-C which could function as an
electron highway to obtain satisfactory electronic conductivity
and enhanced charge-transfer efficiency.**>* In the high-
resolution XPS spectrum (Fig. 2¢), the characteristic peaks of
Ni 2p at 853.4 and 871.3 eV could be assigned to the Ni 2p;,, and
2py/» energy levels of Ni®* in Ni,P, which is in accordance with
literature reports.**>*”3”°® Similarly, the peaks at 857 and 876 eV
corresponded to the Ni 2p;, and 2p;,, energy levels of Ni** in
NiO, respectively, which can be attributed to the inescapable air
exposure. Fig. 2d shows the high-resolution P 2p XPS spectrum
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Fig. 2 (a) High-resolution C 1s XPS spectra of the MOF-74-Ni/GO. (b)
High-resolution C 1s XPS spectra of the Ni,P/rGO. (c) High-resolution
Ni 2p XPS spectra of the Ni,P/rGO. (d) High-resolution P 2p XPS
spectra of the NiP/rGO.
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of Ni,P/rGO. Correspondingly, the P species at 129.9 eV can be
assigned to P 2p3,, in Ni,P, while the peaks at around 133.9 eV
represent oxidized P species arising from superficial oxida-
tion.>**>%%% The XPS results clearly confirm the successful
synthesis of Ni,P/rGO after the low-temperature phosphoriza-
tion calcinations, in accordance with the PXRD patterns in
Fig. 1.

Fig. 3a and b and S61 show the low and high magnification
SEM images of Ni,P/rGO derived from MOF-74-Ni/GO. It can be
seen that Ni,P/rGO exhibits similar sheet-like structures as its
MOF precursor, indicating the in situ transformation from MOF
to Ni,P in accordance with our previous work.>® Also, the exposed
defects of rGO sheets on the Ni,P/rGO demonstrated that the
ultrasmall nickel phosphide nanocrystals are grown on both
surfaces of rGO to give a sandwich-type structure of Ni,P/rGO.
The element mapping (Fig. S71) confirms that P, Ni and C
were uniformly distributed throughout the Ni,P/rGO. To obtain
more information about the inner microstructure of the
prepared Ni,P/rGO, the composites were further characterized
by transmission electron microscopy (TEM). Low-resolution
TEM images (Fig. 3c) show that Ni,P/rGO remained in the
initial shape of the starting MOF-74-Ni/GO (see TEM images in
Fig. S81) and crystals uniformly distributed on the rGO surface
without agglomeration. From the high-resolution TEM (HRTEM)
image (Fig. 3d), the Ni,P nanocrystals were anchored uniformly
on the carbon/graphene surface with an average size of about
2.6 nm, and the Ni loading determined by ICP was 19.8 wt%
(Table S171). Because of the specific interfacial effect between
MOF and graphene oxide, the carbon/graphene surface (Fig. 3d
and f) tends to form homogeneous carbon during the phos-
phorization calcinations, which could connect into a carbon
network and function as an electron highway to obtain satis-
factory electronic conductivity and enhanced charge-transfer
efficiency. Furthermore, the small interatomic distance
between Ni and C atoms in MOF-74-Ni could enable the incor-
poration of Ni,P on the surface of rGO by means of the homo-
geneous carbon during the phosphorization process. In
addition, the coordination effect in the MOF precursors confines
the metal source to aggregate at the same time, inducing the
formation of ultrasmall nickel phosphide nanocrystals. The
intrinsic electronic and surface composition of MOF-derivatives
are different from the surface coating of the active sites at the
surface/interface, which favors the catalytic performance. The
Raman spectrum (Fig. S9t) of Ni,P/rGO exhibits two prominent
peaks at 1367 and 1550 cm ™, corresponding to D band and G
band of the carbon materials, confirming the existence of rGO
nanosheet.>*"% A broad D peak further confirms rGO with
a high degree of graphitization. Moreover, there are no obvious
Raman peaks related to Ni,P/C, as reported in other work.> In
addition, the particle size distribution is demonstrated in
Fig. 3e, which shows that all Ni,P nanocrystals had a size
between 1.6 nm and 3.7 nm with an average size of about 2.6 nm,
which was similar to the average crystallite sizes calculated from
the PXRD pattern (~10 nm). Fig. 3f shows well-resolved lattice
fringes with a distance of approximately 0.221 nm, correspond-
ing to the (111) plane of Ni,P and proving the formation of Ni,P
on the surface of graphene.
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Fig. 3 (a) Low and (b) high magnification SEM images of Ni,P/rGO. (c) TEM images of Ni,P/rGO, (d) TEM images and (e) corresponding size
distribution pattern of Ni,P/rGO. (f) HRTEM images of Ni,P/rGO. Scale bars (a) 1 pm, (b) 100 nm, (c) 50 nm, (d) 5 nm, and (f) 5 nm.

3.2 Characterization of electrocatalytic performance

Due to the high activation barrier and the sluggish four proton-
coupled electron transfer, the reaction kinetics of the OER at the
anode were the major bottleneck of the electrochemical water
splitting.***** Thus, the electrocatalytic performance of Ni,P/
rGO toward OER was first evaluated using a standard three-
electrode system in an alkaline electrolyte (1.0 M KOH).
Before recording the OER performance, all the prepared
samples were pre-treated with 20 cyclic voltammetry (CV) cycles
with scan rates of 100 mV s~ ' as the pre-activation process. All
the data are presented with iR-correction. For comparison, bare
GCE, rGO, Ni,P particles, Ni,P/C and commercially available
standardized RuO, catalysts were also examined under the
same conditions. Fig. 4a shows the polarization curves of the as-
prepared catalyst obtained by linear sweep voltammetry (LSV)
measurements. Among the above catalysts, Ni,P/rGO exhibited
the best electrocatalytic performance with the same over-
potentials for OER. The operational overpotential of Ni,P/rGO
to deliver a current density of 10 mA cm > was as low as
260 mV, considerably smaller than that of Ni,P particles
(355 mV), Ni,P/C (275 mV), RuO, (280 mV), and many other
non-precious metal-based electrocatalysts as well (Table S27).
The electrocatalytic kinetics involved in the OER of Ni,P/rGO,
Ni,P/C, Ni,P particles and RuO, were examined by correspond-
ing Tafel plots, as shown in Fig. 4b. As expected, the Tafel slope
of Ni,P/rGO was about 62 mV dec™ !, which was the smallest of
the three typical Ni,P catalysts and commercial RuO,, indicating
the favorable OER kinetics of Ni,P/rGO. Furthermore, the
exchange current density (i,) of as-prepared catalysts was ob-
tained based on the Butler-Volmer electrochemical kinetic
model.** The i, of Ni,P/rGO was calculated to be 2.4 x 10> Acm 2,
obviously higher than that of Ni,P/C (1.2 x 10> A cm™ ) and
Ni,P particles (1.3 x 107® A ecm™?), indicating the superior

1686 | J Mater. Chem. A, 2018, 6, 1682-1691

catalytic efficiency of Ni,P/rGO. To gain insight into the
intrinsic activity of the as-prepared catalysts, the turnover
frequencies (TOFs) of three Ni,P electrocatalysts were then
measured according to a previously described method (details
included in the ESIT).” The TOF values of Ni,P/rGO, Ni,P/C and
Ni,P particles calculated at the overpotential of 300 mV were
0.074 s™', 0.035 s' and 0.0064 s ', respectively, further
confirming the higher intrinsic catalytic activity of Ni,P/rGO.
To gain more insights into the possible origin of the high
electrocatalytic performance of Ni,P/rGO, the electrode kinetics/
interface reactions and the electrochemical active surface areas
(ECSAs) were investigated. The electrochemical impedance
spectroscopy (EIS) was obtained at a potential of 1.53 V (vs. RHE)
to study the electrode kinetics and interfacial properties. As
shown in Fig. 4c, the Rs; mainly resulted from the ohmic resis-
tance of the solution and the contact at the interface of the
electrode/electrolyte. The small values of R, (about 1.6 Q) cor-
responded to the close contact between the current collector and
catalysts, which could accelerate electrical integration and
promote the electrocatalytic performance of electrocatalysts.
Furthermore, the charge transfer resistance (R.) of Ni,P/rGO
(31.8 Q) was lower than that of Ni,P/C (36.3 Q) and Ni,P parti-
cles (58.1 Q), which means faster charge transfer kinetics of
Ni,P/rGO, suggesting that electrical conductivity had been
enhanced due to the doping of graphene.”>”> The ECSAs were
estimated using the electrochemical double-layer capacitance
(Caqy) for further insight into the different catalytic performances.
Compared to the EIS which correlated with the efficiency of
charge transfer, the capacitive current could reflect charge
accumulation rather than chemical reactions or charge trans-
fer."* Fig. 4d shows that the calculated Cg4; values (calculated
from corresponding CVs with multiple scan rates, Fig. S107)
of Ni,P/rGO, Ni,P/C and Ni,P particles were 71.7 mF cm 2,

This journal is © The Royal Society of Chemistry 2018
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41.8 mF cm™? and 14.6 mF cm ™2, respectively, corresponding to

the ECSA values of 84.4 cm?, 49.2 cm” and 17.2 cm”. The higher
Cq and ECSA values of Ni,P/rGO indicated that higher electro-
catalytic activity of the Ni,P/rGO could partly come from the
large surface area, attributed to the optimized unique porous
nanostructures, larger BET surface area (70.0 m* g~ ', Fig. S117)
and high dispersion of ultrasmall Ni,P active sites anchored on
graphene. Furthermore, the Ni loading of Ni,P/rGO (19.8 wt%,
Table S11) was much smaller than that of Ni,P/C (28.5 wt%) and
Ni,P particles (47.6 wt%), implying the high utilization ratio of
the ultrasmall Ni,P anchored on graphene.

The superior durability of the electrocatalyst is another
major issue for practical application in energy conversion
systems. Therefore, continuous CV scanning of the Ni,P/rGO
was conducted in the potential range 1.0-1.6 V (vs. RHE) with
a scan rate of 100 mV s~ in 1.0 M KOH solution. As can be seen
in Fig. 4e, the OER activity remained almost unchanged after
2000 CVs, suggesting the excellent stability of the Ni,P/rGO. In
addition, the long-term electrochemical durability of the Ni,P/
rGO was tested using time-dependent current density (i-t)
curve. Fig. 4f shows that the current density had no significant
decrease after 20 h testing, indicating the superior long-term
durability of the Ni,P/rGO.

To further understand the origin of the superior OER activity
and durability, PXRD, TEM and XPS characterizations of the
Ni,P/rGO after the pre-activation process and post-OER in
alkaline electrolyte solution were performed. Interestingly, the
first scan had a predominant broad peroxidation peak before

This journal is © The Royal Society of Chemistry 2018

the onset potential that diminished after the pre-activation
process (Fig. S121). A similar observation was reported for
Ni,P, CoP and Co,P, signifying the irreversible oxidation of
metal centers in many TMPs-based electrocatalysts.?**%7*7* In
attempt to further confirm the composition change on the
surface, XPS and HRTEM of the Ni,P/rGO after the pre-
activation process were performed. After the pre-activation
process, the characteristic peak at 853.6 eV at the energy level
of Ni 2ps, corresponds to the Ni’" in Ni,P, confirming the
retention of Ni,P after pre-activation process. Furthermore,
a peak at around 856.1 eV observed in the Ni 2p;/, spectrum and
the corresponding satellite peak at 861.8 eV (Fig. S137) could be
attributed to Ni(OH), or NiOOH species formed during the
oxygen evolution reaction as reported.****”>’® Since Ni(OH),
could be oxidized into NiOOH during the oxygen evolution
reaction,”” these peaks could be attributed to characteristic
peaks of NiOOH, which was further proved by HRTEM results.
In the TEM images (Fig. S141), ultrasmall nanocrystals of Ni,P
were uniformly embedded on the surface of rGO as before the
pre-activation process. In addition, HRTEM of Ni,P/rGO
(Fig. S15%) after the pre-activation process showed well-
resolved lattice fringes with interplanar distances of 0.221 and
0.254 nm, which could be attributed to (111) and (200) planes of
Ni,P, respectively. In addition, the PXRD patterns (Fig. S167)
showed that there was no obvious change of phase for Ni,P/
rGO, which was in accordance with the HRTEM results.
Lattice spacings of 0.241 nm and 0.239 nm presented in the
image were assigned to the (011) plane of NiOOH and (111)
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plane of NiO, respectively, indicating the fabrication of Ni,P/
NiOH/NiO, core-shell heterostructure on the surface/interface
during the OER. These results were consistent with the XPS
results. Positive-shifted Ni centers and negative-shifted P
centers could function as hydroxyl/hydride-acceptor and
proton-acceptor centers for OER/HER, which is in favour of the
adsorption—desorption process of the reactant and resultant
molecules; the enhanced local electric dipole resulting from the
electrons’ diffusion from Ni to P will lower the energy barrier of
the electrocatalytic process.**”7*# Furthermore, the carbon/
graphene network serving as an electron pathway could
continuously and effectively ensure electron transport, while
the ultrasmall Ni,P/NiOH/NiO, core-shell heterostructure
served as the electrocatalytic active sites, resulting in highly
efficient OER/HER performance. From the above, the syner-
gistic effect of all the favorable factors creates the improvement
of the electrocatalytic performance. Moreover, the comparison
of the XPS of Ni,P/rGO after the pre-activation process and after
2000 CVs (Fig. S171) OER showed little difference, confirming
that the Ni,P/NiOH/NiO, core-shell heterostructure was mainly
fabricated during the pre-activation process. This could account
for the excellent durability of Ni,P/rGO after the pre-activation
process.

Furthermore, the HER activities of the as-prepared electro-
catalysts were also evaluated in 1.0 M KOH to explore their
potential for the overall water splitting. Fig. 5a shows that the
Ni,P/rGO exhibited a low overpotential of 142 mV to obtain the
current density of 10 mA cm ™%, which was smaller than those of
Ni,P/C (185 mV), Ni,P particles (310 mV) and many other non-
precious metal-based electrocatalysts (Table S31). The electro-
catalytic kinetics involved in the HER of Ni,P/rGO, Ni,P/C, Ni,P
particles and Pt/C were obtained using corresponding Tafel
plots (Fig. 5b). Notably, the Tafel slope of 58 mV dec™* for Ni,P/
rGO was much smaller than those of Ni,P/C (75 mV dec™ ') and
Ni,P particles (104 mV dec™'), and the i, of Ni,P/rGO was
calculated to be 3.1 x 10~° A cm™?, obviously higher than that
of Ni,P/C (1.7 x 10~ A cm~?) and Ni,P particles (7.8 x 107 ° A
cm %), implying favourable electrochemical reaction kinetics of
the Ni,P/rGO. In addition, continuous CV scanning (Fig. 5¢) and
the 20 h i~ curve (Fig. 5d) of the electrocatalysts indicated that
the Ni,P/rGO presented excellent durability in alkaline solu-
tions. Using 0.5 M H,SO, (pH = 0) and 1.0 M PBS (pH = 7)
solutions as electrolyte, the OER and HER catalytic performance
of Ni,P/rGO in acidic and neutral media was assessed to
confirm the intrinsic catalytic activity of Ni,P/rGO. The Ni,P/
rGO performs with similar catalytic activity in both acidic and
neutral media (Fig. S187). Also, the low Tafel plots indicate fast
electrocatalytic kinetics of Ni,P/rGO in acidic and neutral
media. The satisfactory electrocatalytic performance of Ni,P/
rGO could be attributed to highly active Ni,P centers and
excellent conductive carbon/graphene network.

Inspired by the satisfactory OER and HER performance of the
Ni,P/rGO bifunctional electrocatalysts in the alkaline solutions,
a two-electrode electrolyzer was assembled using the deposition
of Ni,P/rGO onto conductive nickel foam substrates as both the
anode and cathode (Ni,P/rGO/NF|Ni,P/rGO/NF) to assess its
catalytic activity for overall water splitting in 1.0 M KOH. For
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comparison, Ni,P/C/NF and Ni,P particles/NF as both the anode
and cathode were also evaluated. Impressively, nickel foam
substrates showed slight OER and HER performance, but the
deposition of Ni,P/rGO onto NF further enhanced its electro-
catalytic performance, with a lower overpotential of 250 mV at
10 mA em™> for OER and 115 mV for HER (Fig. S191). In
comparison with Ni,P/rGO/GCE substrates, the enhanced elec-
trocatalytic activity of Ni,P/rGO/NF substrates could be attrib-
uted to the excellent conductivity and electron transfer ability of
the NF, which could provide a synergistic effect with Ni,P/rGO
catalyst during the electrocatalytic process.** In order to find
out the appropriate catalyst loading, the specific activity of Ni,P/
rGO with different mass loading was calculated on the basis of
previous reports.** Fig. S201 shows that with the increase of
mass loading, the catalytic performance of Ni,P/rGO remarkably
increased, suggesting the high-activity of Ni,P/rGO catalysts,
while the values of specific activity calculated at the over-
potential of 300 mV were 2.5 x 10> mA cm ™2 (0.5 mg cm ™ 2), 2.9
x 10 mA cm 2 (1.0 mg cm ?), 1.8 x 10 ° mA cm™ > (2.0 mg
em ), 1.1 x 10> mA em™? (4.0 mg cm %) and 0.7 x 10> mA
ecm~? (8.0 mg ecm ™ ?). The best specific activity of Ni,P/rGO with
the mass loading of 1.0 mg cm > means the highest ratio of
performance to price of Ni,P/rGO catalysts, so the overall water
splitting performance was evaluated at this mass loading. As is
illustrated in Fig. 6a, the Ni,P/rGO delivered a current density of
10 mA cm 2 at a cell voltage of 1.61 V in 1.0 M KOH electrolyte
solution, which was lower than that of Ni,P/C (1.63 V), Ni,P
particles (1.66 V) and many other non-precious metal-based
electrocatalysts (Table S4t). This is comparable to that of the
benchmark precious metal-based catalysts Pt/C||RuO,, which
deliver a current density of 10 mA cm™2 at 1.60 V, but inferior to

This journal is © The Royal Society of Chemistry 2018


http://dx.doi.org/10.1039/c7ta10218f

Published on 21 December 2017. Downloaded by Leibniz Institut fuer Analytische Wissenschaften (ISAS Dortmund) on 02/03/2018 14:03:17.

Paper

N’

——NF

—— Ni, P/C/NF||Ni,P/C/NF

—— Ni,P/rGO/NF|[Ni,P/rGO/NF

—— Ni,P particles/NF|[Ni,P particles/NF

®,e
NiPIFGOINi foam
....... Cathode
0 ,i OER HER "
o i

12 14 1 18 0 10 2 30 4 50
Voltage (V) Time (h)

Ni,P/rGONi foam||Ni,P/rGONi foam

a
2
3

Current density (mA em?) c‘,

Current density (mA em?) &

Fig. 6 (a) The overall water splitting performance of the as-prepared
catalysts (inset: the schematic diagram for overall water splitting
reaction in a two-electrode configuration). (b) The catalytic stability of
the Ni,P/rGO/NF in 1.0 M KOH.

the Ni,P/rGO after 1.62 V (Fig. S21}).***** More importantly, the
Ni,P/rGO/NF||Ni,P/rGO/NF couple also showed superior dura-
bility (Fig. 6b) in the overall water splitting reaction with negli-
gible current density loss after 50 h of continuous electrolysis,
suggesting its practical applications as a new type of electro-
catalyst for overall water splitting.

4. Conclusions

In summary, we report a novel template-confinement strategy
with nickel metal-organic framework (MOF-74-Ni) implanted
on graphene oxide and incubated to become ultrasmall nickel
phosphide nanocrystals anchored on reduced graphene oxide
(termed as Ni,P/rGO). Due to the specific interfacial effect
between MOF and graphene oxide, as well as the small inter-
atomic distance between Ni and C atoms in MOF-74-Ni, the
obtained Ni,P/rGO possesses large active surface areas,
a homogeneous carbon network and perfect dispersity of active
sites with ultrasmall particle sizes (average about 2.6 nm).
Profiting from the Ni,P/NiOH/NiO, core-shell heterostructure
formed during the pre-activation process, the Ni,P/rGO showed
remarkable electrocatalytic performance for both HER and OER
in an alkaline electrolyte. Furthermore, our electrolyzer
employed Ni,P/rGO as both the cathode and anode in 1.0 M
KOH generating 10 mA em ™~ at a voltage of 1.61 V with excellent
stability, which is comparable to the integrated Pt/C and RuO,
counterparts, and is among the best performance of transition
metal phosphides (TMPs). Additionally, the Ni,P/rGO presented
impressive long-term durability. Our synthesis strategy presents
important guidelines for the rational design and accurate
modulation of various metal-based nanomaterials for energy-
related applications.
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