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ABSTRACT: The sluggish kinetics of oxygen evolution reaction
(OER) hampers the H, production by H,O electrolysis, and it is very
important for the development of highly efficient and low-priced OER
catalysts. Herein, a representative metalloporphyrinic MOF, PCN-600-
Ni, integrated with graphene oxide (GO), serves as an ideal precursor
and template to afford bimetallic iron—nickel phosphide/reduced
graphene oxide composite (denoted as Fe—Ni—P/rGO-T; T
represents pyrolysis temperature) via pyrolysis and subsequent
phosphidation process. Thanks to the highly porous structure, the
synergetic effect of Fe and Ni elements in bimetallic phosphide, and
the good conductivity endowed by rGO, the optimized Fe—Ni—P/
rGO-400 exhibits remarkable OER activity in 1 M KOH solution,
affording an extremely low overpotential of 240 mV at 10 mA/cm?,

Fe-Ni-P/rGO

pyrolysis
m

phosphating

which is far superior to the commercial IrO, and among the best in all non-noble metal-based electrocatalysts.
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B INTRODUCTION

The increased environmental pollution and shortage of fossil
fuel have spurred an urgent demand to develop alternative
clean energy. Hydrogen (H,) as the most ideal green energy is
attractive and has drawn much attention. Electrocatalytic water
splitting, composed of oxygen evolution reaction (OER) and
hydrogen evolution reaction (HER), is widely considered to be
a promising means to produce H, through energy conversion of
electricity. ™ In principle, the anodic OER process, involving
the cleavage of O—H bond and the formation of O=0O bond
accompanied by the process of four-electron transfer at a high
overpotential, is a thermodynamically uphill reaction and
determines the rate of the overall water splitting.'®~*°
Currently, the commercial electrocatalysts for oxygen evolution
reaction are noble metals (Ru, Ir) and their oxides. However,
the large-scale application of noble metals in water splitting is
hampered due to the high cost and scarcity. Therefore, it is
urgently desired to synthesize the noble-metal-substituted OER
catalysts with high efficiency and low cost.

Recently, much effort has focused on the synthesis of stable,
earth-abundant, transition metal (Fe, Mn, Ni, etc.) based
catalysts, such as their nanoparticles, oxides/hydroxides, and
layered double hydroxide, etc., as promising substitutions for
efficient OER.*'™*° Meanwhile, transition metal phosphides
have been recognized to be a new class of efficient
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electrocatalysts with superior activity, low cost, and good
stability.’ =" To further improve their activity, various
strategies have been developed, among which, bimetallic
phosphides, being able to manipulate valence and electronic
state of the metal elements, have demonstrated to present
much better performance than their monometallic phosphide
counterparts.”*~** Apart from tailoring the electronic structure
by elemental doping, the exposure of active sites by fabricating
porous nanostructure and the enhancement of electronic
conductivity by coupling with conductive matrices would
further improve the performance of electrocatalysts.**~*’
With the aforementioned considerations, metal—organic
frameworks (MOFs),”"** a class of crystalline porous
materials assembled by metal ions and versatile organic linkers,
might be ideal precursors and/or templates to integrate the
above strategies for improving electrocatalytic perform-
ance.>>™® 1t is able to afford high surface area, variable
element species, and homogeneous distribution of different
active sites in MOF-derived catalysts by simply regulating the
structure/composition of MOFs.”*™”® Porphyrinic MOFs are
ideal precursors/templates as they offer alterable metal ions in
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both metal clusters and the metal centers in porphyrin linkers
toward the formation of highly porous bimetallic phosphides.
To further improve the poor electronic conductivity of metal
phosphides, the rational integration of them with highly
conductive materials, such as graphene oxide (GO), to give
hybrid nanocomposites might facilitate to exert their respective
merits and realize synergistic effect for enhanced electro-
chemical activity.

In this work, a representative porphyrinic MOF, PCN-600-
Ni,”' involving Fe;O clusters as secondary building units
(SBUs) and Ni(II) located in the center of porphyrin linkers,
was rationally grown onto 2D GO to afford PCN-600-Ni/GO
composite. Upon subsequent pyrolysis and phosphidation
process, sheetlike Fe—Ni—P/reduced graphene oxide compo-
site (denoted as Fe—Ni—P/rGO-T; T represents oxidation
temperature) can be obtained (Scheme 1). The porous Fe—

Scheme 1. Schematic Illustration Exhibiting the Stepwise
Fabrication of Fe—Ni—P/rGO-T Composite
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Ni—P nanostructure inherited from PCN-600-Ni enables the
high exposure of active sites as well as the fast process of mass
transfer. The coexistence of Fe and Ni elements results in the
synergistically enhanced OER activity. Furthermore, the close
contact between Fe—Ni—P and rGO leads to a successive
conductive network, which is beneficial to the fast electron
transfer. As a result, the optimized Fe—Ni—P/rGO-400 exhibits
superb catalytic activity for OER with an extremely low
overpotential of 240 mV at 10 mA/cm* in 1 M KOH solution,
and this is far superior to the commercial IrO,, among the best
in all non-noble metal-based electrocatalysts.

B EXPERIMENTAL SECTION

Materials and Instrumentation. The chemical agents were
purchased from commercial suppliers without purification unless
otherwise mentioned. Methyl p-formylbenzoate and pyrrole were
obtained from Energy Chemical. FeCl,-4H,0, NiCl,-6H,0, Fe-
(NO,;);'9H,0, and NaOOCCH;-3H,0 were purchased from
Sinopharm Chemical Reagent Co., Ltd. Graphene oxide (GO),
iridium oxide (IrO,), and Nafion solution were obtained from Alfa-
Aesar. Propionic acid was from Aladdin Industrial Inc.

Deionized water was obtained by reversed osmosis (Cleaned Water
Treatment Co., Ltd., Hefei, the specific resistance of 18.25 MQ-cm).
The powder X-ray diffraction (XRD) patterns were carried out at the
Japan Rigaku DMax-yA rotation anode X-ray diffractometer. The
scanning electron microscopy (SEM) images were obtained from the
field emission scanning electron microanalyzer (Zeiss Supra 40
scanning electron microscope). The transmission electron microscopy

(TEM) images and the high-resolution TEM (HRTEM) images were
obtained through the field emission transmission electron microscope
(JEOL-2100F). The X-ray photoelectron spectroscopy (XPS) analysis
was carried out at the ESCALAB 250Xi high-performance electron
spectrometer. The N, sorption measurement was conducted through
the automatic volumetric adsorption equipment (Micrometrics ASAP
2020) at 77 K. Before the nitrogen adsorption/desorption measure-
ments were performed, all samples were dried at 150 °C under vacaum
for 24 h.

Synthesis of Samples. Synthesis of Ni-TCPP. The Ni-TCPP
ligand was obtained according to the reported procedure with minor
modifications.”" Typically, methyl p-formylbenzoate (6.9 g) and
pyrrole (3.0 g) were added into a three-necked flask and dissolved
with 100 mL of propionic acid. The solution was refluxed at 160 °C
for 12 h and then cooled down to room temperature. Through
filtration, rinsed in ethanol, ethyl acetate, and tetrahydrofuran, the
precipitate was gathered and finally dried under vacuum at 60 °C for
12 h.

The obtained precipitate (0.854 g) and NiCl,-6H,0 (3.1 g) were
dissolved in 100 mL of dimethylformamide, and the solution was
refluxed at 140 °C for 6 h. When the mixture was cooled, the solution
was precipitated after another 150 mL of deionized water was added.
After being washed with cold deionized water, the solid was
redissolved with CHCI;, followed by washing with diluted HCI
solution and deionized water. The quantitative crimson solids were
obtained through evaporating the organic layer with rotatory
evaporator.

The obtained crimson crystals (0.75 g) were dissolved in
tetrahydrofuran (25 mL) and methanol (25 mL) mixed solvent, to
which 25 mL aqueous solution of KOH (2.63 g) was added. This
system was stirred for 12 h and cooled down to room temperature.
Deionized water was added to the mixture until the uniform solution
was formed, and then the solution was treated with dilute HCI
solution. The product was gathered by filtration, cleaned with
deionized water, and desiccated at 60 °C for 12 h. Then the Ni-
TCPP was obtained.

The Fe-TCPP was obtained through a similar procedure by
replacing NiCl,-6H,0 with FeCl,-4H,0.

Synthesis of [Fe;0(0O0CCH;)s0OH]-2H,0. The [Fe,O-
(OOCCH;)sOH]-2H,0 SBU was synthesized based on a reported
procedure with some modifications.”” Typically, Fe(NO;);-9H,0 (8
g) and Na(OOCCH;)-3H,0 (11 g) were added to 9 mL of deionized
water, which were stirred without heating until the precipitation
occurred. The precipitation was filtered and washed by cold deionized
water and then desiccated in an oven for 12 h at 100 °C.

Synthesis of PCN-600-Ni. The PCN-600-Ni was fabricated in
accordance with the previous works with slight modifications.”!
Typically, [Fe;O(OOCCH,;)sOH]-2H,0 (80 mg) was dissolved in §
mL of dimethylformamide in a 20 mL Pyrex vial by ultrasonication, to
which 11 mL of dimethylformamide containing 80 mg of Ni-TCPP
and 2.4 mL of trifluoroacetic acid was added. After being kept in an
oven for 12 h at 150 °C, the purple crystals were obtained in the Pyrex
vial. Through careful washing and supercritical CO, drying process,
PCN-600-Ni was obtained.

Synthesis of PCN-600-Fe. The PCN-600-Fe was obtained in a
similar procedure. Typically [Fe;O(OOCCH,),OH]-2H,0 (80 mg)
was dispersed with 5§ mL of dimethylformamide at a 20 mL Pyrex vial
by ultrasonication, to which 11 mL of dimethylformamide containing
80 mg of Fe-TCPP and 2.4 mL of trifluoroacetic acid was added. After
being kept in oven for 12 h at 150 °C, the purple crystals were
obtained in the Pyrex vial. Through careful washing and supercritical
CO, drying process, the PCN-600-Fe was obtained.

Synthesis of PCN-600-Ni/GO. Typically, 80 mg of [Fe;O(OO-
CCH,;)(OH]-2H,0 and S mg of GO were mixed in S mL of
dimethylformamide at the 20 mL Pyrex vial by ultrasonication, to
which 11 mL of dimethylformamide containing 80 mg of Ni-TCPP
and 2.4 mL of trifluoroacetic acid was added. After being kept in oven
for 12 h at 150 °C, the purple crystals were obtained in the Pyrex vial.
Followed by careful washing and supercritical CO, drying process, the
PCN-600-Ni/GO was obtained.
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Synthesis of Fe—Ni—P/rGO-400. The PCN-600-Ni/GO was heated
to 700 °C within 140 min, holding at 700 °C for 10 min in the N,
protection. Then the material was transferred to the electric muffle
furnace and heated at 400 °C for 2 h in air to obtain the Fe—Ni—O/
rGO-400. Contrastively, Fe—Ni—O/rGO-350 and Fe—Ni—O/rGO-
450 can also be obtained through a similar method by changing the
temperature of oxidation process to 350 and 450 °C, separately. Then
10 mg of Fe—Ni—0O/rGO-400 and 100 mg of NaH,PO, were placed
at the separate positions of a ceramic crucible. The ceramic crucible
underwent heat treatment at 400 °C for 2 h. Next, the powder was
soaked with dilute HCI solution and washed with deionized water and
ethanol. After drying, the Fe—Ni—P/rGO-400 was obtained. Fe—Ni—
P/rGO-350 and Fe—Ni—P/rGO-450 were synthesized via the same
phosphidation treatment starting from Fe—Ni—O/rGO-350 and Fe—
Ni—0O/rGO-450, separately.

Synthesis of FeP-400 and Fe—Ni—P. The FeP-400 and Fe—Ni—P-
400 were produced from PCN-600-Fe and PCN-600-Ni with the
similar process described above.

Synthesis of Fe—Ni—P-GO-Mix. The Fe—Ni—P-GO-mix was
produced from the physical mixture of PCN-600-Ni and GO with
the similar process for the fabrication of Fe—Ni—P/rGO-400 sample.

Electrochemical Measurement. The electrochemical measure-
ments for all samples were tested with a CHI760E electrochemical
analyzer equipped with a rotating disk electrode at 1600 rpm.
Typically, a three-electrode setup, with Ag/AgCl serving as the
reference electrode and platinum serving as the counter electrode, was
used for all electrochemical measurements. The electrochemical
measurements were performed in O,-saturated 1 M KOH solution.
2 mg of catalyst was dispersed with 1 mL of ethanol containing 0.01
mL of S wt % Nafion and sonicated for 0.5 h; then the obtained
homogeneous ink was dropped onto the glass carbon electrode
(loading amount: ~0.3 mg/cm?). The catalyst was pretreated via cyclic
voltammetry (CV) scans at 100 mV/s before the electrochemical OER
performance was tested. The linear sweep voltammetry (LSV) test was
performed at 5 mV/s. The data were presented without iR
compensation.

B RESULTS AND DISCUSSION

The PCN-600-Ni, formulated as Fe;O(Ni-TCPP), (OH)
based on Fe;O clusters and nickel(II) tetracarboxylate
porphyrin  (Ni-TCPP) linkers, features a well-defined 3D
porous structure with 1D channels as large as 3.1 nm (Scheme
2). The GO was introduced to the growth solution of PCN-

Scheme 2. 3D Network of PCN-600-Ni, Constructed by D,
Porphyrin Linkers and D;;, Fe;O SBUs
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600-Ni serving as template for the effective synthesis of PCN-
600-Ni/GO composite with template-directed sheetlike
morphology, possessing a high Brunauer—Emmett—Teller
(BET) surface area reaching to 1250 m?*/g (Figures S1—S3).
Upon pyrolysis at 700 °C in a N, atmosphere followed by
oxidation treatment with different temperatures, the obtained
Fe—Ni—O/rGO-T (T represents the oxidation temperature)

remains the sheetlike structure (Figures S4 and SS), and its
BET surface area reaches to 59 m”/g, owing to high porosity of
the parent PCN-600-Ni (Figure S6). Further phosphidation
process gives Fe—Ni—P/rGO-T (T = 350, 400, and 450)
composites with crystalline structure, as approved by the
distinct powder X-ray diffraction (XRD) profiles (Figure S7).
The resultant Fe—Ni—P/rGO-400, as a representative, clearly
shows the thickness about 150 nm with sheetlike morphology
(Figure 1a). The hierarchically porous character, especially

Figure 1. (a) Scanning electron microscopy (SEM) and (b)
transmission electron microscopy (TEM) images of Fe—Ni—P/rGO-
400. High-resolution TEM images involving (c) FeP and (d) NiP,
species in Fe—Ni—P/rGO-400.

mesopores in Fe—Ni—P/rGO-400 (Figure S8), which should
be partially inherited by the porous character of MOF
precursor, accords well with the transmission electron
microscopy (TEM) (Figure 1b). The high-resolution trans-
mission electron microscopy (HRTEM) images reveal obvious
lattice distance of 0.19 and 0.28 nm, which are correlative with
the (211) plane of FeP and (020) plane of NiP,, respectively,
further confirming the successful fabrication of crystalline FeP
and NiP, species, in consistence with the powder XRD results
(Figure lc,d and Figure S7).

To further illustrate the chemical composition and related
valences in Fe—Ni—P/rGO-400, X-ray photoelectron spectros-
copy (XPS) analysis has been performed. As exhibited in Figure
2a, the XPS survey spectrum clearly indicates the presence of C,
N, P, Fe, and Ni. More precisely, the high-resolution N 1s
spectrum can be fitted into three subpeaks, in accordance with
the graphitic-N, pyrrolic-N, and pyridinic-N (Figure S9). It has
been reported that the carbon atoms neighboring the nitrogen
atom are positively charged due to the higher electronegativity
of nitrogen, leading to the much easier adsorption of OH,
which is beneficial to the OER.”*~"* The high-resolution P 2p
spectrum might be fitted into three subpeaks at 129.4, 130.5,
and 133.4 eV, corresponding to P 2p;/,, P 2p, ,, and oxidized
phosphorus species formed on the surface of Fe—Ni—P/rGO-
400. The binding energy of P 2p at 129.4 eV shifts negatively,
compared with the binding energy of elemental P at 130.2 eV.
This indicates that the P element is partially negatively charged
because the electron is transferred from Fe and Ni to P in the
Fe—P and Ni—P species,”®”>”® which can be further proved in
Fe and Ni XPS spectra (Figure 2b). In the high-resolution Fe
2p spectrum, the binding energy of Fe 2p;, at 707.7 eV
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Figure 2. (a) XPS survey spectrum of Fe—Ni—P/rGO-400. High-
resolution XPS spectra of (b) P 2p, (c) Fe 2p, and (d) Ni 2p in Fe—
Ni—P/rGO-400.

positively shifts from 706.8 eV of elemental Fe, suggesting the
formation of Fe—P species. The peak at 712.0 eV
corresponding to oxidized iron species stems from the
oxidation of the exterior exposed in the air (Figure 2¢).37%
Six subpeaks can be fitted according to the high-resolution
spectrum of Ni 2p (Figure 2d). The Ni 2p bonding energy of
853.4 eV positively shifts from that of elemental Ni at 852.6 eV,
supporting the electron transfer from Ni to P and the formation
of Ni—P compound.’” The peaks at 853.4 and 871.7 eV can be
assigned to Ni 2p;/, and Ni 2p, /, of the Ni—P compound. The
peaks located at around 856.5 and 875.1 eV can be assigned to
Ni 2p;/, and Ni 2p,,, of the oxidized nickel species, and the
satellite peaks for Ni 2p;/, and Ni 2p, /, are located at 861.7 and
878.0 eV.>*7>7% All these XPS data clearly demonstrate the
successful construction of Fe—Ni—P/rGO-400 via the
phosphidation process, in good agreement with powder XRD
and HRTEM results above (Figure 2¢,d and Figure S7).
Encouraged by the results above, the electrocatalytic OER
performance for the Fe—Ni—P/rGO composites has been
investigated by rotating disk electrode (RDE) measurements in
1 M KOH solution. From the linear sweep voltammetry (LSV)
tests, each sample, including Fe—Ni—O/rGO-400, Fe—Ni—P-
400, Fe—Ni—P/rG0-400, and FeP-400 obtained by PCN-600-
Fe featuring Fe(III) located in the porphyrin centers, presents
characteristic OER catalytic behavior (Figure 3a and Figure
S10). It can be seen that Fe—Ni—P-400 shows a better catalytic
activity than FeP-400, highlighting the enhancement effect of
Ni doping. When the conductive rGO is introduced, the
resultant Fe—Ni—P/rGO-400 presents the best OER activity
among all catalysts and achieves a current density of 10 mA/
cm? at an overpotential as low as 240 mV, while the state-of-
the-art IrO, exhibits a weak overpotential at 400 mV, indicating
that Fe—Ni—P/rGO-400 is far superior to the IrO, and among
the best in all non-noble-metal-based electrocatalysts (Figure 3a
and Table S1). Besides, the OER performance of pure rGO and
blank glassy carbon electrode (GCE) can be well excluded due
to their negligible responses on LSV curves (Figure 3a). The
comparison of Fe—Ni—P/rGO-T composites obtained at
different oxidation temperatures manifests that Fe—Ni—P/
rGO-400, offering both good crystallinity and high graphitized

carbon content, exhibits superior activity to others (Figure

a
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Figure 3. (a) LSV curves, (b) Tafel slopes, and (c) Nyquist plots for
Fe—Ni—P/rG0O-400, Fe—Ni—P-400, and FeP-400 in 1 M KOH
solution. (d) Durability test for the electrochemical OER activity of
Fe—Ni—P/rGO-400 (inset: time-dependent current density curve of
Fe—Ni—P/rGO-400 under static overpotential of 240 mV) in 1 M
KOH solution.

S11). The better performance of Fe—Ni—P/rGO-400 than Fe—
Ni—P-rGO-mix (the physical mixture of PCN-600-Ni and GO)
manifests the enhancement effect of strong interaction between
Fe—Ni—P and rGO in Fe—Ni—P/rGO-400 (Figure S12). To
further explore the influence of Ni contents on OER
performance, the PCN-600-Ni s precursor has been assembled
based on 50% Ni-TCPP and 50% Fe-TCPP linkers.
Unfortunately, the resultant Fe—Niy-P-400 offers inferior
OER activity to Fe—Ni—P-400, indicating that PCN-600-Ni
with 100% Ni-TCPP linker is the optimized parameter (Figure
S13). Meanwhile, the Tafel slope of Fe—Ni—P/rGO-400 (63
mV/dec) indicates a more favorable kinetics of Fe—Ni—P/
rGO-400 than IrO, and also presents a fairly good kinetic
behavior among all non-noble-metal-based OER electro-
catalysts (Figure 3b and Table S1). The OER kinetics of as-
synthesized catalysts at the electrode/electrolyte interface can
be further evaluated by electrochemical impedance spectrosco-
py (EIS). The best-performed Fe—Ni—P/rGO-400 catalyst
displays a much smaller charge-transfer resistance (R,) than
Fe—Ni—P-400 and FeP-400, suggesting a much faster electron
transfer during the electrochemical reaction, ascribed to the
improved conductivity via the introduction of GO (Figure 3c).
In addition to high activity, excellent stability is also necessary
for an ideal OER catalyst. The LSV curve recording 3000 cycles
of continuous CV scanning for Fe—Ni—P/rGO-400 shows only
a slight difference compared with the initial one, exemplifying
its satisfactory stability (Figure 3d). Meanwhile, the chro-
noamperometry test is also performed to evaluate the stability
of electrocatalysts. The current density of Fe—Ni—P/rGO-400
tested at an overpotential of 240 mV for S h is pretty stable and
remains a very high activity, which indicates the excellent
durability of Fe—Ni—P/rGO-400 in the electrochemical
process (Figure 3d, inset).

B CONCLUSION

In summary, we have rationally fabricated a sheetlike Fe—Ni—
P/rGO composite, via a GO-templated MOF growth and
following heat treatment and phosphidation process, for
efficient OER electrocatalysis by water splitting. By integrating
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the highly porous feature, the synergetic effect between Fe and
Ni elements, and the enhanced conductivity of GO, the
optimized Fe—Ni—P/rGO-400 composite exhibits superior
OER catalytic performance as well as stability in alkaline
solution, surpassing the state-of-the-art IrO, and being among
the most active OER catalysts reported so far. This study offers
a novel and rational strategy to the synthesis of high
performance electrocatalysts derived from porphyrinic MOF-
GO composites with the combination of respective advantages.
Considering the universality and modifiability of MOFs, this
strategy exhibited here would shed light on the fabrication of
advanced nanostructured materials for efficient electrocatalysis.
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