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This study develops a cost-effective strategy to integrate the bi-
metal NiFe Prussian blue analog (PBA) on carbon cloth (NFPB@CC)
as a highly-active oxygen evolution reaction (OER) hybrid catalyst.
NFPB@CC possesses abundant unsaturated metal active sites, with
a low OER overpotential of only 332 mV and a low Tafel slope of
78 mV dec tat 10 mA cm™.

Hydrogen is one of the most promising power sources to tackle
environmental concerns due to its sustainable and pollution-
free nature." Electrochemical water-splitting consists of two
half-reaction processes.” The oxygen evolution reaction (OER),
a four-electron process, requires a higher oxidation overpoten-
tial than hydrogen evolution (HER) to overcome its high reac-
tion kinetic barrier.? This greatly limits its efficiency for energy
conversion. Therefore, it is critical to search for electroactive
materials with high activity and stability as catalysts to speed
up the process. Noble metal oxides, such as RuO, and IrO,,
have excellent oxygen evolution capability as benchmark
catalysts.” However, their high costs and poor durability limit
large-scale practical applications.’

Although the cheap Prussian blue (PB) has raised great
attention, directly utilizing PB as OER catalysts could not
obtain optimal electrocatalytic performance due to their poor
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conductivity and limitations of the coordinatively unsaturated
surface atomic sites.® In this regard, numerous research efforts
have been placed to improve the activity of PB. Specifically, the
Prussian blue analogs (PBAs) possess more abundant unsatu-
rated metal active sites and bimetallic coordinative coupling
effect for the OER.” Zheng and coworkers confirm that the
bimetallic Fe-doped Ni-PBA shows faster kinetics and higher
conductivity than the monometallic Ni-PBA. It is discovered
that doping Fe not only modifies the electronic structure of
Ni-PBA, improves its conductivity, and increases the number of
active sites, but also enhances electron transfer between the
electrode and electrolyte, thereby enhancing electrocatalytic
OER activity and durability.

Nonetheless, the electrocatalytic activity and long-term stability
of the bimetallic PBA-derived catalysts are still below expectations.®
One of the possible reasons could be the use of binders to adhere
active particles onto conductive substrates, which easily leads to
the reduction of the active area and an increase in contact
resistance. Obviously, in situ synthesis of PBAs on 3D conductive
substrates could make the active material bond strongly to the
substrate.” This can not only improve the mechanical stability of
the active materials but also promote electron transfer by excellent
connection with the conductive substrate beneath. Carbon cloth
(CC) is an excellent substrate whose surface contains abundant
functional groups that favor the in situ synthesis and growth of
PBA nanoparticles."® Besides, CC can enhance the conductivity of
the catalyst and offer a flexible backbone.'' However, a facile
strategy for in situ assembly of NiFe-PBA (NFPB) materials on CC
has rarely been reported.

In this work, we report a facile and cost-effective strategy to
integrate the bimetallic NFPB on CC (NFPB@CC) to improve
the OER performance. The role of the NFPB@CC in regulating
the OER process is investigated, and we found that the syner-
gistic effect of Ni/Fe and the high overall conductivity is the key.
Moreover, the pores of CC drastically improve the overall
kinetics of the catalyst by facilitating bubble desorption and
mass transfer. This work paves the way for the exploitation of
bimetallic NFPB for large-scale water-splitting applications.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Schematics of CC and NFPB@CC. SEM images of (b) the CC
fiber and (c) NFPB@CC. (d) Illustration of the electrocatalytic OER process
using NFPB@CC as the catalyst.

The NFPB@CC was in situ synthesized by means of a simple
one-step hydrothermal self-assembly method, as shown in
Fig. 1a. It needs to be noticed that the purchased pristine CC
keeps floating on the water in a beaker due to its hydrophobi-
city (Fig. S1a, ESIT), which could partially be ascribed to a small
amount of impurities on the surface of the pristine CC fiber, as
found by SEM (Fig. S2, ESIT). Fig. 1b and Fig. S3a and b (ESIY)
show that the impurities could be removed from the surface
after concentrated acid soaking. The hydrophilicity of pre-
treated CC was significantly enhanced such that the treated
CC could be freely settled to the bottom of the beaker (Fig. S1b,
ESIY). Hydrophilic CC fibers could be used as ideal substrates
for uniform growth of NFPB. Numerous NFPB nano-cubes were
distributed uniformly over the CC fibers (Fig. 1c and Fig. S4a,
ESIt). In situ growth of PBAs particles on conductive carbon
fiber substrates without adhesives facilitates exposure of active
sites and enhances electron transport.

The synthetic solution of NFPB displays a yellow color after
aging, which differed from the dark blue of PB (Fig. S1c and d,
ESIYT), indicating the different structures of the as-prepared
NFPB with PB. It is noteworthy that PVP and sodium citrate
dihydrate were added as chelating agents to facilitate slow
nucleation and controlled crystal growth of PBAs.'® Due to
poor electrical conductivity of PBAs, the conductivity of the
catalyst can be effectively improved with the carbon fibers,
and the process of charge transfer is accelerated in the electro-
chemical OER process (Fig. 1d). The NFPB@CC could be
bent at a certain angle, which implied excellent flexibility
(Fig. S4b, ESI¥).

SEM and TEM images show that there is no significant
difference between the PB and NFPB (Fig. S3c and d, ESIY).
The particle size of the cubic PB is about 100 nm. While for
NFPB, the size is about 150 nm. The characteristic peaks of PB
and NFPB match well with the crystal facets of Fe,[Fe(CN)s]3

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) X-ray diffraction (XRD) patterns of PB and NFPB. (b) Raman
spectra of CC, PB@CC, and NFPB@CC. (c) N, adsorption/desorption
isotherms and (d) pore size dispersion plots of CC and NFPB@CC.

(JCPDS no. 01-0239) and Ni[Fe(CN)],-10H,0 (JCPDS no. 86-0501),
respectively (Fig. 2a). The high-resolution TEM (HR-TEM) image
(Fig. S5a and b, ESIt) reveals that the distinct lattice fringes with
interplanar distance of 0.208 nm could be attributed to the (422)
plane of NFPB. The corresponding energy dispersive X-ray spectro-
scopy (EDS) of NFPB reveals that the contents of Ni, Fe, N, and
C are 0.33, 0.23, 0.54 and 82.19, respectively (Fig. S5c, ESIT). It is
worth mentioning that the excessive carbon content was attributed
to the carbon support film of the TEM’s copper wire.

The NFPB@CC was further studied by Raman spectra, as
presented in Fig. 2b. The broad Raman bands at 678, 549, and
476 cm ™! could be attributed to Ayq, Tog and Eg vibration modes
of the NiFe,0, structure, respectively.'® The peaks of 2160 cm ™*
represent Fe’"-CN-Ni** in NFPB."

Moreover, to examine the porosity and pore size distribu-
tion, N, sorption experiments were carried out for NFPB@CC
and CC. The multi-point BET surface area of NFPB@CC is
~2.1 m* g~ ', which is larger than that of CC (~0.86 m* g™ ).
This enhancement indicates improved active site accessibility.
Fig. 2c displays the N, adsorption-desorption isotherms of
NFPB@CC and CC, which are in accordance with type IV
isotherms, suggesting the mesoporous nature. In Fig. 2d, the
pore diameter of NFPB@CC is smaller than that of CC. The
optimized surface structure promotes O, desorption between
CC fibers, accelerating the catalytic process.

The surface composition and element states of NFPB@CC
and its counterparts were analyzed via X-ray photoelectron
spectroscopy (XPS). In Fig. 3a, the full survey spectrum for
NFPB consists of five elements (C, O, N, Fe, and Ni), confirming
Ni incorporation. In contrast, the full spectrum of PB@CC
reveals only Fe (Fig. S6a, ESIt). From the C 1s spectrum in
Fig. 3b, the fitted peaks at 283.5, 284.8, and 286.5 eV are
assigned to metal-C, C-C, and C-N of [Fe(CN)s]*~, respectively.'®
Compared with the O 1s spectrum of PB@CC (Fig. S5c¢, ESIT),
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Fig. 3 (a) The XPS full spectrum of NFPB@CC. The XPS spectra of (b) C 1s,
(c) O 1s, (d) N 1s, (e) Fe 2p, and (f) Ni 2p for NFPB@CC.

NFPB contains the O—H bond of H,O (Fig. 3c). This corresponds
to the formula Ni;[Fe(CN)g],-10H,O from the XRD test. It suggests
that the large void inside the NFPB lattice is filled with certain H,O
molecules."® Hence, NFPB@CC may form stronger bonds to H,O
than PB@CC. For the N 1s spectrum of NFPB@CC (Fig. 3d) and
PB@CC (Fig. S5d, ESIf), the metal-N binding energy of
NFPB@CC (396.6 eV) is higher than that of PB (396.3 eV). This
shows that the oxidation number of the N element increases
and the electron cloud density decreases after Ni doping."” It is
beneficial to reduce the repulsive force on H,O and improve the
OER performance.

Furthermore, there are Fe** and Fe*' states in NFPB@CC
(Fig. 3e). This indicates that the Fe element is not only present
in [Fe(CN)g]'~, but also a few Fe** ions occupy the Ma site of
AM,[My,(CN)gP~-nH,0."® The fitting plots of the Fe 2p spec-
trum of PB@CC contain eight apparent peaks in Fig. S5e (ESIT).
This shows that there are both Fe?* and Fe*" states in PB, which
corresponds to the formula “Fe™,[Fe”(CN)¢];” of PB. For the
Ni 2p spectrum (Fig. 3f), the peaks at 856.0 eV (Ni 2p;/,) and
873.3 eV (Ni 2pys,) can be assigned to Ni*".' For the NFPB
catalyst, the electronic structure of the original Fe element of
PB changes after doping Ni. The electronic structure of the
redistributed catalyst is more favorable to reducing the adsorp-
tion energy of the OER reaction intermediates (M-O). In addi-
tion, Ni and Fe have a variety of valence states. They can
synergistically adsorb OH ™, which makes the catalytic process
more efficient.

To evaluate the OER performance, the prepared catalysts
were investigated in 1 M KOH electrolyte using a standard
three-electrode setup. Before OER measurements, the working
electrodes were electrochemically pretreated by repeating cyclic
voltammetry (CV) for 20 cycles from 0.812 to 1.012 V (vs. RHE)
at 100 mV s '. For the linear sweep voltammetry (LSV)
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Fig. 4 (a) The OER polarization curves of different samples and (b) the

corresponding overpotentials. (c) Tafel profiles and (d) Nyquist plots of
different samples in 1 M KOH electrolyte.

polarization curves, we first tested three kinds of NFPB@CC
materials synthesized by different Ni/Fe molar ratios (5:1, 3:1,
1:1). This indicated that NFPB31@CC shows lower OER over-
potential by comparing experimental data with NFPB51@CC
and NFPB11@CC (Fig. S7, ESIt). Hence, NFPB@CC with the
Ni/Fe ratio of 3:1 was selected to further perform electro-
chemical measurements. As shown in Fig. 4a, NFPB@CC shows
excellent OER activity due to the active NFPB nanocubes
and optimal electronic structure between Ni and Fe active sites.
NFPB@CC exhibits a lower overpotential of 332 mvV at
10 mA cm ™ ? in comparison to bare CC (598 mV) and PB@CC
(517 mvV) (Fig. 4b), which is similar to conventional RuO,
(301 mV). When the current density reaches 70 mA cm 2,
NFPB@CC exhibits a drastically low overpotential of only
430 mV compared with 590 mV for RuO, (Fig. 4a). Furthermore,
the large amounts of oxygen bubbles also could be continu-
ously released from the NFPB@CC (1 cm x 1 cm) electrocatalyst
at a large current density of 100 mA cm™> (Movie S1, ESI). This
result indicates that NFPB@CC is more suitable for water
electrolysis than RuO, under the condition of industry-level
high current densities.

Tafel slope is another factor to evaluate the catalytic kinetics
process of the OER. In Fig. 4c, NFPB@CC displays the lowest
Tafel slope of only 78 mV dec™ ' compared to the RuO, bench-
mark and other samples. Due to the structural coordination
relationship between Ni and Fe in NFPB nanoparticles,
NFPB@CC possesses abundant coordinative active sites for
optimal OER kinetics. Besides, CC greatly promotes the process
of interfacial charge transfer for the OER. Fig. 4d depicts the
Nyquist plots of NFPB@CC, demonstrating a lower interfacial
charge-transfer resistance (R.) of NFPB@CC. Because of the
poor conductivity of PB, the R delivered by the PB@CC system
increased remarkably. In addition, compared to the reported

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) The CP profile of NFPB@CC at 10 mA cm™2 for 20 h. (b) The LSV
curve of NFPB@CC before and after the CP test. (c) The Aj plotted against
scan rate for different samples. (d) The electrochemically active surface
area of different samples.

materials containing Ni or Fe with self-supporting substrate,
our NFPB@CC catalyst exhibits superior OER activity (Table S2,
ESIT). The long-term stability of the NFPB@CC catalyst is one of
the most crucial factors for potential practical application and
was evaluated by a chronopotentiometry (CP) test. In Fig. 5a,
the voltage curve shows high stability without obvious fluctuations
during continuous electrolysis for over 20 h at 10 mA cm 2. After
the CP test, the LSV curve of NFPB@CC is basically consistent with
the initial test results, which show an 18 mV increase in polariza-
tion potential (Fig. 5b) and stable fluctuation over 28 h (Fig. S8,
ESIf). CV tests were conducted to investigate the double-layer
capacitance (Cq) on NFPB@CC (Fig. S9, ESIt). The peak current
densities are linearly correlated with respect to the corres-
ponding scan rates (Fig. 5¢).”° Obviously, the Cq; of NFPB@CC
(3.16 mF cm™?) is superior to that of CC and PB@CC, leading to
a higher electrochemically active surface area (79 cm?), as shown
in Fig. 5d.°

In summary, we developed an effective method to in situ
integrate the bimetallic NFPB on CC. Due to the synergistic
effect of Ni and Fe active sites, the electronic structure of the
NFPB nanocubes could be regulated to enhance the OER
performance when serving as a catalyst. With NFPB stuck
strongly with the 3D CC skeleton, the conductivity and electro-
chemically active area of NFPB@CC were improved dramati-
cally to accelerate the OER kinetic process. As a result,
NFPB@CC exhibited excellent OER capability that only
required 332 mV and 430 mV overpotential in 1.0 M KOH
aqueous solution at 10 and 70 mA cm %, respectively.
NFPB@CC also maintained stability in the two-day electrolysis
process for potential long-term application.
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