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Multiple interface coupling triggered built-in
electric field over double-sandwiched RGO/cobalt
silicate/cobalt-iron phosphide for improving the
overall water-splitting performancey
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The exploration of efficient and durative bifunctional electrocatalysts for overall water splitting (OWS) is
critical for hydrogen production in clean energy applications. Herein, a novel double-sandwiched archi-
tecture of reduced graphene oxide (rGO), cobalt silicate (CS), and cobalt—iron phosphides, denoted as
rGO/CS/(Co,Fe),P,, is designed to enhance both the oxygen evolution reaction (OER) and hydrogen ER
(HER) in alkaline media. The formation of Co,P and Fe,P on rGO/CS not only protects the silicate from
alkaline corrosion, but also generates dual-active centers that synergistically improve the conductivity and
catalytic activity. Multiple interface coupling between rGO, CS, and (Co,Fe),P, triggers a built-in electric
field, which significantly enhances charge separation, electron transport, and reaction kinetics. This built-
in electric field lowers the energy barrier for HER by facilitating H-OH bond dissociation and accelerates
the OER by promoting OH™ adsorption. The rGO/CS/(Co,Fe),P, catalyst achieves overpotentials of
256 mV (OER) and 180 mV (HER) at 10 mA cm™2, surpassing most reported catalysts and rivaling commer-
cial Pt/C and RuO,. Furthermore, the rGO/CS/(Co,Fe)P, (+/-) demonstrates a low OWS voltage of 1.41
V. The current work provides a new approach to catalyst design through interface engineering and electric
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1. Introduction

Electrochemical water splitting (EWS) is a crucial technology
for producing hydrogen, a clean and sustainable energy carrier
that holds immense potential for revolutionizing the global
energy system.'™ Among various water-splitting methods, alka-
line water splitting is particularly attractive for industrial appli-
cations due to its safety, extended operational lifespan, and
scalability.®® However, the efficiency of this process is hin-
dered by the slow kinetics of the oxygen evolution reaction
(OER) and hydrogen evolution reaction (HER), both of which
require highly efficient electrocatalysts to overcome significant
energy barriers.'®'? Developing low-cost, bifunctional catalysts

“Hubei Key Laboratory of Radiation Chemistry and Functional Materials,

School of Nuclear Technology and Chemistry & Biology, Hubei University of Science
and Technology, Xianning 437100, China. E-mail: yfzhang@dlut.edu.cn

bSchool of Chemistry, Dalian University of Technology, Dalian 116024, China
“College of Chemistry and Molecular Sciences, Wuhan University, Wuhan 430072,
China. E-mail: chihuang@whu.edu.cn

School of Physics and Materials Engineering, Dalian Minzu University,

Dalian 116600, P. R. China. E-mail: wangqiushi@dInu.edu.cn

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4qi02987a

This journal is © the Partner Organisations 2025

field optimization, offering a scalable solution for sustainable hydrogen production.

capable of driving both the OER and HER in alkaline media is
an urgent need for realizing practical overall water splitting
(OWS)."*** Traditionally, noble metal-based catalysts like IrO,
for OER and Pt/C for HER have been widely used due to their
superior catalytic properties.'® However, their high cost and
limited availability pose significant obstacles to large-scale
implementation.”” This has driven research toward finding
Earth-abundant and cost-effective alternatives that can efficien-
tly catalyze both reactions. Recently, cobalt silicate (CS) has
emerged as a promising non-precious metal catalyst, particu-
larly for OER, due to its stable structure and moderate catalytic
activity.'®>®> Despite these advantages, cobalt silicate faces
drawbacks, including poor electrical conductivity and limited
exposure of active sites, which hinder its effectiveness in
OWS.?® Moreover, under alkaline conditions, silicates are
prone to degradation due
which compromises their structural integrity and catalytic
performance.””*®

Therefore, designing and synthesizing cobalt silicate-based
catalysts that are stable and active in alkaline environments
remain a substantial challenge. Unlike silicates, transition
metal phosphides (TMPs) exhibit metallic properties that can
greatly improve the conductivity of silicate-based materials.>®

to Dbase-induced corrosion,
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After conversion to phosphides, the stability and intrinsic
activity of the catalyst under alkaline conditions can be signifi-
cantly enhanced. For instance, cobalt phosphide (Co,P) has
shown excellent performance in the HER,**** primarily due to
its ability to promote water dissociation, and iron phosphide
(Fe,P) has been effective in catalyzing the OER by facilitating
the adsorption and conversion of oxygen intermediates.**”?
However, the potential synergistic effects of combining cobalt
silicate with transition metal phosphides (such as Co,P and
Fe,P) to address both OER and HER challenges have not yet
been fully explored.

A key innovation in this work is the creation of a built-in
electric field triggered by interface coupling between the
different components.*® This built-in electric field plays a
pivotal role in enhancing the overall catalytic performance of
the material.>> At the molecular level, interactions between
conductive species (such as rtGO and TMPs) and catalytically
active sites (such as Co,P and Fe,P) create electronic gradients
across the interfaces, resulting in the formation of a localized
electric field.*® Density functional theory (DFT) calculations
reveal that this electric field facilitates both charge separation
and transfer during water splitting.*” Specifically, in the HER,
the built-in electric field enhances the Volmer step, which
involves the adsorption and dissociation of water molecules.
By polarizing the H-OH bond, the electric field lowers the
energy barrier for water dissociation, allowing hydrogen atoms
to be more easily adsorbed onto the CoP active sites, thus
accelerating the reaction kinetics.*® For OER, the electric field
promotes the adsorption of OH™ ions on the surface of the
rGO/CS composite, leading to more efficient formation of
oxygen intermediates (e.g., *O, *OH) and their conversion into
molecular oxygen, thereby improving OER kinetics.”®

In this study, we successfully prepared a novel double-sand-
wiched electrochemical catalyst composed of rGO, CS, and
(Co,Fe),Py, with the aim of enhancing the OWS efficiency
through interfacial coupling and synergistic effects. The in situ
formation of CoP and FeP not only effectively protects the
cobalt silicate from degradation in alkaline environments, but
also establishes dual-active centers that enhance both conduc-
tivity and ionic transport. The built-in electric field generated
between these centers improves the availability of active elec-
trons for both OER and HER. This synergistic interaction is
further amplified by the role of the rGO substrate, which uni-
formly distributes the electric field and facilitates efficient
charge transfer across the composite structure. As a result, the
rGO/CS/(Co,Fe),P, catalyst achieves the lowest 5 of 256 mV
(OER) and 180 mV (HER) at 10 mA cm™ >, outperforming most
reported OER and HER electrocatalysts based on transition
metal silicates and other materials (Tables S2 and S3t), and
even rivaling commercial RuO, and Pt/C catalysts.>
Additionally, the cell voltage for OWS using rGO/CS/(Co,Fe),P,
(+/-) as both the anode and cathode is 1.41 V at 10 mA cm™?,
which surpasses many recently developed bifunctional cata-
lysts and is superior to the traditional Pt/C||RuO, system.>*
This work contributes significantly to the understanding of
interface engineering in electrocatalysis, offering new insights

2440 | /norg. Chem. Front., 2025, 12, 2439-2452

View Article Online

Inorganic Chemistry Frontiers

into how built-in electric fields and synergistic interactions
between dual-active centers can enhance the catalytic
efficiency. Furthermore, it provides both a theoretical and prac-
tical foundation for developing the next generation of bifunc-
tional catalysts for sustainable and scalable hydrogen pro-
duction through OWS.

2. Results and discussion

Fig. 1 illustrates the synthetic route for the target sample, rGO/
CS/(Co,Fe),P,, which is based on the rGO/CS composite.’” Its
detailed synthesis can be found in the ESL.f The SEM images
in Fig. S1 (ESIf) show a sandwich-like structure with CS
nanosheets grown on both sides of the rGO layers. The prepa-
ration of rGO/CS/(Co,Fe),P, involves three main steps: in situ
growth of Co-MOF, iron ion exchange, and phosphating heat
treatment. First, Co-MOF is in situ grown on the rGO/CS struc-
ture to form the rGO/CS/Co-MOF composite. The large surface
area of rGO/CS enables efficient Co®" adsorption, facilitating
the nucleation and growth of Co-MOF on the rGO/CS surface.
Compared to the pure Co-MOF (Fig. S2, ESIf), the Co-MOF in
the rGO/CS/Co-MOF composite appears much smaller (Fig. 2a
and Fig. S3, ESIf). The surface of rGO/CS/Co-MOF is densely
coated with Co-MOF, distinct from the honeycomb-like
nanosheets of the CS layer in rGO/CS. Next, an iron ion
exchange process is conducted to synthesize iron-substituted
rGO/CS/Co-MOF, which is denoted as rGO/CS/Co,Fe-MOF.
During this step, the rGO/CS/Co-MOF composite is immersed
in a solution containing Fe*" ions, ethanol (CH;CH,OH), and
water. This triggers ion exchange and partial etching of the Co-
MOF, converting it into an amorphous Co-Fe compound (rGO/
CS/Co,Fe-MOF), facilitated by the reversible hydrolysis of Fe**
(Fe*" + 2H,0 < Fe(OH), + 2H").*° Then, the Co”>" ions react
with iron hydroxide to form the Co,Fe-MOF structure. SEM
analysis (Fig. 2b) shows that the Co-MOF nanoparticles are
transformed into nanosheet-like Co,Fe-compounds, further
confirming the successful ion exchange and conversion
process. Finally, the rGO/CS/(Co,Fe),P, composite is obtained
through a phosphating process. The rGO/CS/Co,Fe-MOF
sample is treated with a phosphorus source at elevated temp-
eratures in an inert atmosphere, resulting in the formation of
Co,Fe-phosphide ((Co,Fe),P,) nanoparticles. SEM images
(Fig. 2c, d and Fig. S4, ESI}) clearly show that the rGO/CS/(Co,
Fe),P, structure maintains the sandwich-like architecture
(Fig. S31),"" with nanosheets of (Co,Fe),P, scattered across the
rGO/CS surface. The morphology of the rGO/CS support is pre-
served, and the stacked intercalated structure consisting of the
rGO/CS carrier and (Co,Fe),P, phosphide layers is evident.
Elemental mapping by energy-dispersive X-ray spectroscopy
(EDS) further confirms the formation of the rGO/CS/(Co,Fe),P,
composite. Fig. S5-S7 (ESI{), along with Fig. 2e, show the dis-
tribution of elements in the different stages of synthesis. The
initial rGO/CS contained carbon (C), oxygen (O), silicon (Si),
and cobalt (Co) (Fig. S51). After ion exchange, the rGO/CS/Co,
Fe-MOF included iron (Fe) (Fig. S61). Finally, the rGO/CS/(Co,
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Fig. 1 lllustrated synthesis of the target sample rGO/CS/(Co,Fe),P,.

Fe),P, composite contained phosphorus (P) in addition to the
other elements (Fig. 2e and Fig. S77), with all elements uni-
formly distributed across the composite. The fine structure of
rGO/CS/(Co,Fe),P), is further studied by transmission electron
microscopy (TEM) (Fig. 2f-h). Low-magnification TEM (Fig. 2f)
reveals the sandwich-like structure of rGO/CS, with distinct
dark (CS) and bright (rGO) regions. The presence of small
nanoparticles on the surface is indicative of the formation of
(Co,Fe),P,, which is further supported by high-magnification
TEM images (Fig. 2g). In the enlarged view, these dark nano-
particles are clearly identified as (Co,Fe),P,. These results
confirm the successful synthesis of the rGO/CS/(Co,Fe),P, com-
posite. High-resolution TEM (HRTEM) (Fig. 2h) shows lattice
fringes corresponding to different crystal planes. A spacing of
0.472 nm was attributed to the (111) plane of CS, while a
spacing of 0.281 nm was associated with the (101) plane of
Fe,P, and 0.211 nm lattice spacing corresponded to the (201)
plane of Co,P. Attributing the different lattice spacings to Co,P
and Fe,P requires further validation, as each material typically
exhibits distinct lattice parameters. These findings, nonethe-
less, strongly suggest the multiple interfaces generated for (Co,
Fe),P, on the rGO/CS structure.

Fig. 3a, b and Fig. S8 (ESIT) depict the XRD patterns of all
intermediate and final products synthesized during the prepa-
ration of rGO/CS/(Co,Fe),P), providing insight into the struc-
tural evolution of the composites. The diffraction peaks of
rGO/CS correspond well to Co,Si0O, (JCPDS card no. 15-0497)
(Fig. 3a).*” The low intensity of these peaks can be attributed
to the silicate’s relatively poor crystallinity, as seen in previous
studies conducted under hydrothermal conditions. After the
in situ growth of Co-MOF on rGO/CS, the XRD peaks align with
those of pure Co-MOF, though the peak intensity was reduced
(Fig. S8%). This is due to the strong crystallinity and numerous

This journal is © the Partner Organisations 2025

diffraction peaks of Co-MOF, which overshadow the weaker
and overlapping diffraction peaks of CS.** The reduced crystal-
linity of Co-MOF in the presence of rGO/CS also contributes to
the lower peak intensities compared to Co-MOF alone. After
the iron ion exchange process, the diffraction peaks of Co-
MOF disappear, leaving only the diffraction peaks corres-
ponding to CS (Fig. S8t). This indicates that the Co-MOF has
been successfully etched, forming rGO/CS/MOF-derived amor-
phous Co-Fe compounds (denoted as rGO/CS/Co,Fe-MOF).
After the final phosphorization process, the XRD pattern
shows diffraction peaks corresponding to both Co,P (JCPDS
no. 32-0306) and Fe,P (JCPDS no. 27-1171), in addition to the
CS peaks (Fig. 3b). The weak intensities and broad shape of
the phosphide peaks suggest a low crystallinity of the (Co,
Fe),P, phase. This observation is consistent with the unclear
phosphide lattice fringes seen in the HRTEM image (Fig. 2h),
further supporting the low-crystallinity nature of the syn-
thesized phosphides. Fig. 3c presents the Raman spectra of
rGO/CS, (Co,Fe),P,, rGO/CS/Co,P,, and rGO/CS/(Co,Fe),P,. All
samples exhibit D-peaks at around 1360 cm™" and G-peaks at
around 1600 cm™?, characteristic of carbon-based materials.**
The carbon in (Co,Fe),P, arises from the pyrolysis of the Co,Fe-
MOF under an inert atmosphere. The intensity ratio of D-peak
to G-peak (Ip/lg) reflects the degree of disorder in the carbon
structure, with higher values indicating more amorphous
carbon.”>*® The rGO/CS and rGO/CS/Co,P, samples, which
were not subjected to Fe ion etching, exhibit similar Ip/Ig
values of 0.99 and 1.00, respectively. However, after Fe ion
etching and doping, the Iy/Ig ratios of rGO/CS/(Co,Fe),P, and
(Co,Fe),P, decrease to 0.90 and 0.91, respectively, suggesting
an increase in the ratio of sp>-hybridized carbon.*” This may
result from the enhanced coordination of carbon within the
MOF structure after Fe incorporation, which leads to a

Inorg. Chem. Front., 2025, 12, 2439-2452 | 2441
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Fig. 2 Morphology of the samples: the SEM images of (a) rGO/CS/Co-MOF, (b) rGO/CS/Co,Fe-MOF, and (c—d) rGO/CS/(Co,Fe),P,. (e) elemental
images of rGO/CS/(Co,Fe),P,; (f-g) TEM images of rGO/CS/(Co,Fe),P,, inserting an enlarged image; (h) HRTEM image of rGO/CS/(Co,Fe),P,, insert-

ing the partial enlargements.

decrease in the degree of structural disorder and improves the
electrical conductivity. The bonding information for these
composites was further explored using FTIR spectroscopy
(Fig. 3d). The peaks at approximately 454 cm™', 810 cm™*,
and 1010 cm™" are attributed to the symmetric stretching
vibrations of Si-O bonds, asymmetric stretching vibrations of
Si-O bonds, and asymmetric stretching vibrations of Si-O-Si
bonds, respectively, originating from the rGO/CS support.”®
Additionally, the Co-O bond in CS is observed around
670 cm™', and peaks near 1600 cm™' correspond to func-
tional groups in rGO. After the growth of (Co,Fe),P, on rGO/
CS, the Si-O-Si bond at 1010 cm™* and the Si-O bond at
454 cm™" exhibit a blue shift (toward higher wavenumbers).

2442 | Inorg. Chem. Front.,, 2025, 12, 2439-2452

This shift is caused by spatial constraints from the (Co,Fe),P,
layers grown on the rGO/CS surface, altering the local chemi-
cal environment of these bonds. Moreover, a new peak at
around 540 cm™’, corresponding to a P-O bond, appears in
the spectrum of rGO/CS/(Co,Fe),P,.>! This peak suggests the
formation of chemical bonds between phosphorus in the (Co,
Fe),P, layer and oxygen in the rGO/CS structure. Notably, the
P-O peak is absent in the spectrum of (Co,Fe).P, alone,
further confirming the chemical interaction between the
layers. Similarly, the rGO/CS/Co,P, sample also shows a blue
shift in Si-O-Si and Si-O bonds and appearance of a P-O
bond, supporting the analyses of the rGO/CS/(Co,Fe).P,
composite.

This journal is © the Partner Organisations 2025
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Fig. 3 Composition and structural characterization of the samples: (a and b) XRD patterns of rGO/CS, rGO/CS/Co,P, and rGO/CS/(Co,Fe),P,; (c)
FTIR and (d) Raman spectra of rGO/CS, (Co,Fe),P,, rtGO/CS/Co,P, and rGO/CS/(Co,Fe),P,; (e) nitrogen adsorption—desorption isotherms and (f) pore
size-distribution curves calculated by the BJH method of (Co,Fe),P,, rGO/CS/Co,P, and rGO/CS/(Co,Fe),P,; (g) Co 2p, (h) Fe 2p and (i) P 2p XPS

spectra of rGO/CS/(Co,Fe),P,.

The specific surface area and pore size were determined
through nitrogen (N,) adsorption/desorption isotherms, as
presented in Fig. 3e and Fig. S9 (ESIt). The rGO/CS sample
exhibits a typical type IV isotherm (Fig. S9t), proving mesopor-
osity, while the (Co,Fe),P, sample presents a typical type II iso-
therm (Fig. 3e), which is characteristic of macroporous
materials. Interestingly, both rGO/CS/Co,P, and rGO/CS/(Co,
Fe),P, display hybrid isotherms (Fig. 3e), combining features
of both types. This indicates the successful integration of the
phosphide layer with the rGO/CS structure. The specific
surface areas of rGO/CS, (Co,Fe),P,, rGO/CS/Co,P), and rGO/
CS/(Co,Fe),P, were measured to be 358, 4, 7 and 26 m> g™/,
respectively. The phosphide layer exhibits a relatively small
surface area, while rGO/CS has a much larger one. As observed

This journal is © the Partner Organisations 2025

in the SEM and TEM images (Fig. 2), the phosphide layer par-
tially covers the rGO/CS structure, leading to a significant
reduction in surface area.”> However, despite this decrease, the
phosphide layer introduces a variety of active sites that
enhance the material’s OER performance. Pore size distri-
bution plots obtained through the Barrett-Joyner-Halenda
(BJH) method (Fig. 3f and Fig. S10, ESI{) reveal that all four
materials feature pores in the range of 3.8 nm, placing them
within the mesopore category. In comparison to rGO/CS, the
phosphide-containing samples ((Co,Fe),Py, tGO/CS/Co,P), and
rGO/CS/(Co,Fe),P,) display increased pore sizes, measured at
5.6 nm, 7.8 nm, 17.4 nm, and 17.4 nm, respectively. The
stacked growth of the phosphide layers on rGO/CS contributes
to these enlarged pore sizes, further enhancing the meso-

Inorg. Chem. Front,, 2025, 12, 2439-2452 | 2443
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porous and macroporous properties of the composites. These
larger pore sizes are favorable for electrocatalytic reactions, as
they facilitate efficient diffusion of reactants and products.

To study the elemental composition and chemical states of
rGO/CS/(Co,Fe),P,, X-ray photoelectron spectroscopy (XPS) was
performed (Fig. 3g-i and Fig. S11 in the ESI}). The XPS survey
spectrum (Fig. S11at) confirms the presence of six key
elements: carbon (C), oxygen (O), silicon (Si), cobalt (Co), iron
(Fe), and phosphorus (P). The C 1s spectrum (Fig. S11bt)
reveals multiple carbon environments, including C-C/C=C
(284.3 eV), C-O (285.1 eV), and C=0 (288.2 eV), which are
mainly attributed to rGO. The binding energy at 285.9 eV pre-
viously assigned to C=N is more likely related to the carbon
framework of the MOF and its derivatives, though its specific
assignment requires further validation.*® The O 1s spectrum
(Fig. S11dt) shows three distinct peaks. The first at 533.3 eV
assigns to the P-O bond in the (Co,Fe),P, layer, while peaks at
532.3 eV and 531.2 eV are indexed to oxygen vacancies and the
Si-0-Co bond within the rGO/CS structure.*>*® The presence
of oxygen vacancies is known to promote electrocatalytic
activity by improving charge transfer kinetics.>" The Si 2p spec-
trum (Fig. S11ct) displays a prominent peak at 103.0 eV,
corresponding to Si in its tetravalent oxidation state, character-
istic of silicates.”® The Co 2p spectrum (Fig. 3g) reveals peaks
corresponding to Co 2p3,, and Co 2py,, along with their satel-
lite features. The peaks at 778.8 eV and 793.8 eV are attributed
to Co-P bonding in the (Co,Fe),P, phase, while the peaks at
781.8 eV and 797.7 eV correspond to Co>" in cobalt silicate and
Co,P.>> The 15.9 eV separation between these two peaks also
confirms the presence of Co®>* in both CS and Co,P.*!
Similarly, the Fe 2p spectrum (Fig. 3h) shows binding ener-
gies at 712.4 eV (Fe 2p;/,) and 724.9 eV (Fe 2py,), with a sat-
ellite peak at 717.3 eV, indicative of Fe species in the (Co,
Fe),P, phase.”” The P 2p spectrum (Fig. 3i) displays two
peaks: one at 133.6 eV, corresponding to the P-O bond, and
another at 129.4 eV, attributed to metal phosphides (Co,P
and Fe,P).”® The relatively weak intensity of the metal phos-
phide peaks is likely due to two factors: the low crystallinity
of the (Co,Fe),P, layer, as evidenced by the broad XRD peaks,
and possible electronic interactions between Fe,P and Co,P,
which could weaken the individual phosphide features.>* To
further quantify the elemental composition of rGO/CS/(Co,
Fe),P,, the results of energy-dispersive X-ray spectroscopy
(EDS) and XPS were compared (Table S1}). XPS results show
the atomic percentages of 31.5% C, 43.2% O, 5.5% Si, 10.1%
P, 6.7% Co, and 3.0% Fe. EDS results show slightly different
weight percentages: 34.7% C, 3.72% O, 5.9% Si, 9.4% P,
8.9% Co, and 3.9% Fe. Inductively coupled plasma atomic
emission spectroscopy (ICP-AES) confirms the presence of
8.8 wt% P, 7.8 wt% Co, and 3.5 wt% Fe in the sample. The
results prove the successful incorporation of Co,P and Fe,P
into the rGO/CS/(Co,Fe),P, composite, contributing
additional active sites for both HER and OER. All of the
above characterization methods confirm the successful syn-
thesis of rGO/CS/(Co,Fe),Py, which is a promising candidate
for OWS electrocatalysis.
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To evaluate the catalytic activities of rGO/CS/(Co,Fe),P,
both the OER and HER were investigated in 1 M KOH electro-
Iyte using a three-electrode configuration. One of the most
important parameters for assessing the electrocatalyst per-
formance is the overpotential (), which was obtained through
linear sweep voltammetry (LSV). First, the chosen rGO/CS
support exhibited an 5 value of 390 mV (10 mA cm™?) (Fig. 4a).
Next, the influence of varying Fe content on # of rGO/CS/Co,Fe-
MOF was explored. Co-MOF was grown on the rGO/CS’s
surface, followed by etching with different concentrations of
Fe ions, introducing new Co and Fe active sites. The samples,
designated as rGO/CS/Co,Fe-MOF-1, rGO/CS/Co,Fe-MOF-2, and
rGO/CS/Co,Fe-MOF-3, correspond to the use of 5, 9, and 13 mg
of FeSO,-7H,0, respectively. All samples showed a reduction in
n compared to the rGO/CS carrier (Fig. S12a, ESI}), indicating
improved OER activity. Among these, rGO/CS/Co,Fe-MOF-2
demonstrated the lowest 5 value of 340 mV at 10 mA cm™> and
was selected for further processing. This sample is referred to
as rGO/CS/Co,Fe-MOF in the subsequent discussion. The next
step involved the phosphorization of rGO/CS/Co,Fe-MOF using
different quantities of a phosphorus source. The resulting
rGO/CS/(Co,Fe),P, samples were named rGO/CS/(Co,Fe),P-1,
rGO/CS/(Co,Fe),Py-2, and rGO/CS/(Co,Fe),P,-3 based on the use
of 100, 500, and 1000 mg of NaH,PO,-H,0, respectively. As
shown in Fig. S12b,f all samples exhibited significant
enhancement in OER activity, and 5 values were 330 mV,
256 mV, and 280 mV (10 mA cm™?), respectively. Thus, rGO/
CS/(Co,Fe),P,-2, with an 7 of 256 mV at 10 mA cm™?, showed
the best OER activity and was chosen as the target sample,
hereafter referred to as rGO/CS/(Co,Fe),P, unless otherwise
specified. To further highlight the superior performance of
rGO/CS/(Co,Fe),P,, comparisons were made with samples syn-
thesized without iron etching (rGO/CS/Co,P)) and without the
rGO/CS carrier ((Co,Fe),P)), following the same preparation
method (details in the ESIf). Fig. 4a summarizes the LSV
curves of various samples: rGO/CS, rGO/CS/Co,Fe-MOF, rGO/
CS/(Co,Fe),P,, rGO/CS/Co,P,, and (Co,Fe),P,. The OER perform-
ance follows the trend: rGO/CS/(Co,Fe),P, > 1GO/CS/Co,P) >
(Co,Fe),P, > rGO/CS/Co,Fe-MOF > rGO/CS. The respective 5
values (10 mA cm ) are 390 mV, 340 mV, 256 mV, 304 mV,
and 317 mV. As illustrated in Fig. 4b and summarized in
Table S2,} the # value of rGO/CS/(Co,Fe),P, is superior to most
reported OER electrocatalysts based on transition metal sili-
cates (TMSs) and other transition metal materials. In particu-
lar, the # of 256 mV (10 mA cm™?) is much lower than that of
Co nanoparticles@N-doped carbon on rGO/CS (278 mV)* and
CoP nanoparticles on cobalt silicate (309 mV).>* These results
demonstrate that the integration of (Co,Fe),P, on the rGO/CS
support can substantially improve the OER performance of
cobalt silicates, showcasing the superiority of this synthesis
strategy compared to other cobalt silicate-based materials.
Moreover, the OER performance of rGO/CS/(Co,Fe),P, is
slightly better than that of commercially available RuO,
(260 mV at 10 mA cm™2), as depicted in Fig. 4b and Fig. $13
(ESIt). In practical applications, the 5 value at high current
densities is a crucial parameter. As depicted in Fig. S13, at
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Fig. 4 OER properties: (a) LSV curves of rGO/CS, rGO/CS/Co,Fe-MOF, rGO/CS/(Co,Fe),P,, rGO/CS/Co,P, and (Co,Fe),P,; (b) overpotentials achieved
in this work compared with the reported TMSs and some Co-based materials at 10 mA cm™2; (c) the corresponding Tafel plots of rGO/CS, rGO/CS/
Co,Fe-MOF, rGO/CS/(Co,Fe),P,, rGO/CS/Co,P, and (Co,Fe),P,; (d) linear relationships of capacitive current vs. scan rate of rGO/CS, rGO/CS/Co,Fe-
MOF, rGO/CS/(Co,Fe),P,, rGO/CS/Co,P, and (Co,Fe),P,; (e) the voltage stable performance of rGO/CS, rGO/CS/(Co,Fe),P,, rGO/CS/Co,P, and (Co,

Fe).P, tested at 10 mA cm™2 (voltage normalization).

current densities above 20 mA cm™>, the catalytic activity of

rGO/CS/(Co,Fe),P, significantly surpasses that of Ru0,.>° For
instance, at 100 mA cm™?, rGO/CS/(Co,Fe),P), exhibits an 5
value of only 488 mV, which is substantially lower than that of
RuO, (645 mV), further underscoring its high catalytic activity.
The exceptional OER performance of the target sample rGO/
CS/(Co,Fe),P, can be attributed to several factors: first, the
incorporation of a small amount of Fe introduces additional
active sites.>® Second, both the metal phosphide and the sili-
cate/rGO support possess inherent OER activity, and the two
components work synergistically to enhance the perform-
ance.”® Third, the amorphous structure of rGO/CS/(Co,Fe),P,
(Fig. 3a and b) provides unique electronic configurations and
the presence of vacancies (Fig. S11d¥), which promote the for-
mation of active sites and facilitate mass transfer.*”

The Tafel slope (b) is a crucial kinetic parameter for evaluat-
ing OER electrocatalysts, with lower values indicating more
favorable OER kinetics.”® Fig. 4c shows the Tafel plots of rGO/
CS, 1GO/CS/Co,Fe-MOF, rGO/CS/(Co,Fe),P,, tGO/CS/Co,P), and
(Co,Fe),P,, providing insight into their OER kinetics. Among
all samples, rGO/CS/(Co,Fe),P, exhibits the smallest b value of
134 mV dec™', demonstrating the fastest OER kinetics. This
superior performance is attributed to excellent mass transfer
capabilities enabled by the material’s unique, carefully
designed structure. The Tafel slope of approximately 120 mV
dec™ for rGO/CS/(Co,Fe),P, suggests that the rate-determining
step involves conversion of HO* intermediate to *O intermedi-
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ates.> Based on the Tafel slope values (rGO/CS/(Co,Fe),P), <
rGO/CS/Co,P, < (Co,Fe),P, < rGO/CS/Co,Fe-MOF < rGO/CS), it
can be inferred that the presence of metal phosphides acceler-
ates the OER kinetics.

To explore the intrinsic activity of the electrocatalysts, cyclic
voltammetry (CV) measurements (Fig. S14, ESIf) were con-
ducted to analyze the double-layer capacitance (Cgq), pro-
portional to the electrochemically active surface area (ECSA).”®
A larger ECSA corresponds to a higher number of active sites,
facilitating an enhanced interaction with the electrolyte and
improved water molecule adsorption.® In Fig. 4d and Fig. S15
(ESIT), the Cq; values of the samples are as follows: rGO/CS/
(Co,Fe),P, (5.0 mF cm™?) > rGO/CS/Co,P) (2.1 mF ecm™?) > (Co,
Fe),P, (1.7 mF ¢m™?) > rGO/CS/Co,Fe-MOF (1.4 mF cm™?) >
rGO/CS (0.7 mF cm™?). This ranking of ECSA-based OER
activity is consistent with the earlier electrochemical data, con-
firming that rGO/CS/(Co,Fe),P, exhibits the highest OER per-
formance. The superior Cq; value of rGO/CS/(Co,Fe),P, can be
attributed to its complex 2D double-sandwich-like architecture
and the introduction of numerous active sites, further support-
ing its exceptional OER activity.

Long-term stability is another critical parameter for evaluat-
ing OER electrocatalysts. Fig. 4e shows the voltage vs. time
curves for rGO/CS, r1GO/CS/(Co,Fe),Py, and rGO/CS/Co,P, (Co,
Fe),P, measured at 10 mA cm™>. Among these samples, rGO/
CS/(Co,Fe),P, demonstrates the best durability, retaining 98%
of its initial OER activity after 20 hours of continuous testing.
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In comparison, the OER activities of rGO/CS, rGO/CS/Co,P,
and (Co,Fe),P, decrease to 94%, 96%, and 72% of their initial
activities, respectively, over the same time period. The poorer
stability of the standalone (Co,Fe),Py layer suggests that the
rGO/CS support significantly enhances the overall stability of
the composite. This improvement is owing to the incorpor-
ation of Fe and the formation of the phosphide layer not only
increases the number of active sites for OER, but also contrib-
utes slightly to improved stability. When combined with the
rGO/CS carrier, the stability ranking follows the order: rGO/CS/
(Co,Fe),Py > rGO/CS/Co,P), > rGO/CS. This enhanced stability is
not only due to the strong electronic interactions between the
rGO/CS carrier and the (Co,Fe),P, nanoparticles, but also due
to the protection of (Co,Fe),P, nanoparticles for CS. To
confirm the structural stability of rGO/CS/(Co,Fe),P, after long-
term OER testing, SEM was used to characterize the material’s
morphology (Fig. S16, ESIt). The results show that the lamellar
structure of rGO/CS/(Co,Fe),P, remains largely unchanged
after testing, with the rGO/CS support maintaining its integ-
rity. The structural features are well-preserved, indicating that
the composite possesses excellent stability, which is beneficial
for sustained OER performance.

Following the OER tests, the HER activities of rGO/CS/(Co,
Fe),P, and comparative samples were measured in 1 M KOH
electrolyte. Similar to OER investigation, the influence of Fe
content and phosphorization conditions on HER performance
was explored. Fig. S17a (ESIt) shows the LSV curves for rGO/
CS/Co,Fe-MOF-1, rGO/CS/Co,Fe-MOF-2, and rGO/CS/Co,Fe-
MOF-3. Their corresponding 5 values were measured at
473 mV, 445 mV, and 496 mV vs. RHE at 10 mA cm ™2, respect-
ively. Among these, rGO/CS/Co,Fe-MOF-2 (represented here-
after as rGO/CS/Co,Fe-MOF) displayed the best HER perform-
ance, similar trends with the OER results. Fig. S17bt depicts
the LSV curves of rGO/CS, rGO/CS/(Co,Fe)Py-1, 1GO/CS/(Co,
Fe),Py-2 and rGO/CS/(Co,Fe),Py-3, with the corresponding 5
values of 607 mV, 360 mV, 180 mV, and 200 mV vs. RHE at
10 mA cm™>. The results show that phosphorization signifi-
cantly enhances the HER activity of the samples. Specifically,
rGO/CS/(Co,Fe),P)-2 (hereafter referred to as rGO/CS/(Co,
Fe),Py) achieved the best HER performance, consistent with
the OER outcomes. Both the HER and OER results demon-
strate that the phosphorization strategy greatly improves the
catalytic performance of rGO/CS.

The LSV curves and 5 values for HER without iR compen-
sation for rGO/CS, rGO/CS/Co,Fe-MOF, rGO/CS/(Co,Fe).P,,
rGO/CS/Co,Py, and (Co,Fe),P, are presented in Fig. 5a and b.
The HER performance follows the trend: rGO/CS/(Co,Fe),P;, >
rGO/CS/Co,P, > (Co,Fe),P, > rGO/CS/Co,Fe-MOF > rGO/CS. The
corresponding 5 values at 10 mA cm ™ are 607 mV, 445 mV,
180 mvV, 229 mV and 252 mV vs. RHE, respectively. These
results indicate that HER behavior is primarily driven by the
presence of metal phosphides. The introduction of Fe into
rGO/CS/Co,P, enhances the catalytic performance, confirming
that a small amount of Fe can significantly boost activity. In
Fig. 5b and Table S3,f the 5 value of rGO/CS/(Co,Fe),P) is
superior to most reported HER electrocatalysts based on TMSs
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and non-noble metal oxide/hydroxide materials. The 5 value of
180 mV vs. RHE at 10 mA cm™> for rGO/CS/(Co,Fe)P, is
notably lower than that of CoP nanoparticles on
Co5;(S1,05),(OH), nanosheets (251 mV vs. RHE at 10 mA
em™?).>* Impressively, the HER activity of rGO/CS/(Co,Fe),P, is
even comparable to commercial Pt/C. These comparisons
demonstrate that the (Co,Fe),Py on the rGO/CS support can sig-
nificantly enhance both HER and OER performances in cobalt
silicate-based systems.

Similar to the OER, the Tafel slope (b) is a critical parameter
for analyzing HER kinetics. In alkaline media, the HER
process involves two elementary steps: the Volmer reaction
(H,O + e~ & *H + OH"), which produces adsorbed hydrogen,
and either the Heyrovsky reaction (*H + H,O + e~ < H, + OH")
or the Tafel reaction (*H + *H < H,). Tafel slopes of 120, 40,
and 30 mV dec™" correspond to Volmer, Heyrovsky, and Tafel
steps, respectively.®’ Fig. 5c shows the Tafel slopes of rGO/CS,
rGO/CS/Co,Fe-MOF, rGO/CS/(Co,Fe),P), tGO/CS/Co,P), and (Co,
Fe),P,, with the following order: rGO/CS/(Co,Fe),P, < rGO/CS/
Co,P, < (Co,Fe),Py < rGO/CS/Co,Fe-MOF < rGO/CS. Tafel slopes
are 120, 124, 130, 137, and 240 mV dec™ ", respectively, indicat-
ing that all catalysts follow the Volmer mechanism. The trend
confirms that phosphides significantly enhance the adsorption
and conversion of reactants during the HER and that the phos-
phorization process accelerates kinetics. Additionally, the
introduction of Fe further improves the reaction kinetics. The
synergistic effects of (Co,Fe),P, nanoparticles and the layered
structure of rGO/CS result in fast HER kinetics for rGO/CS/(Co,
Fe),P,.

Fig. S18 (ESIf) presents the CV curves of rGO/CS, rGO/CS/
Co,Fe-MOF, rGO/CS/(Co,Fe),P,, rGO/CS/Co,P, and (Co,Fe),P,,
while Fig. 5d summarizes their corresponding Cq; values, used
to estimate the ECSA. The Cg values are ranked as: rGO/CS/
(Co,Fe),P, (0.83 mF ¢cm™?) > rGO/CS/Co,P, (0.74 mF cm™?) >
(Co,Fe),P, (0.51 mF cm™?) > rGO/CS/Co,Fe-MOF (0.38 mF
em ™) > rGO/CS (0.26 mF cm™?). These values align with the
OER and HER performances, confirming that rGO/CS/(Co,
Fe),P, exhibits the best catalytic activity. Fig. 5e shows the nor-
malized voltage vs. time curves for HER stability, measured at
—-10 mA cm™>. After 20 hours, rGO/CS, rGO/CS/(Co,Fe).P,
retains 99% of its initial activity, while rGO/CS, rGO/CS/Co,P,
and (Co,Fe),Py retain 95%, 96%, and 94%, respectively. The
99% retention in rGO/CS/(Co,Fe),P, demonstrates the synergis-
tic effect between (Co,Fe),P, nanoparticles and the rGO/CS
support, further enhancing the HER stability.

The kinetics and interfacial charge transfer processes for
both the OER and HER were examined using Nyquist plots
(Fig. S19, ESIt). In the high-frequency region, the phosphides
reduce the charge-transfer resistance of rGO/CS, indicating
excellent electron transport in rGO/CS/(Co,Fe),P,. In the low-
frequency region, rGO/CS/(Co,Fe),P) exhibits the fastest inter-
facial electron/mass transfer kinetics owing to its highest
slope. These findings support the enhanced HER and OER
performances, consistent with the Tafel slope results. The
synergistic interaction between the rGO/CS support and (Co,
Fe),P, nanoparticles maximizes the adsorption and conversion
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Fig. 5 HER properties: (a) LSV curves of rGO/CS, rGO/CS/Co,Fe-MOF, rGO/CS/(Co,Fe),P,, rGO/CS/Co,P, and (Co,Fe),P,; (b) compared overpoten-
tials; (c) the corresponding Tafel plots of rGO/CS, rGO/CS/Co,Fe-MOF, rGO/CS/(Co,Fe),P,, rGO/CS/Co,P, and (Co,Fe),P,; (d) linear relationships of
capacitive current vs. scan rate of rGO/CS, rGO/CS/Co,Fe-MOF, rGO/CS/(Co,Fe),P,, rGO/CS/Co,P, and (Co,Fe),P,; (e) the voltage stable perform-
ance of rGO/CS, rGO/CS/(Co,Fe),P,, rGO/CS/Co,P, and (Co,Fe),P, tested at 10 mA cm~2 (voltage normalization).

of water and OH™, suggesting that rGO/CS/(Co,Fe),P, is an
excellent candidate for OWS.*

In light of the remarkable OER and HER performances, a
two-electrode electrolyzer was assembled using rGO/CS/(Co,
Fe),P, as both the cathode and anode for OWS. Initially, the
current density of the rGO/CS/(Co,Fe),P, (+/—) system appears
modest (Fig. 6a). The onset of water splitting is primarily dic-
tated by thermodynamic processes, with kinetic effects becom-
ing more pronounced as the applied voltage increases.®®
Notably, the rGO/CS/(Co,Fe),P, (+/—) system requires a low cell
voltage of 1.41 V to 10 mA cm 2, outperforming the Pt/C(-)||
RuO,(+) cell, which requires 1.56 V. This is particularly signifi-
cant, as the typical range for Pt/C(—)||RuO,(+) cell voltages is
reported between 1.50 V and 1.62 V in the literature,”* demon-
strating that the rGO/CS/(Co,Fe),P, system is effectively opti-
mized. The superior performance of the rGO/CS/(Co,Fe),P,
system can be attributed to its distinctive sandwich-like struc-
ture, where the mutual synergy between (Co,Fe),P, and rGO/CS
two-component active sites plays a critical role, especially at
higher potentials. The proximity of (Co,Fe),P, and rGO/CS
facilitates the dissociation of H,O and the adsorption of OH™
ions in alkaline electrolytes, thereby enhancing the catalytic
activity. This is particularly evident in the enhanced perform-
ance of rGO/CS/(Co,Fe),P, in the two-electrode system for
OWS, compared to its performance in the three-electrode
setup. For example, while the combined HER and OER half-
reactions predict a potential difference of 1.66 V (10 mA cm™?),

This journal is © the Partner Organisations 2025

the actual cell voltage required by the rGO/CS/(Co,Fe).P,
system is only 1.41 V, a potential candidate for efficient water
splitting. The stability of the rGO/CS/(Co,Fe),P, catalyst is
further confirmed by the LSV curves obtained before and after
durability testing, which show no significant changes (Fig. 6b),
demonstrating the exceptional durability of the catalyst.

Based on the superior catalytic data, several factors may
contribute to the outstanding performance of rGO/CS/(Co,
Fe),P, in the OER and HER in OWS (Fig. 6¢): (1) a double-sand-
wiched structure induced inner-electric field: the rGO/CS/(Co,
Fe),P, catalyst features a double-sandwich structure, with rGO
nanosheets as the inner layer, CS in the middle, and (Co,Fe),P,
nanoparticles on the outer layer. The inner-electric field gener-
ated by the (Co,Fe),P, and rGO ensures efficient electron and
ion transport.®* (2) The synergistic effect between CS, rGO, and
(Co,Fe),P,: the surface nature of the (Co,Fe),P, nanoparticles
introduces a greater number of active sites, thereby in the
process of dissociation (H-OH bonds) and the adsorption
(OH™ reactants) the interfacial electron transfer kinetics is
improved.> Besides, it provides protection to the CS and pro-
longs the catalytic stability. In conclusion, the rGO/CS/(Co,
Fe),P, system demonstrates an outstanding balance of struc-
ture, conductivity, and catalytic activity, making it a promising
candidate for efficient and durable OWS applications.

To further understand the superior catalytic performance of
rGO/CS/(Co,Fe),P, in OWS, the interaction between CS and
(Co,Fe),P, at the molecular level was investigated using density
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functional theory (DFT) calculations. To simulate this system
effectively, three structures were modeled: pure CS, Co,P on CS
(denoted as CS-CP), and Fe,P on CS (CS-FP). Band structures,
electron density differences and density of states (DOS) are calcu-
lated using the crystal structures of CS (Fig. S20a and b, ESIY),
CS-CP (Fig. 7a and b), and CS-FP (Fig. 7d and e). The band struc-
tures of CS, CS-CP, and CS-FP are shown in Fig. S20c,} Fig. 7c,
and f, respectively. The results indicate a decrease in the
bandgap from CS to CS-CP and CS-FP, with CS-FP exhibiting the
smallest bandgap. This reduction in bandgap demonstrates that
CS’ conductivity is significantly enhanced by Co,P and Fe,P.
Furthermore, the convex nature of the energy bands in the CS-CP
and CS-FP structures suggests a strong built-in electric field gen-
erated between CS and the phosphides.®® The increased carrier
effective mass further indicates improved conductivity in CS-CP
and CS-FP, confirming that the introduction of (Co,Fe),P, nano-
particles on CS reduces the electron transport barrier and gener-
ates a built-in electric field for CS, thereby accelerating the reac-

2448 | Inorg. Chem. Front., 2025, 12, 2439-2452

tion kinetics and enhancing the OWS performance.® Fig. S21a-d
(ESIf) compare the full DOS of CS, CS-CP, and CS-FP. In CS-CP
and CS-FP, the weakening of localized spikes indicates that elec-
trons are more delocalized and more easily bonded, contributing
to better conductivity. Fig. S21et shows PDOS curves for the Co
3d orbitals in CS, CS-CP, and CS-FP. In the CS-CP and CS-FP
structures, the Co 3d band center is elevated, and the M-O anti-
bonding orbitals (c*) are weakened, resulting in stronger
bonding. This stronger bonding helps stabilize the intermediates
involved in the rate-determining steps of the OWS reaction.®” The
electron density difference (EDD) maps for CS, CS-CP, and CS-FP
(Fig. 7g-i) show the redistribution of the electron density. Blue
regions indicate electron loss, while red regions represent elec-
tron gain. In the CS-CP and CS-FP structures, the blue regions
become more prominent, indicating a decrease in electron cloud
density, which is favorable for the adsorption of OH™ ions.
Interestingly, Fe,P exerts a stronger influence on cobalt in cobalt
silicate when compared to Co,P. Additionally, the closer the

This journal is © the Partner Organisations 2025
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Fig. 7 DFT calculations: crystal structures at different views (a—b) and the band structure (c) of CS-CP; crystal structures at different views (d—e)

and the band structure (f) of CS-FP; (g—i) EDD of CS, CS-CP and CS-FP.

cobalt atoms are to phosphorus atoms, the lower their charge
density, further enhancing their catalytic activity. The DFT calcu-
lations clearly demonstrate that the introduction of (Co,Fe),P,
nanoparticles on CS induced a built-in electric field and
improves the overall conductivity, as well as facilitates fast reac-
tion kinetics. This synergistic interaction is key to the enhanced
OWS properties of rGO/CS/(Co,Fe),P,.

3. Conclusion

In summary, a double-sandwich rGO/CS/(Co,Fe),P, architec-
ture constituted of CS, rGO, and (Co,Fe),P, was designed and

This journal is © the Partner Organisations 2025

successfully synthesized that served as an exceptional bifunc-
tional electrocatalyst for OWS. Both experimental results and
DFT calculations confirm the synergistic interaction between
CS, (Co,Fe),P), and the rGO scaffold, which enhances the con-
ductivity and accelerates reaction kinetics by improving H-OH
bond dissociation and OH™ adsorption. Moreover, the built-in
electric field generated at the multiple interfaces further
boosts charge transfer, contributing to the catalyst’s excep-
tional performance in OWS. The rGO/CS/(Co,Fe).P, catalyst
achieves low overpotentials of 256 mV for OER and 180 mV for
HER at 10 mA cm >, surpassing most reported electrocatalysts
based on TMSs and even rivaling commercial RuO, and Pt/C.
Additionally, the rGO/CS/(Co,Fe),P, (+/-) system requires just

Inorg. Chem. Front., 2025, 12, 2439-2452 | 2449
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1.41 V for OWS at 10 mA cm ™2, outperforming many recently
developed bifunctional electrocatalysts and the commercial Pt/
C||RuO, system. This outstanding catalytic performance is
owing to the well-designed structure, the introduction of new
active sites from the rGO and (Co,Fe),P, layers, and the built-in
electric field that enhances interfacial electron transfer kine-
tics. This study not only demonstrates the effectiveness of
incorporating (Co,Fe),P, active sites into the rGO/CS support
for superior OER, HER, and OWS performance, but also pro-
vides a promising strategy for the surface engineering of Earth-
abundant, non-noble metal bifunctional electrocatalysts for
clean energy conversion.
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