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ABSTRACT

The development of MXene-based heterostructures for electrocatalysis has garnered significant attention owing
to their potential as high-performance catalysts that play a pivotal role in hydrogen energy. Herein, we present a
multistep strategy for the synthesis of a Ti;C, MXene ribbon/NiFeP, @graphitic N-doped carbon (NC) heterostruc-
ture that enables the formation of three-dimensional (3D) Ti;C, MXene ribbon networks and bimetallic phosphide
nanoarrays. With the assistance of HF etching and KOH shearing, the MXene sheets were successfully trans-
formed into 3D MXene networks with interlaced MXene ribbons. Notably, a hydrothermal method, ion exchange
route, and phosphorization process were used to anchor NiFeP, @NC nanocubes derived from Ni(OH),/NiFe-
based Prussian blue (NiFe-PB) onto the MXene ribbon network. The resulting MXene ribbon/NiFeP, @NC het-
erostructure demonstrated enhanced oxygen evolution reaction (OER) activity, characterized by a low overpo-
tential (164 mV at a current density of 10 mA cm~2) and a low Tafel slope (45 mV dec™!). At the same time, the
MZXene ribbons/NiFeP, @NC heterostructure exhibited outstanding long-term stability, with a 12 mV potential
decay after 5000 cyclic voltammetry (CV) cycles. This study provides a robust pathway for the design of efficient

MXene-based heterostructured electrocatalysts for water splitting.

1. Introduction

Hydrogen is a promising, environment-friendly, and sustainable en-
ergy source. Among the numerous hydrogen production methods, elec-
trochemical water splitting is widely recognized as an ideal approach
for hydrogen generation [1-3]. However, the entire process of electro-
chemical water splitting is constrained by the poor kinetics of the anodic
oxygen evolution reaction (OER), which is a four-electron process and
poses a significant hurdle to achieving efficient hydrogen production
[4-6]. Noble metal-based catalysts, such as RuO, and IrO,, are presently
robust OER catalysts, but their widespread adoption is impeded by their
considerable cost, limited availability, and inadequate durability [7-9].
Therefore, significant research effort has been dedicated to the develop-
ment of cost-effective and highly efficient catalysts.

Prussian blue analogs (PBAs), which are typical examples of metal-
organic frameworks (MOFs), have multiple transition metal active cen-
ters. These atoms are strongly interconnected within the framework,
enabling them to achieve more accessible active sites and generate un-
expected synergistic effects [10-12]. Furthermore, PBAs can be further
modified and converted into other polymetallic compounds through
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chemical processes [13-15]. In particular, PBA-derived transition metal
phosphides are prominent on account of their high specific surface area,
rich pore structure, highly dispersed active sites, and considerable con-
ductivity [16-19]. However, PBAs synthesized via chemical precipita-
tion typically exist in powder form and require coating onto a conduc-
tive substrate using a polymeric binder for electrocatalytic processes.
This leads to agglomeration, thereby reducing the active surface area
and resulting in suboptimal catalytic performance [20,21]. In addition,
MOF-derived multivariate transition metal phosphides have shown con-
siderable electrocatalytic activity due to their unique electronic struc-
tures and abundant active sites [22]. To this end, it is necessary to ex-
plore a reliable substrate to disperse PBAs and achieve good interfa-
cial binding behavior to decrease their aggregation, thereby accelerating
their electrocatalytic kinetics.

MXenes (Ti;C,T,), which are novel two-dimensional (2D) transition-
metal-based carbides or nitrides, exhibit excellent electrical conductiv-
ity, considerable surface area, and remarkable chemical stability. Addi-
tionally, the surface of MXenes obtained through certain etching pro-
cesses contains a large number of functional groups (denoted as T,),
such as hydroxyl (-OH), fluorine (-F), and oxygen (-O), which enable
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MZXenes to form composites with other materials and achieve excellent
synergistic effects [23-26]. However, due to the robust van der Waals
forces between the layered Ti;C,T, MXene sheets, they tend to aggre-
gate, leading to a substantial reduction in the available active site load-
ing area. Thus, developing a reliable process for obtaining a novel MX-
ene structure is an effective route to overcome the aforementioned bot-
tlenecks and achieve better catalytic performance [27-29]. For exam-
ple, Zeng and co-worker reported a honeycomb-like MXene/NiFeP,-NC
heterostructure, which combined highly dispersed NiFeP, nanoparticles
and layered MXene and exhibited a remarkable OER activity with an
overpotential of 240 mV at a current density of 10 mA cm~2 [30]. Li
et al. loaded a large number of NiFeCoP nanoparticles onto MXene to
promote the OER [31]. Yue et al. grew mesoporous NiCoP nanosheets on
MXene using an in-situ interface growth strategy and subsequent phos-
phorization; the obtained MXene@mNiCoP exhibited excellent OER ac-
tivity [32].

In this study, we propose an integrated electrode composed of MXene
ribbons, NiFeP, @graphitic N-doped carbon (NC) derived from Ti;C,
MXene sheets, and Ni(OH),/NiFe-based Prussian blue (NiFe-PB) as a
highly efficient OER electrocatalyst for promoting pollution-free hydro-
gen production. Owing to the presence of unsaturated coordination sites
on the surface of the Ni(OH), sheets, NiFe-PB was grown in situ on the
Ni(OH), surface. The as-obtained NiFeP, @NC was tightly anchored to
the MXene ribbon network, promoting electron transfer and structural
stability. Simultaneously, the obtained open-pore structured bimetallic
phosphide nanoarrays can increase mass transfer and expose more ac-
tive sites. Thus, the target MXene ribbon/NiFeP,@NC heterostructure
exhibited remarkable performance in terms of OER activity and stabil-
ity. MXene ribbons/NiFeP, @NC can achieve an overpotential of 164 mV
at a current density of 10 mA cm~2, which is superior to many re-
ported non-precious metal OER catalysts. The proposed method not only
avoids the aggregation of PBA-derived transition metal phosphides, but
also strengthens the bonding and contact of heterogeneous interfaces,
thereby exposing active sites and improving the long-term stability of
the catalyst.

2. Experimental section
2.1. Chemicals

TizAlCy MAX (> 99%, 200 mesh) was purchased from Laizhou Kai Xi
Ceramic Materials Co., Ltd. Nickel nitrate hexahydrate (Ni(NO3),-6H,0,
> 98%), potassium ferricyanide (K3[Fe(CN)¢l, > 99.5%), hex-

amethylenetetramine (HMT, > 99%), trisodium citrate dihydrate
(NagCgH50,2H,0, NaAc, > 99%), sodium hypophosphite monohydrate
(NaH,PO,'H,0, > 99%), potassium hydroxide (KOH, 95%), and hy-
drofluoric acid (HF, 40%) were purchased from Sinopharm Chemical
Reagent Co., Ltd. All reagents were used directly without further purifi-

cation.
2.2. Synthesis of MXene sheets

0.5 g of Ti3AlC, MAX was slowly introduced into a 100 mL Teflon
liner containing 60 mL of concentrated HF and stirred at room tem-
perature for 72 h. The resulting mixture was centrifuged to isolate the
product, which was washed multiple times with deionized water. Fi-
nally, the products were subjected to vacuum drying at 60 °C for 12 h
to obtain the Ti;C, MXene sheets.

2.3. Synthesis of MXene ribbons

0.5 g of TizC, MXene sheets were dispersed in 60 mL of a KOH so-
lution (6 M) and stirred for 72 h. The resulting mixture was centrifuged
to isolate the product, which was washed multiple times with deionized
water and dried in a vacuum oven at 60 °C for 24 h to obtain the Ti3C,
MZXene ribbons.
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2.4. Synthesis of the MXene ribbons/Ni(OH), heterostructure

0.04 g of Ti;C, MXene ribbons were added to 60 mL of ethanol,
followed by stirring for 30 min and sonication for 30 min. 0.1454 g
of Ni(NO3),6H,0 and 0.56 g of HMT were subsequently added to the
aforementioned solution and stirred for 15 min. The solution was trans-
ferred to a Teflon-lined autoclave with a volume of 100 mL and left to re-
act at 120 °C for 4 h; the resulting product was centrifuged, washed mul-
tiple times with ethanol and dried in a vacuum oven at 60 °C overnight
to obtain the Ti;C, MXene ribbons/Ni(OH), heterostructures.

2.5. Synthesis of the MXene ribbons/Ni(OH),/NiFe-PB heterostructure

0.6615 g of NaAc and 0.436 g of Ni(NO3),-6H,O were mixed in
50 mL of deionized water to create a homogeneous solution. 50 mL of
deionized water containing 0.329 g of K3 [Fe(CN),] was slowly added to
the aforementioned solution and stirred for 15 min to obtain a clear fluo-
rescent green solution. 0.02 g of MXene ribbons/Ni(OH), was dispersed
into the solution, which was then sealed in a beaker, kept at 40 °C for
1 h and incubated for 10 h at room temperature. The resulting powder
was washed multiple times with deionized water and ethanol and then
dried in a vacuum oven at 60 °C for 12 h to obtain the Ti;C, MXene
ribbon/Ni (OH),/NiFe-based Prussian blue (NiFe-PB) heterostructures.

2.6. Synthesis of the MXene ribbons/NiFeP, @NC heterostructure

The synthesized MXene ribbon/Ni(OH),/NiFe-PB heterostructures
and sodium hypophosphite (0.5 g) were placed in two porcelain vessels
and transferred to a tube furnace. In this system, the sodium hypophos-
phite was used as a phosphorus source and participated in the reac-
tion via gas-phase volatilization. The products were heated to 350 °C
at a heating rate of 2 °C min~! and kept for 2 h under a N, atmo-
sphere. Finally, the TizC, MXene ribbon/NiFeP,@NC heterostructures
were obtained. Similarly, MXene ribbons/NiFeP,@NC structures with
different MXene ribbon contents (20 and 60 mg) were prepared to
optimize the electrocatalytic properties of the catalysts. Pure NiFe-PB
and NiFeP,@NC catalysts were synthesized for comparison. NiFeP, @NC
was obtained by pyrolysis of NiFe-PB at 350 °C by placing sodium hy-
pophosphite on the upstream side of the tube furnace.

2.7. Materials characterization

The crystal structures of the samples were examined using X-ray
diffraction (XRD; D8 Advance, Bruker, Germany). The microstructures
and morphologies of the samples were observed by field-emission scan-
ning electron microscopy (FE-SEM; HITACHI, SU8010, Japan) and trans-
mission electron microscopy (TEM; JEM-2100F, Japan). Chemical el-
emental mapping analysis of the samples was performed using X-ray
photoelectron spectroscopy (XPS; Thermo Escalab 250Xi) and energy-
dispersive X-ray spectroscopy (EDS; Oxford Instruments, Xplore, UK)
coupled to the SEM equipment.

2.8. Electrochemical measurements

The electrochemical properties of the catalysts and the commer-
cial RuO, were assessed using a three-electrode cell controlled by a
CHI760E electrochemical workstation connected to a rotating device
(RRDE-3A; ALS Inc., Tokyo, Japan). The electrolyte was a KOH so-
lution (1 M) saturated with oxygen. The counter and reference elec-
trodes were composed of platinum wire and Ag/AgCl, respectively. The
working electrode was prepared by combining 4 mg of the catalyst
with 1 mL of a Nafion solution (5 wt.%) and sonicating the mixture
for 2 h to obtain the catalyst ink. Subsequently, the catalyst ink was
dropped onto a glassy carbon electrode with a diameter of 3 mm, re-
sulting in a catalyst loading of 0.2 mg cm~2. Linear scanning voltam-
metry (LSV) curves were recorded at a scan rate of 2 mV s~!. The
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Fig. 1. Scheme showing the fabrication process of the MXene ribbons/NiFeP, @NC heterostructure.

—
o)

(b)

) + FeP, (JCPDS 34-0996) ¢ Ni,P (JCPDS 03-0953) Ti 2p
# FeP (JCPDS 89-2746)

@ Ni(OH), « Ti,C, MXene ribbons/NiFeP,@NC

Intensity (a.u.)
Intensity (a.u.)

-

MXene ribbons
.A s *a -
T T

(c)

Ni 2p

Ni 2p;,

Ti 2py,

Intensity (a.u.)

40 60 7

© 20 30 a 50 ) 70 8 L, : : : : :
eta (degree 468 466 464 462 460 458 456 o ' ' ' ; ' -
_ 46: 885 880 875 870 865 860 855
Binding energy (eV) Binding energy (eV)
Y £\
(d) Fe 2p Fe 2p,, Fe 2ps, Le)pr 2p (f) Cis
P-0
3 ] 3
s s ]
2 =y 2
@ ® ‘D
] s g
£ E g
P2p,, P2py,
- e
730 725 720 715 710 705 136 134 132 130 12¢ 200 288 286 284 282

Binding energy (eV)

Binding energy (eV)

Binding energy (eV)

Fig. 2. (a) XRD patterns of the catalysts. High-resolution XPS spectra of (b) Ti 2p, (c) Ni 2p, (d) Fe 2p, (e) P 2p, and (f) C 1s for the MXene ribbons/NiFeP, @NC

heterostructure.

double-layer capacitance (C4) was analyzed by cyclic voltammetry (CV)
curves at scan rates ranging from 20 to 200 mV s~!. The electrochem-
ical surface area (ECSA) value was calculated based on the follow-
ing equation: ECSA = Cy/C; (C, represents the specific capacitance,
C, = 0.04 mF cm~2 in a 1 M KOH solution) [33]. The electrochemi-
cal impedance spectra (EIS) were acquired with an open circuit poten-
tial and an AC voltage of 5 mV across a frequency range of 0.01 Hz to
100 kHz. The stability of the samples was assessed by chronoamperome-
try at a constant potential of 1.394 V (vs. reversible hydrogen electrode
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(RHE)). The reference electrode was converted to the RHE using the
following equation: Epyg = Epg/agci + 0.0591 x pH + 0.197.

3. Results and discussion

TizC, MXene ribbon/NiFeP, @NC heterostructures were prepared
using a hydrothermal method, ion exchange route, and phosphorization
process, as shown in Fig. 1. Typically, TizAIC, MAX species were etched
with HF to obtain Ti;C, MXene sheets, as previously described [34].
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Fig. 3. (a)-(c) SEM images and (e)—(g) TEM images of (a)(e) MXene ribbons, (b)(f) NiFe-PB, and (c)(g) MXene ribbons/NiFeP, @NC heterostructure. (d) EDS

elemental mapping image of the MXene ribbons/NiFeP, @NC heterostructure.

Subsequently, the Ti;C, sheets were transformed into three-dimensional
(3D) MXene networks with interlaced Ti;C, ribbons by the "shearing
effect" of the KOH solution [35,36]. Ni(OH), sheets were grown on
MXene ribbons using a hydrothermal method, and NiFe-based Prus-
sian blue (NiFe-PB) nanocubes were grown in situ by ion exchange
with the assistance of unsaturated Ni%+ ions in the Ni(OH), sheets. Fi-
nally, the MXene ribbon/Ni(OH),/NiFe-PB was transformed into MXene
ribbon/NiFeP, @NC heterostructures by a low-temperature phospho-
rization process. Interestingly, the unsaturated coordination sites on the
surface of the Ni(OH), sheets not only promoted the in situ growth of PB
nanocubes but also enhanced the binding of PB nanocubes and MXene
ribbon substrates, which facilitated charge transfer and structural stabil-
ity. During the phosphorization process, bimetallic phosphates (NiFeP,)
are formed and coated with graphitic N-doped carbon (NC), which pro-
vides good electrical conductivity. These bimetallic phosphide nanoar-
rays with open-pore structures can expose a large number of active sites
and enhance mass transfer, indicating that the target products may be
efficient OER electrocatalysts.

The phases of the catalysts were analyzed using the X-ray diffrac-
tion (XRD) technique, as illustrated in Figs. 2(a) and S1. The diffrac-
tion peaks of the synthesized Ti;C, MXene ribbons were assigned to
the Ti;C, MXene phase, in agreement with previous reports [36]. The
noticeable diffraction peak at 7.14° indicates the interlayer spacing of
the MXene ribbons significantly increased, which further confirmed the
successful removal of Al from the MAX species and expansion of the
MXene sheets. In the XRD patterns of the MXene ribbon/NiFeP, @NC
samples, the detected diffraction peaks can be assigned to Ti;Cy MX-
ene, FeP, (JCPDS 34-0996), FeP (JCPDS 89-2746), and Ni,P (JCPDS
03-0953) phases [37-40]. The formation of metal phosphides indicates

121

that the Ni(OH),/NiFe-PB species were successfully phosphorylated.
Furthermore, the pure NiFe-PB-derived NiFeP, @NC samples exhibited
diffraction peaks corresponding to the FeP,, FeP, and Ni,P phases.

The binding environments of the elements in the samples were
examined using X-ray photoelectron spectroscopy (XPS). XPS analy-
sis revealed the presence of Ti, Ni, Fe, P, C, N, and O in the MXene
ribbon/NiFeP, @NC heterostructure (Fig. S2), which is consistent with
the XRD results mentioned above. Furthermore, the Ni:Fe atomic ra-
tio was approximately 1:1. The high-resolution XPS spectrum of Ti 2p
in Fig. 2(b) exhibits two primary peaks, Ti 2p;,» (458.7 e€V) and Ti
2p; 5 (464.5 eV), which are attributed to the Ti3* (458.2, 464.4 eV)
and Ti-O (458.9, 465.6 eV) bonds, respectively. The appearance of Ti—
O bonds was a result of the weak oxidation of the MXene surface [36].
Fig. 2(c) displays the high-resolution XPS spectrum of Ni 2p, reveal-
ing the presence of the Ni-P peak (852.7, 870.2 eV), Ni2* peak (855.9,
873.9 eV), and satellite peaks (861.5, 880.0 eV) [36,41]. Similarly,
the high-resolution XPS spectrum of Fe 2p can be fitted to Fe-P bonds
(708.9, 721.5 eV), Fe?* (711.0, 724.0 eV), Fe3* (712.8, 726.9 eV), and
satellite peaks (715.6, 730.2 eV) (Fig. 2(d)) [33,42,43]. As shown in
Fig. 2(e), the high-resolution XPS spectrum of P 2p exhibits three distinct
peaks; these peaks are identified as P-O bonds at 133.8 eV, and metal-P
bonds at 129.5 and 130.5 eV, corresponding to the P 2p3,» and P 2p; o,
respectively [37,44]. The high-resolution C 1s XPS spectrum (Fig. 2(f))
shows four distinct peaks at 284.6, 285.6, 286.0, and 288.2 eV; these
peaks correspond to the presence of the C-C, C-O, C-N, and C=0 bonds,
respectively. In addition, the high-resolution N 1s XPS spectrum iden-
tified the presence of pyridine-N (398.0 eV), pyrrole-N (400.0 eV), and
graphite-N (401.7 eV), indicating the doping of N heteroatoms in the
carbon matrix (Fig. S3).
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at a constant potential for 20 h. (g) Overpotential comparison of the MXene ribbons/NiFeP, @NC heterostructure with various advanced metal phosphide-based OER
electrocatalysts (@10 mA cm~2 in an alkaline electrolyte, see Table S1 for details).

The microstructures and morphologies of the as-prepared catalysts
were observed using field-emission scanning electron microscopy (FE-
SEM) and transmission electron microscopy (TEM). As depicted in
Figs. 3(a) and S4, a large number of MXene ribbons were approxi-
mately 17 nm wide and approximately 3 um long. The numerous rib-
bons connected with each other were entangled in a 3D network struc-
ture and contributed to the electron transfer capability of the catalyst.
The TEM images of the MXene ribbons (Figs. 3(e) and S5) revealed the
3D network of the MXene ribbons is cross-linked with numerous pore-
like structures, which facilitates contact between the ribbons and elec-
trolytes and allows more loading sites to support the secondary com-
ponents. In contrast, the SEM images of pure NiFe-PB (Figs. 3(b) and
S6) show uniform nanocubes with smooth surfaces and a size of ap-
proximately 80 nm, which is corroborated by the NiFe-PB TEM im-
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ages (Figs. 3(f) and S7). These results indicate that Ni2* ions were
successfully coordinated with [Fe(CN)6]3‘ ions to form Prussian blue
analogs. The SEM images in Fig. S8 show the dense growth of numer-
ous nanoparticles on the surface of the MXene ribbons, confirming a
larger number of coordinated sites in the Ni(OH), species. As shown
in Fig. 3(c), the MXene ribbon/NiFeP, @NC heterostructure exhibited a
larger sheet-like structure with abundant irregular cubic PB on the sur-
face. Simultaneously, the PB obtained after phosphorization partially re-
tained its original cubic morphology, while its surface roughened; this
suggests that phosphorization does not destroy the 3D network struc-
ture. Figs. 3(g) and S9 show that some nanosheets are present in the
MZXene ribbon/NiFeP, @NC heterostructure, which can be assigned to
the products derived from the phosphorization of the Ni(OH), sheets.
The appearance of nanosheets, such as bridges, is favorable for the bind-
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ing of metal phosphides to MXene matrices. The EDS elemental mapping
results demonstrated the uniform distribution of Ti, Ni, Fe, P, and N
throughout the MXene ribbon/NiFeP, @NC heterostructure (Fig. 3(d)),
further indicating that NiFeP, @NC was tightly anchored to the MXene
ribbon network.

From the abovementioned composition and morphology characteri-
zation of the catalysts, we expected that the MXene ribbon/NiFeP, @NC
heterostructure would enable considerable OER performance. There-
fore, the electrochemical properties of the target heterostructure and
corresponding control samples (MXene ribbons, NiFeP, @NC, and com-
mercial RuO, catalysts) were investigated. Fig. 4(a) shows the lin-
ear scanning voltammetry (LSV) curves of the catalysts, which show
the MXene ribbons do not exhibit OER activity. In contrast, the
MXene ribbon/NiFeP, @NC heterostructure exhibited excellent OER
activity with an overpotential of 164 mV at a current density of
10 mA ecm~2, which is superior to the OER activity of the NiFeP,@NC
(295 mV @ 10 mA cm~2) and commercial RuO, catalysts (307 mV @
10 mA cm~2). Apparently, there is a synergistic effect between the MX-
ene ribbons and NiFeP, @NC on the OER performance. The remarkable
OER activity of the MXene ribbon/NiFeP, @NC heterostructure indicates
itis a better OER electrocatalyst than the majority of previously reported
metal-phosphide-based OER catalysts, as illustrated in Fig. 4(g). This is
attributed to the synergistic effect of the high conductivity of the 3D MX-
ene ribbons, large surface area of the nanosheet bridge, multiple NiFeP,
species with accessible active sites, and presence of N-doped carbon.
Additionally, the optimized experiment showed that the content of MX-
ene ribbons in the heterostructure was adequate (Fig. S10). Notably,
the MXene ribbon/Ni(OH),/NiFe-PB heterostructure pyrolyzed without
sodium hypophosphite monohydrate showed poor OER activity, further
confirming the positive effect of metal phosphide formation through the
phosphorization process.

To delve deeper into the kinetics and mechanisms of the outstand-
ing OER performance of the MXene ribbon/NiFeP, @NC heterostruc-
tures we studied the Tafel slopes, Cy values, ECSA values, and elec-
trochemical impedance spectra (EIS) of the catalysts [45,46]. As shown
in Fig. 4(b), the MXene ribbons/NiFeP, @NC heterostructure exhibited
the lowest Tafel slope (45 mV dec™!), which was lower than those of
the MXene ribbons (532 mV dec™!), NiFeP, @NC (54 mV dec™!), and
commercial RuO, (84 mV dec™1), indicating the more robust kinetics
of the MXene ribbon/NiFeP,@NC heterostructures. Moreover, the Cy
value of the MXene ribbons/NiFeP, @NC heterostructure is 8.9 mF cm™2
(Fig. 4(c)), which is higher than those of other control samples and com-
mercial RuO, (5.5 mF cm™2). Thus, the MXene ribbon/NiFeP, @NC het-
erostructure exhibited the highest ECSA, as shown in Fig. S11. The high-
est Cyq; and ECSA values of the MXene ribbon/NiFeP,, @NC heterostruc-
ture indicate that it is advantageous in terms of catalytic surface area
and active sites [47]. Electrochemical impedance spectroscopy (EIS) in
Fig. 4(d) shows that MXene ribbons/NiFeP, @NC enables a small charge-
transfer resistance (R, 10.7 Q), revealing its favorable reaction kinet-
ics. The large specific surface area and excellent conductivity promoted
the exposure of active sites and accelerated mass transfer. The R.; of
NiFeP,@NC and commercial RuO, is 123.1 and 37.1 Q, respectively,
which illustrates the coupling of MXene ribbons and metal phosphites.
MZXene ribbons/NiFeP,@NC exhibited a contact resistance (R,) of 8.8 Q,
indicating its low resistance and strong ion response [48,49].

Electrocatalytic stability is a crucial parameter when considering the
practical applications of OER catalysts. After 5000 cyclic voltammetry
(CV) cycles, the MXene ribbons/NiFeP, @NC heterostructure showed
a potential decay of only 12 mV at a current density of 10 mA cm~2
(Fig. 4(e)), indicating its excellent stability. In addition, the long-term
stability of the MXene ribbon/NiFeP, @NC heterostructure was eval-
uated using chronoamperometry. After continuous OER at a constant
potential of 1.394 V (vs. RHE, applied potential at current density of
10 mA cm~2) for 20 h, the current density remained at 91.1%, as
shown in Fig. 4(f). The remarkable long-term stability of the MXene
ribbon/NiFeP, @NC heterostructure can be ascribed to the stable 3D
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heterostructure formed by the close combination of the MXene ribbon
network and the bimetallic phosphides formed by the ion exchange
and phosphorization of the Ni(OH),/NiFe-PB species. Thus, the MXene
ribbon/NiFeP, @NC heterostructure is a promising OER electrocatalyst.

4. Conclusions

In summary, we report a Ti;C, MXene ribbon/NiFeP, @NC het-
erostructure prepared by a multistep strategy including HF etching, KOH
treatment, hydrothermal method, ion-exchange route, and phosphoriza-
tion. Upon the "shearing effect" induced by the KOH solution, the MX-
ene sheets were successfully transformed into 3D MXene networks with
interlaced Ti3C, ribbons. With the growth of Ni(OH), nanosheets, NiFe-
PB ion exchange, and Ni(OH),/NiFe-PB phosphorization, the MXene
ribbons/NiFeP, @NC heterostructure inherited the open pore structure
of the bimetallic phosphide nanoarrays and the strong coupling of het-
erogeneous interfaces, thereby exposing active sites. Notably, the MXene
ribbons/NiFeP, @NC heterostructures in alkaline electrolytes exhibited
excellent OER activity with an overpotential of 164 mV at a current den-
sity of 10 mA cm~2. The MXene ribbons/NiFeP, @NC heterostructures
also exhibited remarkable long-term stability, with a current density re-
tention of 91.1% after 20 h of chronoamperometric measurements. This
study provides a robust strategy for designing efficient heterostructures
based on MXene electrocatalysts for pollution-free hydrogen production.
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