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Self-Anti-Stacking 2D Metal Phosphide Loop-Sheet
Heterostructures by Edge-Topological Regulation for Highly

Efficient Water Oxidation

Quan Quan, Zhengxun Lai, Yan Bao, Xiuming Bu, You Meng, Wei Wang,
Tsunaki Takahashi, Takuro Hosomi, Kazuki Nagashima, Takeshi Yanagida, Chuntai Liu,

Jian Lu, and Johnny C. Ho*

2D metal phosphide loop-sheet heterostructures are controllably synthesized
by edge-topological regulation, where Ni,P nanosheets are edge-confined by
the N-doped carbon loop, containing ultrafine NiFeP nanocrystals (denoted
as NiFeP@NC/Ni,P). This loop-sheet feature with lifted-edges prevents the
stacking of nanosheets and induces accessible open channels for catalytic
site exposure and gas bubble release. Importantly, these NiFeP@NC/Ni,P
hybrids exhibit a remarkable oxygen evolution activity with an overpotential
of 223 mV at 20 mA cm2 and a Tafel slope of 46.1 mV dec™, constituting the
record-high performance among reported metal phosphide electrocatalysts.
The NiFeP@NC/Ni,P hybrids are also employed as both anode and cathode
to achieve an alkaline electrolyzer for overall water splitting, delivering a cur-
rent density of 10 mA cm~2 with a voltage of 1.57 V, comparable to that of the
commercial Pt/C||RuO, couple (1.56 V). Moreover, a photovoltaic—electrolysis
coupling system can as well be effectively established for robust overall water
splitting. Evidently, this ingenious protocol would expand the toolbox for
designing efficient 2D nanomaterials for practical applications.

system still lies in the sluggish oxygen evo-
lution reaction (OER) because of its high
energy barrier for the O—H bond breaking
and the attendant O—O bond formation.?
In this regard, efficient OER electrocata-
lysts are urgently required to address this
challenge by effectively utilizing multiple
proton and electron transfers for oxygen
evolution at low overpotentials.># At pre-
sent, many noble metal catalysts (e.g.,
RuO, and IrO,) are well-acknowledged to
be efficient for OER, but they can hardly
satisfy the scale-up applications due to
their scarcity and high cost.”! Recently,
cost-effective and highly efficient non-
noble-metal alternatives, transition metal
phosphides (TMPs), have been emerged as
a new family of OER catalysts.®l Although
there are significant progresses achieved in
exploiting these advanced phosphide nano-
structures for efficient OER, their OER
performance is quite far from satisfactory.

Electrocatalytic water splitting powered by renewable energy
sources is considered as an attractive technology to produce
clean fuels, which can relieve the ever-growing energy demands
from fossil fuels and the associated environmental crisis.l!
However, the bottleneck for a fully integrated water-splitting

In general, ingeniously engineering the TMPs with well-
defined geometries and functional nanoarchitectures has been
demonstrated as an effective method to promote their electro-
catalytic activities.”®! For the most part, 2D TMP nanosheets
offer unique properties originating from their ultrathin
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thickness, large surface area, and high surface-to-volume atom
ratios, which are beneficial for enhancing the active site expo-
sure and enlarging the contact between reactant molecules
and active sites to boost their OER performance.>'!! Despite
the great promise, the 2D structural precursors tend to easily
aggregate or sinter due to lattice strains arising from heter-
oatom substitution (i.e., phosphorus) and stochastic strain
release during the phase transformation process.”” In this
way, these 2D phosphide nanosheets or nanoplates are typically
in situ grown on conductive substrates for immobilization,
where the material growth is highly dependent on the external
media, limiting their versatile utilization. On the other hand,
the freestanding 2D nanosheets are usually inclined to stack
together through the week van der Waals interaction to form
bundles and agglomerations, severely compromising the elec-
trochemical properties.'* Considering the instability during
synthetic processes and the intrinsic stacking problem, ration-
ally appending building blocks anchored onto the periphery
of 2D nanosheets by a targeted edge-topologic regulation is
anticipated to be a multieffective strategy to resolve these
issues; meanwhile, the synchronously aroused electronic
structure modulation can further optimize the electrocatalytic
performance of the nanosheets.”]

Here, for the first time, as a proof of concept, we have
edge-selectively grown the Ni-Fe PBA nanocubes along
the periphery of ultrathin Ni(OH), nanosheets by controlling the
coordination reaction kinetics in order to construct a loop-sheet
heterostructure. During the phosphorization step, the edge-
loop topology is found to compensate the stress induced in the
phase transformation process. In this case, the obtained metal
phosphides are well-maintained with their 2D heterostructure,
in which the interconnected polycrystalline Ni,P nanoparticles
as sheet structures are edge-confined by the N-doped carbon
loop containing ultrafine uniform NiFeP nanocrystals (denoted
as NiFeP@NC/Ni,P). Benefiting from the conspicuously acces-
sible active sites and the largely improved mass/charge transfer
based on the self-anti-stacking loop-sheet heterostructures, the
achieved NiFeP@NC/Ni,P exhibits an overpotential of 223 mV
at a current density of 20 mA cm™ and a small Tafel slope of
46.1 mV dec’!, ranking the top tier among the state-of-the-art
metal phosphide electrocatalysts reported to date. Impor-
tantly, the NiFeP@NC/Ni,P couple can also be employed as
bifunctional catalysts to drive the overall water splitting in alka-
line solution, requiring a cell voltage of 1.57 V and 1.83 V at
10 mA cm™? and 100 mA cm™2, respectively. A solar-cell-driven
overall water-splitting device is as well constructed to illustrate
its effective and robust operation. As a result, the controllable
synthetic methodology developed in this work would pave a
new way to synthesize versatile and efficient 2D-morphological
TMP heterostructure, which does not only enrich the 2D mate-
rial family but also significantly promote their practical use for
a wide range of energy and environment-related applications.

Figure 1a schematically illustrates the two-step preparation
procedure of the NiFeP@NC/Ni,P loop-sheet heterostruc-
ture. The Ni-Fe PBA/Ni(OH), loop-sheet precursors are first
constructed through the [Fe(CN)¢]** coordinating with the
edge-released Ni?* ions from ultrathin Ni(OH), nanosheets
under the assistance of H, followed by the phosphorization
treatment via a gas-solid reaction. At first, as shown in the
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field-emission scanning electron microscopy (FESEM) image in
Figure 1b, the starting Ni(OH), precursor is confirmed to have
a high 2D anisotropy with a lateral dimension of ~400 nm. The
atomic force microscopy (AFM) image reveals the thickness of
Ni(OH), being =2.5 nm, demonstrating its ultrathin nanosheet
structure (Figure S1, Supporting Information).l?l Next, under
the assistance of exotic H and [Fe(CN)¢]*" species at 40 °C,
the Ni-Fe PBA nanocubes are in situ and directionally grown
on the peripheral edge of Ni(OH), nanosheets (Figure 1c and
Figure S2, Supporting Information). The X-ray powder diffrac-
tion (XRD) results of the obtained samples further illustrate
additional patterns of the face-centered cubic structure of Ni-Fe
PBAs assigned to Ni;[Fe(CN)¢], phase (JCPDS No. 46-0906)
besides the peaks of Ni(OH), (JCPDS No. 14-0117), con-
firming the formation of pure Ni-Fe PBA phase onto Ni(OH),
nanosheets (Figure 1d).">1°l Moreover, as compared with the
Raman peaks of Ni(OH),, the obtained spectrum of Ni-Fe
PBA/Ni(OH), shows an additional band at =2250 cm™, which
is corresponded to the vibrational frequency of C—N bond
(Figure S3, Supporting Information),l’) being in good agree-
ment with the XRD results.

The control experiments and temperature-dependent reac-
tions are then carried out to unravel the underlying growth
mechanism of Ni-Fe PBA. To be specific, without the addition
of [Fe(CN)g]** species, the size of Ni(OH), nanosheets exhibits
a shrinkage and their edges become rough and irregular as
only reacting with H* (Figure S4a,b, Supporting Information),
manifesting the Ni?* being etched from the edge of Ni(OH),
nanosheets. This observation is in conformity with the pre-
vious report that the edge is more vulnerable than smooth
plane surface under H* attack owing to more exposed defects
in the edge.’™ In addition, when [Fe(CN)¢]** is only partici-
pated in the reaction without adding H*, the sparse Ni-Fe PBA
nanocubes are randomly dispersed on the Ni(OH), nanosheets
(Figure S4c,d, Supporting Information) and the corresponding
XRD pattern of Ni-Fe PBA phase is not discerned because of
the sluggish production rate (Figure S5, Supporting Informa-
tion). It is disclosed that the H* is essential for the edge-selec-
tivity etch. For comparison, the exotic Ni?* using NiCl, as a
source is directly utilized to react with [Fe(CN)¢]*~ instead of
applying Ni(OH), nanosheets as the template. In this way, the
pure Ni-Fe PBA is formed, which is confirmed by the XRD pat-
tern (Figure S6a, Supporting Information). However, the pure
Ni-Fe PBA is present in the form of severely aggregative par-
ticles (Figure S6b, Supporting Information), demonstrating
that it is beneficial for the synthesis of well-ordered Ni-Fe
PBA nanocubes through dissolving the Ni** from Ni(OH),
nanosheets by H* etching.l'” At the same time, the temperature-
dependent reactions are further performed to explore the dif-
ferent reaction stages for the formation of Ni-Fe PBA/Ni(OH),.
Explicitly, as compared with the as-prepared product at 40 °C,
the smaller and discrete Ni-Fe PBA nanocubes are anchored
on the edge of Ni(OH), obtained at the lower temperature (i.e.,
20 °C) (Figure S7a,b, Supporting Information), while the bigger
and much more PBA nanocubes are formed and thus cover
the Ni(OH), surface at the higher temperature (i.e., 60 °C)
(Figure S7c,d, Supporting Information). All these findings are
also supported by the gradually increased XRD diffraction inten-
sity of Ni;[Fe(CN)¢], in Figure S8 (Supporting Information) as
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Figure1. a) Schematicillustration of the preparation process of NiFeP@NC/Ni,P loop-sheet heterostructures. FESEM images of b) Ni(OH), nanosheets
and c) Ni-Fe PBA/Ni(OH),. d) XRD patterns of Ni(OH), and Ni—Fe PBA/Ni(OH),. €) TEM image of Ni—Fe PBA/Ni(OH), (Inset: TEM image of a single
Ni—Fe PBA nanocube). HRTEM images of f) the single Ni—Fe PBA nanocube and g) the Ni(OH), in Ni-Fe PBA/Ni(OH), heterostructure (Inset: FFT
patterns of the Ni—Fe PBA nanocube and Ni(OH),, respectively). h) STEM—EDX element mapping of Ni—Fe PBA/Ni(OH)s,.

well as their color change from the light green of Ni(OH), into
yellow brown in Figure S9 (Supporting Information).

Above all, the above results evidently indicate that this coordi-
nation reaction initially occurred at the edge of nanosheets with
the assistance of foreign H*.2% In detail, the Ni?" ions released
from edge sites would in situ coordinate with [Fe(CN)]**
to form Ni-Fe PBA nanocubes at the solid-liquid interface
(Figure S10, Supporting Information). Also, the reaction
rate is highly dependent on the reaction temperature.?!l The
Ni-Fe PBA/Ni(OH), synthesized at 40 °C displays that the well-
ordered Ni-Fe PBA nanocubes are edge-selectively aligned on
the Ni(OH), nanosheets and the phosphatized product exhibits
the optimal catalytic activity; therefore, the obtained product is
chosen as the typical sample for the subsequent characteriza-
tion. Notably, the AFM image of such Ni-Fe PBA/Ni(OH), het-
erostructure illustrates the height of two overlapped loop-sheets
gets increased to two orders of magnitudes more than that of
the two overlapped ultrathin Ni(OH), nanosheets (Figure S11,
Supporting Information). This increase of the height is due
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to the lifted-edges formed by the Ni-Fe PBA loop, where the
loop prevents the 2D plane-to-plane stacking and induce the
construction of open channels.

To get more insights into the detailed structure achieved
by the edge-selective synthesis strategy, transmission elec-
tron microscopy (TEM) and energy-dispersive X-ray (EDX)
elemental mapping are conducted. As depicted in Figure le,
each individual PBA nanocube, also attaching with neighboring
nanocubes, is implanted along the edge of sheet-template to
construct a cube-to-loop architecture. Besides, high-resolu-
tion TEM (HRTEM) images in Figure 1f,g are recorded from
the edge and surface region marked by the yellow frames in
Figure 1le, respectively. In region f, the lattice spacing is deter-
mined to be 0.51 nm, which is attributed to the (200) face of
Ni-Fe PBA (Figure S12, Supporting Information).??l The cor-
responding fast Fourier transform (FFT) pattern presents dis-
tinct bright spots with a cubically arranged shape (the inset
of Figure 1f), suggesting the formation of pure Ni-Fe phase
and being consistent with the XRD results.l??l Simultaneously,
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Figure 2. Structural characterization of NiFeP@NC/Ni,P heterostructures. a) SEM image. b) AFM image of overlapped NiFeP@NC/Ni,P loop-sheet
heterostructures c) with corresponding height profile and d) schematic illustrations. €) TEM image. f) HRTEM image, g) SAED pattern, and h) EDX
spectrum of the selected plane structure in NiFeP@NC/Ni,P heterostructures. i) HRTEM image, j) SAED pattern, and k) EDX spectrum of the selected
loop structure in NiFeP@NC/Ni,P heterostructures. |) STEM—EDX elemental mapping of NiFeP@NC/Ni,P loop-sheet heterostructures.

the well-resolved lattice fringes with a spacing of 0.23 nm
can be indexed to the (101) planes of Ni(OH), in the region g
(Figure S13, Supporting Information).”! The single crystalline
nature of Ni(OH), nanosheets is evidently validated by its FFT
pattern (the inset of Figure 1g). Moreover, the scanning TEM
(STEM) and the corresponding EDX mapping are employed to
evaluate the spatial element distribution in this heterostructure
(Figure 1h).”) Tt is witnessed that the Fe, C, and N elements
clearly occupy the edges. Also, the O element is evenly dis-
tributed across the subsheet while the Ni element is stretched
through the entire loop-sheet structure, corroborating that the
edge-etching Ni** ions from Ni(OH), nanosheets are indeed
coordinated with [Fe(CN)]**. Therefore, the above results can
jointly affirm the successful edge-selective formation of Ni-Fe
PBA loop onto Ni(OH), nanosheets.

After that, the obtained Ni-Fe PBA/Ni(OH), loop-sheet
hybrids are phosphatized via a facile gas-solid phase reaction
to form NiFeP@NC/Ni,P. The typical SEM images of final
products suggest that the loop-sheet heterostructure is well
inherited with the rough surface (Figure 2a and Figure S14,
Supporting Information). The corresponding AFM image fur-
ther reveals the lifted-edges at the periphery of nanosheets
(Figure 2b,c), illustrating the geometrically restricted stacking
property and the concurrently formed open channels for
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effective gas release (Figure 2d). The XRD pattern of hexagonal
Ni,P (JCPDS No. 89-2742) is well discerned without diffrac-
tion peaks of precursors remained, manifesting the complete
transformation of Ni—-Fe PBA/Ni(OH), after the phosphoriza-
tion process (Figure S15, Supporting Information). Notably, the
pure Ni,P diffraction peaks do not only represent the phospho-
rization of Ni(OH), but also indicate a single-phase matter of
NiFeP originated from Ni-Fe PBA rather than from a mixture
of two solid phases,?* which is resulted from the coexistence of
Ni and Fe atoms in Ni-Fe PBA and their synchronous phase
transformation.? As a comparison, the XRD pattern of pure
Ni-Fe PBA after phosphorization reveals the coexistence of
two-phase separated Ni,P (JCPDS No. 89-2742) and FeP (JCPDS
No. 65-2595), which can be attributed to the different stoichi-
ometric ratio of elements in the precursors (Figure S16, Sup-
porting Information).?>) The TEM analysis is as well conducted
to trace the changes of phase and interior structure for the as-
obtained NiFeP@NC/Ni,P hybrid. As displayed in Figure 2e,
an individual loop-sheet heterostructure discloses that the
subsheet is consisted of an assembly of arbitrarily oriented
and interconnected Ni,P nanoparticles with a high density of
interparticle grain boundaries, thereby fully activating the basal
planes. Besides, the ultrafine NiFeP nanocrystals are confined
in the amorphous N-doped carbon loop derived from the Ni-Fe
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PBA cube-to-loop architecture, endowing abundant active sites
distributed at edge-loop as well. The marked plane region f and
loop region i in Figure 2e are further characterized, respectively.
In Figure 2f, the HRTEM image of the plane region illustrates
that the interplanar spacing of the nanoparticles are 0.21 and
0.51 nm, corresponding to the (201) and (100) planes of Ni,P
crystals, accordingly.?®! It is interesting that Moiré patterns
can be clearly distinguished because of the overlap of Ni,P
nanoparticles at small mis-orientation angles, which designate
the lattice distortion of Ni,P obtained from the phosphoriza-
tion process of single crystal Ni(OH),.”?8l The corresponding
selected-area electron diffraction (SAED) image suggests its
polycrystalline structure (Figure 2g), while the EDX spectrum
implies the existence of Ni, P, and O elements (Figure 2h). The
O element is come from the surface oxidation of Ni,P due to air
exposure.?%3% Meanwhile, the HRTEM image of the loop region
in Figure 2i delineates that the ultrafine nanocrystals are dotted
among the amorphous N-doped carbon matrix with an average
diameter of =3.2 nm (Figure S17, Supporting Information).
Besides, the distinguished lattice fringes of 0.22 nm can
be ascribed to the (111) plane of NiFeP crystals.?) The SAED
patterns and EDX spectrum of this marked loop region sig-
nify the polycrystalline structure of NiFeP nanocrystals and
the coexistence of Ni, Fe, P, N, and O elements, respectively
(Figure 2j,k), demonstrating that the Fe element is still located
at loop region after phosphorization. The STEM-EDX elemental
mapping also demonstrates the homogeneous distribution of
Ni and P elements and the distinctly edge-occupied Fe, N, C
elements (Figure 21). All these confirm the fully inherited loop-
sheet heterostructure and spatial element distribution after
phosphorization reaction. Additionally, the incorporation of
carbon matrix is further verified by Raman spectroscopy. The
two broad peaks centered at around 1350 cm™ (D band) and
1560 cm™ (G band) are observed to confirm the presence of
carbonaceous species in this NiFeP@NC/Ni,P heterostructure,
which can be credited to the carbonization of cyano groups of
Ni-Fe PBA (Figure S18, Supporting Information).[*3233l

For a comparison, the pure Ni(OH), nanosheets are as well
directly undergone phosphorization reaction under identical
conditions. As expected, the obtained Ni,P product is failed to
maintain the nanosheet shape and fall apart as severely aggre-
gated nanoparticles owing to their random stress transfer in
the interior to reach a mechanical equilibrium (Figure S19,
Supporting Information).'”l In this way, it is revealed that the
edged-loop is crucial to facilitate the stress transfer and com-
pensate the stress derived from the lattice mismatch in the
phase transformation process. Therefore, the 2D nanosheet
structure of as-obtained interconnected Ni,P nanoparticles
with abundant grain boundaries is well preserved, contributing
to the exposure of solution-accessible active sites. Moreover,
the two counterparts (i.e., Ni-Fe PBA/Ni(OH),-20 and Ni-Fe
PBA/Ni(OH),-60, where the numbers of 20 and 60 designate
the synthesis temperature) are gone through the identical
phosphorization process. Their corresponding products (i.e.,
NiFeP@NC/Ni,P-20 and NiFeP@NC/Ni,P-60) present the
well-maintained 2D heterostructure as disclosed by the over-
view SEM images (Figure S20, Supporting Information), fur-
ther indicating the confined effect of the Ni-Fe PBA subarchi-
tecture in order to maintain the 2D structure. In particular,
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the HRTEM images and STEM-EDX elemental mapping of
NiFeP@NC/Ni,P-20 demonstrate the well-defined loop-sheet
heterostructure and the distinctly edge-occupied Fe element,
further validating the efficient stress-relaxation effect of the
edged Ni-Fe PBA architecture during the phase transforma-
tion process from Ni(OH), to Ni,P (Figure S21, Supporting
Information).

Collectively, the above characterization results illustrate
three aspects of the structural information: i) The Ni-Fe PBA
nanocubes are edge-selectively implanted along the periphery
of ultrathin Ni(OH), nanosheets, topologically lifting the edges
to prevent sheet-to-sheet stacking; ii) after phosphorization, the
interconnected Ni,P nanoparticles with abundant grain bound-
aries maintain the 2D sheet structure and simultaneously activate
the basal planes, while the Ni-Fe PBA cube-to-loop architecture is
converted into N-doped carbon loop decorated with ultrafine
NiFeP nanocrystals rendering abundant active sites distributed
at edge-loop as well; iii) the obtained NiFeP@NC/Ni,P is well-
maintained with its 2D loop-sheet heterostructure owing to
the edged-loop topology compensating the stress induced in the
phase transformation process.

To shed light on the valence states and electronic structure
of NiFeP@NC/Ni,P, the detailed X-ray photoelectron spec-
troscopy (XPS) analysis is performed. The survey XPS spectra
are collected to convey the coexistence of Ni, Fe, P, C, and N
in NiFeP@NC/Ni,P as well as O elements due to the inevitable
surface oxidation of phosphides coming from air exposure
(Figure S22a, Supporting Information).?¥ The depth-profiling
XPS spectra of Ni 2p can be deconvoluted into four peaks
besides the satellites (Figure 3a). During Ar ion sputtering, it is
observed that the intensity of the two peaks at 852.9 (Ni 2p;),)
and 870.2 eV (Ni 2py ) for Ni** in Ni-P gets gradually increased,
which confirms the interior existing in the form of phos-
phides.'Zl Simultaneously, the intensity of other two peaks at
856.8 (Ni 2p3,) and 874.6 eV (Ni 2p, ) decreases because the oxi-
dized Ni species (Ni**) located at surface would contact with the
ambient air rather than the interior.> For the case of Fe, sim-
ilar changes in the depth-profiling XPS spectra of Fe 2p suggest
the intrinsic phosphide to form NiFeP with surface oxidation as
well (Figure S22b, Supporting Information).3%¥! The intensity
of P-M (M = Ni, Fe) bond is increased for the increasing Ar
ion sputtering duration, agreeing well with the above discussion
(Figure S22¢, Supporting Information).B® It is also noted that
the depth-profiling N 1s and Cls spectra signify the uniform dis-
tribution of N-doped carbon matrix (Figure S22d,e, Supporting
Information), being consistent with the Raman and EDX ele-
ment mapping results discussed above. As compared with
the interior valence states and chemical environment of Ni,P,
the binding energies of Ni 2p and P 2p for NiFeP@NC/Ni,P are
shifted negatively, indicating the charge redistribution occurs
after introducing the edge NiFeP@NC loop due to the strong
interfacial interaction (Figure 3b,c).*! Such effects suggest the
strong electronic coupling of Ni,P nanosheet and NiFeP@NC
loop, which is beneficial for electron transport during OER.H)

With the aim to further assess the subtle change in the
electronic state for the loop-sheet heterostructure, element-
selective X-ray absorption fine structure (XAFS) spectroscopy
experiments are conducted, including X-ray absorption near-
edge structure (XANES) and extended X-ray absorption fine
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Figure 3. a) Depth-profiling XPS spectra of Ni 2p for NiFeP@NC/Ni,P after Ar ion etching with different duration. High-resolution XPS for b) Ni 2p
and c) P 2p spectra of NiFeP@NC/Ni,P and Ni,P under Ar ion etching for 360 s. d) Ni K-edge XANES spectra. e) Fourier transform of Ni K-edge
EXAFS spectra at R space and the corresponding EXAFS fitting at R space. f) Wavelet transform of the k*-weighted EXAFS data of NiFeP@NC/Ni,P.
g) Fe K-edge XANES spectra. h) Fourier transform of Fe K-edge EXAFS spectra at R space and the corresponding EXAFS fitting at R space. i) Wavelet

transform of the k?-weighted EXAFS data of NiFeP@NC/Ni,P.

structure (EXAFS)."M* Figure 3d shows the Ni K-edge XANES
spectra of NiFeP@NC/Ni,P, Ni,P, NiO, and Ni foil. The absorp-
tion edges of NiFeP@NC/Ni,P and Ni,P are found lower than
that of NiO but higher than the one of Ni foil, which indicates
the average charge state values of Ni element in NiFeP@NC/
Ni,P and Ni,P being less than +2.] Moreover, as compared
with Ni,P, a negative edge shift of XANES peak of NiFeP@
NC/Ni,P is observed along with a decrease of the Ni oxidation
state, indicating the occurrence of electron transfer to Ni sites
and engendering the electron enrichment on the Ni sites.[**]
The reverse trend is observed for the positive edge shift of the
Fe K-edge XAENS spectra of NiFeP@NC/Ni,P as compared
with that of Ni,P-FeP@NC (Figure 3g). It confirms the oxida-
tion state of Fe increased in the edge NiFeP@NC loop, which
is beneficial for the oxidation reaction.*’! Also, a comparison
of the Fourier transforms of EXAFS and fitting results at the
Ni K-edge of the different samples is applied to extract the

Small 2021, 17, 2006860 2006860

structural parameters (Figure 3e)."~*8 The Ni—Ni(Fe) bond dis-
tance in NiFeP@NC/Ni,P is slightly shorter than that of Ni,P
(Table S1, Supporting Information), meaning the Ni-Ni(Fe)
bond strengthening and demonstrating an intimate interfacial
contact of edge-occupied Fe species with interconnected Ni,P
nanoparticles.** The Fourier transforms of EXAFS and fitting
results at the Fe K-edge reveal a distinguished position differ-
ence of Fe—P and Fe—Fe(Ni) bond in NiFeP@NC/Ni,P as com-
pared with those in Ni,P-FeP@NC (Figure 3h and Table S2,
Supporting Information). This distinct difference indi-
cates the dissimilar coordination spheres of Fe atoms,
which in turn confirms the single-phase NiFeP existing in
NiFeP@NC/Ni,P as distinguished from the two-phase Ni,P
and FeP in Ni,P-FeP@NC. The wavelet transform (WT) of Ni
K-edge EXAFS oscillations of NiFeP@NC/Ni,P demonstrates
only one intensity maximum at 5.7 A~ related to the Ni-P
bonding, which is shifted to the larger value as compared

(6 of 1) © 2021 Wiley-VCH GmbH
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Figure 4. a) Polarization curves of NiFeP@NC/Ni,P, Ni-Fe PBA/Ni(OH),, Ni(OH),, and RuO,. b) The corresponding Tafel plots derived from the
polarization curves in (a). c) Comparison of overpotentials at 20 mA cm=2 and Tafel plots for NiFeP@NC/Ni,P and other reported TMPs for OER.
d) Nyquist plots of NiFeP@NC/Ni,P, Ni-Fe PBA/Ni(OH),, Ni(OH),, and RuO, (Inset: equivalent circuit). e) The double-layer capacitance (Cy) of
NiFeP@NC/Ni,P, Ni-Fe PBA/Ni(OH),, and Ni(OH),. f) Multicurrent steps chronopotentiometry curve of NiFeP@NC/Ni,P without iR correction.
g) Stability test of NiFeP@NC/Ni,P on NF via chronoamperometry curve for 24 h without iR correction (Inset: polarization curves of NiFeP@NC/Ni,P on
NF before and after chronoamperometry measurement without iR correction). h) Schematic illustration of the comparison of 2D sheets and loop-sheets.

with that of Ni,P (Figure 3f and Figure S23, Supporting
Information).)) The WT of Fe K-edge EXAFS oscillations of
NiFeP@NC/Ni,P as well displays one intensity maximum
at 4.2 At assigned to the Fe—P coordination, which is shifted
to a smaller value as compared with that of Ni,P-FeP@NC
(Figure 3i and Figure S24, Supporting Information).”® All
these results clearly illustrate that the controllable construc-
tion of the edge-loop concurrently regulates the local electronic
configuration in NiFeP@NC/Ni,P heterostructure, which is
conducive to oxidation reaction and electron transfer.

In this way, the electrocatalytic performance of NiFeP@
NC/Ni,P for OER is thoroughly evaluated by a typical three-
electrode setup under alkaline condition (1 m KOH, pH 13.6).
For a comparison, the obtained Ni-Fe PBA/Ni(OH),, Ni(OH),,
and the commercial RuO, are measured at identical condi-
tion. As shown in Figure 4a, the polarization curve reveals
that the as-obtained NiFeP@NC/Ni,P exhibits an overpoten-
tial of 223 mV for OER at 20 mA cm~2, which is much smaller
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than those of Ni-Fe PBA/Ni(OH), (170 = 310 mV), Ni(OH),
(1720 = 343 mV) as well as the commercial RuO, (7,9 = 284 mV).
Moreover, the NiFeP@NC/Ni,P product requires a much
lower overpotential of 257 mV to afford a high current den-
sity of 100 mA cm™2, whereas the commercial RuO, needs
an overpotential of 394 mV to yield the same current density
of 100 mA cm™2. Besides, NiFeP@NC/Ni,P shows a much
enhanced mass activity at an overpotential of 300 mV, which
is about 9, 21, and 45 times higher than those of the bench-
mark RuO,, binary Ni-Fe PBA/Ni(OH),, and pristine Ni(OH),,
respectively (Figure S25, Supporting Information). All these
results suggest the ultrahigh efficiency of NiFeP@NC/Ni,P for
electrocatalytic OER. To further investigate the OER kinetics,
the corresponding Tafel plots are measured. As displayed in
Figure 4b, the Tafel slope of NiFeP@NC/Ni,P is determined
to be 46.1 mV dec! that is much lower than those of RuO,
(78.2 mV dec™), Ni-Fe PBA/Ni(OH), (71.5 mV dec™)), and
Ni(OH), (98.5 mV dec™), implying the favorable OER kinetics of

© 2021 Wiley-VCH GmbH
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the NiFeP@NC/Ni,P hybrids. The electrocatalytic OER activity
of different counterparts are also measured under the iden-
tical alkaline condition. As a result, the NiFeP@NC/Ni,P has
superior OER performance than Ni,P-FeP@NC (17,9 = 244 mV;
Tafel slope: 54.9 mV dec™!), NiFeP@NC/Ni,P-60 (249 mV;
64.5 mV dec!), NiFeP@NC/Ni,P-20 (277 mV; 65.0 mV dec™}),
and Ni,P (308 mV; 78.5 mV dec™) (Figures S26 and S27, Sup-
porting Information). Those results corroborate that the syner-
gistic composition effects of hybrid provide a crucial factor to
the superior electrocatalytic OER performance,! in which the
edge-topologic regulation on NiFeP@NC/Ni,P catalyst induces
Ni,P nanosheets confined by NiFeP@NC loop exhibiting the
optimal synergistic effects of the components. Impressively,
the low overpotential and Tafel slope point toward the OER
performance of NiFeP@NC/Ni,P being superior to almost all
TMP catalysts reported previously, placing the NiFeP@NC/
Ni,P catalyst among the top tier of water oxidation catalysts
(Figure 4c and Tables S3 and S4, Supporting Information).

On the other hand, to elucidate the origins of the high
OER performance of NiFeP@NC/Ni,P, we carry out the elec-
trochemical impedance spectroscopy (EIS) and double-layer
capacitance (Cgq) measurement. In explicit, EIS analysis is
first employed to uncover the interfacial reaction kinetics.
The Nyquist plot reveals that the NiFeP@NC/Ni,P catalyst
exhibits the lowest charge transfer resistance (4.5 Q) as com-
pared with those of RuO, (8.8 ), Ni-Fe PBA/Ni(OH), (15.1 Q),
and Ni(OH), (16.2 Q), implying the superior charge-transfer
capacity of NiFeP@NC/Ni,P because the self-anti-stacking
loop-sheet feature with lifted-edges can induce open chan-
nels to facilitate mass transfer (Figure 4d and Table S5, Sup-
porting Information).l’? Subsequently, the values of Cy are
measured to estimate the electrochemically active surface area
(ECSA) in order to assess the corresponding intrinsic activity
of OER electrocatalysts. The cyclic voltammetry (CV) curves of
NiFeP@NC/Ni,P, Ni-Fe PBA/Ni(OH),, and Ni(OH), with dif-
ferent scan rates are recorded (Figure S28, Supporting Informa-
tion). As presented in Figure 4e, the Cy value of NiFeP@NC/
Ni,P is found to be 4.56 mF cm™2, being larger than that of
Ni-Fe PBA/Ni(OH), (3.08 mF cm?) and Ni(OH),
(2.10 mF cm™). It is suggested that a higher density of cata-
Iytically active sites is obtained in NiFeP@NC/Ni,P, which can
be ascribed to the formation of abundant grain boundaries in
the 2D Ni,P sheet and the gain of ultrafine NiFeP nanocrys-
tals in the edge-loop. More importantly, the loop-sheet struc-
ture can prevent the stacking of 2D nanosheets from blocking
the active sites. Instead, it can create accessible open channels
for the better exposure of these catalytic sites. In addition,
Figure 4f illustrates the multistep chronopotentiometric
curve of NiFeP@NC/Ni,P with the current density increased
stepwise from 20 to 80 mA cm2 Each increasing step, with
a duration of 500 s, shows the instantly stable state as the cur-
rent changes, verifying the excellent ion/mass transport (i.e.,
inward diffusion of OH™ and outward diffusion of oxygen bub-
bles) of NiFeP@NC/Ni,P loop-sheet heterostructures with open
channel construction.l’*>4

The stability of NiFeP@NC/Ni,P is further evaluated via
a chronoamperometry curve for 24 h. It is noted that the Ni
foam (NF) is used as the substrate for this stability test to pre-
vent the catalyst from detachment during a long-time opera-
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tion because the deposited catalyst would easily fall off from
the small-area glass carbon electrode (GCE) under the influ-
ence of generated O, gas bubbles.’> As a result, the current
remains constant without any obvious degradation in this
long-duration electrochemical process, indicating an excellent
stability of this NiFeP@NC/Ni,P loop-sheet heterostructure
(Figure 4g). The morphology of NiFeP@NC/Ni,P subjected
to the stability test is also examined. The corresponding TEM
image illustrates the catalysts sustained the original frame-
work, demonstrating the structural stability of such 2D loop-
sheet heterostructures (Figure S29, Supporting Information).
This enhanced stability is anticipated due to the fact that the
N-doped carbon looped-skeleton would hold the sheet more
robustly with strong mechanical reinforcement. Later, the
processed NiFeP@NC/Ni,P catalyst after OER stability test
for 24 h is further characterized by the depth-profiling XPS to
evaluate the OER mechanism (Figure S30a, Supporting Infor-
mation).’”} Specifically, without any Ar ion etching, the char-
acteristic peaks related to Ni-P and Fe-P bonding are com-
pletely disappeared, whereas there are only the oxidized peaks
observed in the Ni 2p and Fe 2p spectra (Figure S30b,c, Sup-
porting Information), indicating the surface is completely oxi-
dized on the phosphides after the reaction. It can be ascribed
to the formation of oxy/hydroxides (M-OOH, M = Ni, Fe) as
active sites for OER,P8l which is consistent with the previous
reports of TMPs for OER.5*®! Likewise, for P 2p spectrum
without any Ar ion etching, the disappearance of the phosphide
components (=129 eV) further confirms the oxidation of phos-
phides on the surface (Figure S30d, Supporting Information)./
Furthermore, the peaks ascribed to Ni—P and Fe—P bonding in
the Ni 2p and Fe 2p spectra, respectively, are present and inten-
sified under the prolonged etching time, indicating the core
materials remained unchanged.l®?l In this way, the OER cata-
Iytic capability of NiFeP@NC/Ni,P for OER can be originated
from the formation of catalytically active oxo/hydroxide on
the surface. Previous computational study of (Ni,Fe)JOOH has
indicated that the converted Fe(IV) stabilizes the O radical by
exchange interaction to generate it efficiently, while the Ni(IV)
catalyzes the O-O coupling.l®¥l The two components assume
the two different critical functionalities necessitated for OER
and this synergy can deliver the optimal OER performance.[©364
Alternatively, the core phosphides cooperated with the conduc-
tive carbonaceous looped-skeleton are particularly beneficial for
the faster electron transport in the heterostructure.[26:6%

Taken all together, the 2D loop-sheet heterostructure can
effectively prevent sheet-to-sheet stacking with the lifted-edges,
while the conventional 2D nanosheets are prone to stack
together under the influence of van der Waals interaction,¢¢7]
as schematically illustrated in Figure 4h. Therefore, this loop-
sheet heterostructure is advantageous to the exposure of active
sites and the enhanced contact area with electrolytes. Such
structure with open channels can also promote the diffusion
of water molecules and release of gaseous products to further
avail the OER activity of catalysts. Apart from the exterior geo-
metric superiority, the interior compositional synergism accom-
panied with electronic regulation is also critical to the excellent
OER performance.®® Specifically, the N-doped carbon looped-
skeleton can provide improved electrical conductivity, whereas
the ultrafine NiFeP nanocrystals and Ni,P nanoparticles

© 2021 Wiley-VCH GmbH
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Figure 5. a) Schematic illustration of the two-electrode setup for overall water splitting. b) Polarization curves of NiFeP@NC/Ni,P||NiFeP@NC/Ni,P
and Pt/C||RuQ; in a two-electrode configuration for water splitting. c) Digital photograph of the NiFeP@NC/Ni,P|[NiFeP@NC/Ni,P couple driven by
a solar cell. d) Magnified photograph of the two-electrode setup and the electrodes.

provide abundant active Fe and Ni sites. Therefore, the appro-
priate control of NiFeP@NC edged-loop on the Ni,P sheet can
substantially lower the activation barrier with the optimal syn-
ergetic effect of Fe and Ni sites to achieve the superior OER
performance of NiFeP@NC/Ni,P." ]

The electrocatalytic hydrogen evaluation reaction (HER)
performance of NiFeP@NC/Ni,P is also investigated in the
alkaline solution (1 M KOH). It is found that the NiFeP@NC/
Ni,P catalyst exhibits an overpotential of 257 mV to afford a
current density of 10 mA cm™ with outstanding stability for
HER (Figure S31, Supporting Information). In this case, a two-
electrode configuration employing NiFeP@NC/Ni,P as both
anode and cathode is constructed for overall water splitting in
1.0 m KOH electrolyte (Figure 5a). As shown in Figure 5b, the
NiFeP@NC/Ni,P couple shows a cell voltage of 1.57 V to reach
a benchmark current density of 10 mA cm2, which is compa-
rable to that of the commercial Pt/C||RuO, couple (1.56 V). It is
noted that this voltage is lower than the simple addition of over-
potentials from the HER and OER half-reaction, which could
be ascribed to the fact that 3D NF as supporting electrode has a
larger surface area and better electrical conductivity as compared
with the ones of GCE."” Notably, the NiFeP@NC/Ni,P couple
delivers a high current density of 100 mA cm~2 achieved by a cell
voltage of 1.83 V that is lower than that of Pt/C||RuO, (1.86 V).
Furthermore, the durability of this electrolyzer is examined at
a current density of 10 mA cm™2. The chronopotentiometric
curve illustrates that the NiFeP@NC/Ni,P||NiFeP@NC/Ni,P
couple maintains a steady cell voltage at 10 mA cm™ over
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24 h (Figure S32, Supporting Information), indicating the
good mechanical robustness of NiFeP@NC/Ni,P as bifunc-
tional electrocatalysts. More importantly, this two-electrode
device is also integrated with a commercial silicon solar cell to
demonstrate the practical utilization of NiFeP@NC/Ni,P for
solar-driven water electrolysis. Interestingly, the NiFeP@NC/
Ni,P||NiFeP@NC/Ni,P couple is efficiently powered by the solar
panel, which provides a real-time potential output of =1.68 V
under sunlight irradiation (Figure 5¢). A large amount of bub-
bles is witnessed to be emerged from both electrodes (Figure 5d
and Movie S1, Supporting Information). As a result, a solar-
cell-driven overall water-splitting device can be effectively and
robustly achieved by the NiFeP@NC/Ni,P couple, which ren-
ders it with a good potential for industrial applications.

In summary, Ni-Fe PBA nanocubes are edge-selectively
aligned along the periphery of ultrathin Ni(OH), nanosheets
to constitute a self-anti-stacking 2D loop-sheet assembly. The
subsequent phosphorization treatment generates unique
phosphides based heterostructures, with the architecture com-
posing interconnected Ni,P nanosheets and N-doped carbon
loop decorated with ultrafine NiFeP nanocrystals. The key to
this synthesis is owing to the edged-loop topology compen-
sating the induced stress in the phase transformation process;
therefore, the sheet-to-sheet stacking is prevented with lots
of the open channels resulted. This edge-topologic and elec-
tronic regulation on the 2D metal phosphide heterostructure
would contribute to the conspicuously accessible active sites
and the largely improved ion/mass transfer. In this way, the

© 2021 Wiley-VCH GmbH
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heterostructure exhibits a remarkable oxygen evolution activity
with an overpotential of 223 mV at 20 mA cm™ and a small
Tafel slope of 46.1 mV dec™!, ranking the top tier among the
metal phosphide electrocatalysts reported to date. Moreover,
the NiFeP@NC/Ni,P heterostructures are employed as both
anode and cathode for overall water splitting in alkaline electro-
lytes, exhibiting a current density of 10 mA cm™ with a cell
voltage of 1.57 V as well as excellent durability. More intrigu-
ingly, a solar-cell-driven overall water-splitting device can be
robustly established based on the heterostructures. This work
paves a promising pathway for preparing durable and vastly
active 2D transition-metal heterostructures towards versatile
applications in electrochemical energy storage and conversion.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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