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Targeted phase engineering of nanomaterials through non-equilibrium

synthesis strategies provides a rich platform for the development and

tuning of nanostructured catalysts with outstanding properties and

advanced stability. Unconventional phases or even complex hetero-

structures play a crucial role in the performance of catalysts for effi-

cient water electrolysis. By utilizing a controlled, iterative reduction

synthesis route, a tailored binder-free cobalt boride-phosphite elec-

trode (CoxB-[0.2]P–O) with mixed crystalline–amorphous phases is

developed. The tailored cobalt boride chemistry by phosphites enables

the alteration of the d electron distribution of cobalt, bringing the H*

adsorption energy into the optimal range and thereby enhancing the

HER activity. Comprehensive microstructure and spectroscopic anal-

yses proved the success of the one-pot strategy to modulate the

microenvironment chemistry of cobalt by incorporating boron and

phosphite. Moreover, the tailored formation of nanostructures with

locally varying morphology by the co-existence of amorphous and

crystalline phases on the nanometer scale is confirmed. This approach

facilitates the rational design for tuning the metal boride-based cata-

lysts' activity for hydrogen evolution by tailored chemistry of the metal

active centers and thus the phase engineering of similar nanomaterials

while avoiding the necessity of any thermal post-treatment processes.
1 Introduction

Electrochemical energy technologies will signicantly
contribute to the transition to a sustainable and carbon-neutral
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economy in order to decarbonize the energy sector.1 One of the
most critical scientic and technological problems is the
development of a sustainable and cost-effective water splitting
process for industrial-scale production of green hydrogen (H2)
to facilitate the energy transition.2 Heterogeneous catalysis is
a key element of the solution.3 Benchmark electrocatalysts with
a zero hydrogen evolution reaction (HER) overpotential used in
low-temperature water electrolysis systems are, however, based
on scarce, expensive noble metals (specically platinum group
metal (PGM) catalysts).4 This makes them economically less
attractive and does not meet the requirements for the global
demand for green H2. Consequently, the development of low-
cost, stable, and highly efficient hydrogen-evolving materials
is of key importance to meet this demand. Earth-abundant
transition metal (TM)-based materials have attracted much
attention as alternative electrocatalysts, especially in alkaline
electrolytes.5,6 However, chemical modulation strategies of
catalysts and economically viable synthesis routes to generate
nanostructured materials with durable and enhanced catalytic
performances are still required for clean H2 production, espe-
cially at an industrial scale.4,7

A major process bottleneck, when operating in alkaline
media, is the reduced kinetics due to the water-dissociation
energy barrier.8 However, alkaline water electrolysis allows the
utilization of TM-based materials, which serve as PGM-free
alternatives with better HER kinetics.9 Emerging technologies
such as anion-exchange membrane water electrolysis (AEMWE),
for industrial scale water splitting, increasingly require
electrocatalysts that are capable of even operating under mild
alkaline conditions (less than or equal to 1 M KOH) or pure
water where performance is dependent on the water/oxygen
transportation and the stability of the materials at the inter-
faces.10,11 In this application context, a rationale for the devel-
opment of stable membrane and PGM-free electrocatalysts for
the HER and water oxidation is paramount.12,13 To enhance the
kinetics of the reduction reaction, the chemical environment of
TM-based catalysts can be tailored by incorporating nonmetals
and metalloid elements such as phosphorus, sulfur, nitrogen,
J. Mater. Chem. A, 2025, 13, 40655–40664 | 40655
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Fig. 1 (A–G) Electrode fabrication depicted by schematics plus
representative SEM images: synthesis stages starting from a clean NF
surface (A and B) through intermediate steps (C and D: seed nano-
particle formation) to the final product (E and F: final CoxB-[0.2]P–O
catalyst with typical Co(OH)2 nanosheets), (G) SEM overview of the
high-performing electrode demonstrating complete coverage and
good adhesion, (H) ortho-slice (cross-section) of 3D reconstruction
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selenium, and boron.14,15 Engineering of the material's
morphology, crystal structure, and catalyst support is leveraged
to improve the extrinsic catalytic activity of complete elec-
trodes.3 A careful choice of the substrate material and the
design of the substrate/catalyst interface, especially for highly
conductive substrates, is also important.16 This enables strong
adhesion and enhanced charge transfer due to extended expo-
sure of more catalytic active sites to adsorbates promoting the
HER activity and life-cycle of the electrocatalysts.17 By
combining the above strategies, earth-abundant transition
metal-based catalysts are developed with high activity compa-
rable to precious metal-based catalysts.

TM-based borides and boron oxides, which are abundant
and provide economically attractive alternatives, show prom-
ising catalytic performance for water splitting.18–21 Central to
this class of materials is cobalt boride with moderate HER
activity.22 Cobalt boride (CoxB)-based materials take advantage
of the fact that Co as a rst-row transition metal possesses three
unoccupied d-orbitals facilitating facile surface chemical
interactions.23 Metalloids such as boron and phosphorus and
their oxidized forms, such as borates and phosphates, have
been known to inuence the electronic conguration of the
metal sites.24,25 Despite the considerable progress made in the
development of efficient cobalt boride-based electrocatalysts,
advanced synthesis strategies affording tailored cobalt chem-
istry, modulation of the electronic nature of cobalt and
advanced phase engineering at the nanoscale for the HER are
crucial.26

Besides the careful choice of a performant material system,
the global and, more importantly, local crystal structure of the
chosen system plays a signicant role in determining its cata-
lytic performance.27 Amorphous systems inherently possess
dangling bonds randomly oriented in space, which results in
a higher degree of unsaturated electronic congurations.28

Consequently, purely amorphous catalysts possess a large
fraction of unsaturated active sites facilitating efficient
adsorption and surface reactions at the cost of conductivity.27,28

In contrast, crystalline phases enhance the material's intrinsic
conductivity.27,29 It is therefore necessary to produce catalysts
that take advantage of the synergistic effect of complex hetero-
structures consisting of crystalline and amorphous phases at
the nanoscale.26,27,30 TM-boride catalysts are typically synthe-
sized via chemical reduction reactions of transition metal
cations in aqueous solution using alkali metal tetrahydrides as
reducing agents and a boron source to precipitate metal-
borides.31–33 However, this reaction is spontaneous and it is
a challenge to control the nal products. Such products are
mostly amorphous,34,35 and typically require post-thermal
treatment to induce some form of crystallinity or utilize
highly conductive carbon to enhance the electrocatalytic
performance.22,36 TM-boride-based nanomaterials, therefore,
provide a suitable platform for phase engineering at the nano-
scale to develop efficient HER electrocatalysts with unique
chemistry, morphology, and unconventional mixed crystalline–
amorphous phases using only a facile and cost-effective wet-
chemical reduction process.37
40656 | J. Mater. Chem. A, 2025, 13, 40655–40664
Herein, we use an elaborate synthesis strategy to develop
a series of self-supported, amorphous–crystalline (hetero-
structured), nanostructured cobalt boride phosphite electro-
catalysts. Our synthesis technique avoids any additional energy-
intensive annealing process as commonly employed to induce
crystallinity in TM-boride based catalysts synthesized in an
aqueous reducing solution. Comprehensive electrochemical
and structural characterization of CoxB–O (–O denoting the
presence of oxygenated species, i.e., Co–O, B–O), reference
Co(OH)2 as well as the complex, highly performing CoxB-[0.2]P–
O samples, revealed that the enhanced catalytic activity resulted
from the unique heterostructure and synergistic effects of
cobalt with boron and phosphite, as further revealed by the
theoretical calculations.
2 Results and discussion
2.1. Fabrication and surface chemistry analysis of the self-
supported electrode

The electroless preparation of a series of self-supported hier-
archical cobalt boride-based electrodes is schematically shown
in Fig. 1A–H (details in Fig. S1). Highly open-porous and hollow
from mCT of hollow NF, (I–L) XPS spectra of Co, B, P, and O.

This journal is © The Royal Society of Chemistry 2025
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nickel foam (NF) (Fig. 1G, H and S2A) is used as the substrate as
it allows for excellent liquid/gas transport, is chemically stable,
provides high electrical conductivity and a suited surface for the
catalyst fabrication/operation.38 X-ray micro-tomography (mCT)
furthermore depicts the hollow nature and thus material-saving
NF due to the thin walls of the foam struts (Fig. 1H). The facile
synthesis employs an iteratively controlled chemical reduction
reaction of cobalt cations (solution A: Co(NO3)2$6H2O) by
mixtures of reducing agents in an aqueous solution (solution B:
NaBH4 and Na2HPO3$5H2O). Sodium borohydride acts as
a strong reaction-controlling reducing agent, while sodium
phosphite is a weaker reducing agent.

This combination of reducing agents facilitates, both, the
inherent formation of severe aggregated nanoparticles and
immediate doping by phosphite, while at a later stage, the
complex amorphous–crystalline cobalt boride phosphite (CoxB-
[0.2]P–O, where –O refers to the presence of corresponding
oxidized species, i.e., Co–O and P/B–O due to the repetitive
exposure to air during synthesis and post-synthesis) catalyst is
formed. The cobalt source, i.e., solution A, is rst adsorbed on
the NF substrate (Fig. S1) and subsequently immersed in the
reducing solution B. This iterative process was repeated 5 times,
whereby the cobalt ions are locally reduced on the surface.39 As
a result, a dense and well-adhering seed nanoparticles on the
NF is generated (intermediate state depicted in Fig. 1C, D and
S3A) to assure mechanical long-term stability during catalyst
operation (Fig. S4), good electron transport and an enhanced
surface area (cf. Fig. 1B and D). In the last synthesis step, the
seed nanoparticle-coated NF substrate is immersed into solu-
tion A, while solution B is slowly added. In this reactive mixture,
the nal catalyst is comprised of embedded seed nanoparticles
with extended nanosheets (Fig. 1F, cf. Fig. 1D and S2C, D and
S3B details in the SI). SEM-EDX analysis demonstrated the
presence of Co, B, P, and O, indicating the formation of CoxB-
[0.2]P–O (Fig. S5). In particular, the P content increased in the
aged sample due to the inclusion of phosphites. The high
energy impact of the rapid exothermic reaction on the rough-
ened seed nanoparticle surface allows for the localized atomic-
scale structural rearrangement and thus the formation of
amorphous–crystalline heterostructured CoxB-[0.2]P–O without
any additional thermal treatment.

Surface-sensitive X-ray photoelectron spectroscopy (XPS) in
Fig. 1I–L conrms the successful incorporation of the B and P
species and their impact on the electronic environment of the
Co active sites within the catalyst. XPS survey revealed a surface
composition of 23.17 at%, 29.71 at%, 29.73 at%, 5.02 at%, and
12.37 at% for B, C, O, P, and Co, respectively (cf. Fig. S6).
Deconvolution of the Co 2p3/2 spectrum clearly reveals the
tailored Co–B interaction, resulting in a distinct sub-peak at
777.7 eV, which is 0.4 eV shied to lower binding energy
compared to metallic Co0 (778.1 eV (ref. 40)) due to the electron
transfer from boron to cobalt (Fig. 1I).31,41,42 In addition, there
are two major peaks of Co 2p3/2 at 781.6 eV and Co 2p1/2 at
797.4 eV, respectively, with a spin–orbit splitting of DE =

15.8 eV. Detailed analysis of the Co 2p3/2 peak reveals two
contributions with typical shis to higher binding energies
(781.1 eV and 782.9 eV) owing to cobalt(II) cations bound to
This journal is © The Royal Society of Chemistry 2025
highly electro-negative species such as hydroxides and phos-
phites, respectively.22,43 The electron transfer between Co and B
is further indicated by the positive 0.6 eV shi relative to B0

(187.1 eV) in the B 1s peak (187.7 eV), attributed to the boride
species (Fig. 1J).36,42,44 Phosphite incorporation into the Co–B
system was evidenced by the deconvoluted P 2p spectrum
(Fig. 1K) into two major sub-peaks at 133.6 eV and 134 eV (D =

0.87 eV) characteristic of the presence of phosphorus(III) species
and an extra peak at higher energy for phosphorus(V) in
oxidized P–O species.45,46 Like boron, the phosphorus inclusion
into the Co–B system directly modulates the electron density
around cobalt atoms, which impacts electron transfer and the
hydrogen interaction with the active sites.47 The O 1s spectrum
(Fig. 1L) shows three sub-peaks at 531.5 eV, 532.5 eV, and
533.9 eV. The signals at 531.5 eV and 532.5 eV consistently
reveal the presence of mixed metal-oxide/hydroxide (e.g.
Co(OH)2/CoO) and the P/B–O (in oxidized P species and B–O in
boron-oxo species), respectively.48
2.2. Microstructural and chemical characterization

A comprehensive scale-bridging investigation of the micro-
structure, crystal structure and chemistry of the electrodes with
emphasis on the nal catalyst is indispensable to understand
catalyst functionality, performance and long-term stability. The
continuous coating of the NF surface is conrmed by SEM top-
view and cross-sectional imaging (Fig. 1F, G, 2A and B) as
corroborated by the Co mapping. The coating roughness
(Fig. 2B), governed by the seed nanoparticles with a mean grain
size of the polycrystalline CoxB-[0.2]P–O of around 100 nm
(Fig. 2G), enhances the active surface area and thus promotes
the HER. The tailored two-step reduction reaction resulted in
the formation of the targeted hierarchical CoxB-[0.2]P–O cata-
lyst, with the surface exposed exhibiting amorphous–crystalline
morphology, surpassing conventional reduction strategies with
a typical amorphous structure.22

The high-angle annular dark-eld scanning TEM (HAADF-
STEM) and the corresponding X-ray spectroscopy (TEM-EDX)
conrmed the successful synthesis of cobalt-boride with phos-
phorus in phosphite homogeneously incorporated (Fig. 2C, D,
and S10). Fig. 2B and E demonstrate the continuous coverage of
the CoxB-[0.2]P–O catalyst with seed nanoparticles generated
during the coating step and an amorphous–crystalline hetero-
structure (Fig. 2F–H and S8). Fig. 2F details the morphology of
the amorphous–crystalline CoxB-[0.2]P–O at the catalyst surface
with crystalline domains of around 10 nm embedded in the
amorphous matrix (Fig. 2G and H). The nanocrystalline nature
of the CoxB-[0.2]P–O particles is reected as severe peak
broadening in XRD (Fig. S7). The complex architecture of the
developed electrocatalyst is further conrmed by three-
dimensional (3D) tomographic reconstruction (Fig. S13). The
reconstruction delineates the nanostructures showing agglom-
erated nanoparticles (seed nanoparticles) at the bottom of the
electrode covered by porous nanosheets at the top exposing
a large surface area. This hierarchical morphology is necessary
for efficient mass transport during the catalytic reaction with
J. Mater. Chem. A, 2025, 13, 40655–40664 | 40657
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Fig. 2 Morphology and microstructure of catalyst regions: (A) top-
view SEM overview and (B) cross-sectional SEM micrograph of the
electrode with corresponding EDXS elemental maps of Ni and Co, (C)
high-angle annular dark-field scanning TEM (HAADF-STEM) image of
the scratched sample with the region where EDX maps in (D) were
collected indicated (green box), (D) STEM-energy dispersive X-ray
spectroscopy (STEM-EDXS) elemental maps of Co and P from (C), (E)
bright-field TEM micrograph of the exposed electrode surface
(scratched sample) showing CoxB-[0.2]P–O seed nanoparticles with
extended B-depleted nanosheets, (F) region showing the on-grown
amorphous–crystalline catalyst heterostructure, (G) HRTEM micro-
graph of the amorphous–crystalline CoxB-[0.2]P–O heterostructure
from (F), (H) HRTEM image showing lattice fringes from the region
marked red in (G) (the inset is the FFT of the region shown in (H)).
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the large surface area providing a large number of active sites
for surface chemical reactions.49

Cross-sectional TEM samples, prepared by ultramicrotomy,
enabled the detailed characterization of the local composition
40658 | J. Mater. Chem. A, 2025, 13, 40655–40664
and bonding by STEM electron energy loss spectroscopy (EELS)
(Fig. 3). In Fig. 3A, D, and G, both the seed nanoparticles and
the nal catalyst region are differentiated. The dense CoxB-[0.2]
P–O particles with the nal catalyst coating appear bright in the
HAADF-STEM images in contrast to the faint nanosheets
(Fig. 3A and D). The systematic co-occurrence of B, Co, and
a minor concentration of O, as depicted in Fig. 3B, E, and H,
proves the successful formation of cobalt boride (CoxB-[0.2]P–
O). In contrast, the nanosheets (upper dataset) consist of Co,
higher O concentration and reduced B concentration. Both
CoxB-[0.2]P–O as well as the nanosheets are linked to specic Co
species (cf. Fig. 3C, F, I, S11 and S12). Owing to the low local
concentration and the unsuited shape of the ionization edge in
conjunction with the challenging sample geometry, any P
distribution could not be derived with the EELS technique (see
the experimental section). However, the homogeneous incor-
poration of P is proven by STEM X-ray spectroscopy (Fig. 2D and
S10) and XPS (Fig. 1K and S6).

Furthermore, EELS allows for the separation of the Co
oxidation state as particularly the L3 intensity (in correlation
with the L2 intensity) directly correlates with the number of
unoccupied 3d states and is thus a measure of the change in Co
oxidation state. The seed nanoparticles and nal catalyst
material show a higher, but mixed oxidation state of Co (Fig. 3C,
F, and I) in comparison to the nanosheets. The higher mean
oxidation state is not necessarily reected in an increased L3/L2
ratio of the respective peak heights but in a signicantly broader
L3 peak (and thus intensity).

Both the L3,2 peak maxima/onsets of the CoxB-[0.2]P–O (seed
nanoparticles + nal catalyst) are systematically shied towards
higher binding energies by approximately 1 eV compared to the
hydroxide reference, indicating partial electron transfer to
highly electro-negative adjacent species like B and P.50 While the
peak shape of the nanosheets is similar to that of the Co
hydroxide reference with a periodic atomic arrangement, the
signicantly broadened Co L3 peak of the catalyst indicates
strong local variations of the composition and next-neighbor
conguration (particularly B/P/O(H)) on the atomic scale and
thus varying electronic environments of the active Co species.
This is indicative of a change in the ligand eld of the active Co
catalyst centers. The incorporation of B and P (as phosphite)
creates a unique ligand environment around Co, which lever-
ages the electron-withdrawing and electron-donating properties
of both species. While B may withdraw or donate (reverse
electron transfer) electron density from Co, depending on
whether the material is crystalline or amorphous, P donates
electron density resulting in a complementary interaction with
a balanced electronic environment and tailored ligand eld,
thereby optimizing the overall ad/de-sorption of reactants and
facilitating enhanced HER catalytic activity as reected in the
catalytic HER performance.
2.3. Electrochemical performance

The electrocatalytic activity of the electrodes for the HER was
studied in a common three-electrode cell containing 1.0 M
KOH(aq) electrolyte. Graphite and mercury oxide/mercury (HgO/
This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Comprehensive EELS analyses of (A–C) the final catalyst on (D–F) seed nanoparticles with (G) indicative positions within the electrode: (A
and D) high-angle annular dark-field scanning TEM (HAADF-STEM) images showing bright seed nanoparticles and final catalyst (high density) in
contrast to intermediate gray nanosheets (lower density and lower projected thickness), (B and E) corresponding B, Co, and O elemental maps (in
at% with P and H concentration omitted due to instrumental andmethodological limitations); and (C and F), Co oxidation-statemaps (colors blue
and grey correspond to line colors in (I): Co-L2,3 spectra), (H) overview EEL spectrum, (I) representative cobalt L2,3 spectra of the final catalyst
region and nanosheet regions compared to as-synthesized Co(OH)2 reference with shifts in Co L3 edge as the inset.
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Hg) were used as counter current and reference electrodes,
respectively (details in the SI: electrochemical evaluation
section). The HER properties of the CoxB-[0.2]P–O catalyst
This journal is © The Royal Society of Chemistry 2025
coating were determined from comparative iR-corrected linear
sweep voltammetry (LSV) curves. The LSV curve of CoxB-[0.2]P–
O shows a signicant shi toward lower potentials compared to
J. Mater. Chem. A, 2025, 13, 40655–40664 | 40659
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that of both the NF substrate and even a commercial 20% Pt/C
catalyst loaded on the NF (Fig. 4A). The enhanced catalytic
performance of the self-supported CoxB-[0.2]P–O electrodes is
characterized by a very low overpotential of 33 mV (Fig. 4B and
S14) at the standard geometric current density (h @ 10 mA
cm−2). It shows promising electrocatalytic performance
compared to reported self-supported cobalt-based catalysts
(Table S1). The control samples, CoxB–O, (Co(OH)2), and the NF
substrate required relatively higher potential values (103 mV for
CoxB–O, 208 mV for Co(OH)2 and 306 mV for NF at h @ 10 mA
cm−2). In contrast to powder catalysts such as Pt/C catalyst and
the bare NF substrate, this self-supported catalyst overcomes
the use of binders, such as Naon, to stabilize the catalyst, and
synergistically with the substrate, enables improved mass
transport, enhanced access to active sites, less interfacial
resistance, and higher electrical conductivity.

The mechanism of the HER in an alkaline solution involves
an additional step of breaking water molecules to generate
Fig. 4 Electrocatalytic performance of catalysts for the HER: (A) LSV
curves for as-fabricated catalysts CoxB-[0.2]P–O, CoxB–O, Co(OH)2,
commercial Pt/C, and bare NF in 1.0M KOH, (B) Tafel slopes and (C) EIS
Nyquist plots of CoxB-[0.2]P–O, CoxB–O, Co(OH)2, commercial Pt/C,
and bare NF; insets show the equivalent circuit used for fitting the data
and overall Nyquist plot as an overview, (D) bar graph of the turnover
frequency (TOF), (E) double-layer capacitance, (F) ECSA normalized
LSV of CoxB–O, CoxB-[0.2]P–O, and Co(OH)2.

40660 | J. Mater. Chem. A, 2025, 13, 40655–40664
protons.51 This process, therefore, requires extra energy for
successful water splitting and causes more sluggish reaction
kinetics.52 This is depicted by the Tafel value for the optimized
CoxB-[0.2]P–O which was observed to be the lowest among the
investigated sample series at 49 mV dec−1, which is competitive
to Pt/C (35 mV dec−1) (Fig. 4B). Such a low value infers an
enhanced electron-coupled water dissociation step, known to
be the rate-determining step for the HER under alkaline
conditions.22 This demonstrates that our boron and phosphite-
incorporated catalyst (CoxB-[0.2]P–O) has more efficient HER
kinetics relative to Co(OH)2 and CoxB–O counterparts. These
enhanced reaction kinetics are corroborated by detailed anal-
yses of Nyquist plots retrieved from electrochemical impedance
spectroscopy (EIS) measurements (Fig. 4C). The charge transfer
resistance (Rct) values, determined from the radii of the Nyquist
plots, were 4.1 U, 17.6 U, and 69.4 U for CoxB-[0.2]P–O, CoxB–O
(control catalyst), and Co(OH)2 (control catalyst), respectively.
Evidently, the optimized boron and phosphite-doped catalyst
has a reduced Rct value compared to the counter and control
electrocatalysts.

This comparison proves a better adsorption–desorption
efficiency of the reactants due to better charge transfer by the
reduced binding energy due to the P-containing phosphite co-
doping.24 The control catalyst Co(OH)2 exhibits the highest Rct

value most likely since this material did not include cobalt-
boride or phosphite in the structure. The electronic congura-
tion of cobalt determined by XPS analysis showed that the
presence of both B and P of phosphite ensured the tailored
chemistry of Co through charge transfer processes,53 and as
a consequence the observed better charge transfer in CoxB-[0.2]
P–O. Among the series of catalysts, only the Co(OH)2 control
catalyst exhibits a purely crystalline form (Fig. S8 and S9),
whereas both CoxB-[0.2]P–O and CoxB–O show mixed amor-
phous–crystalline heterostructures. We therefore conclude that
the modulated chemistry of cobalt by boron and phosphite
incorporation as well as the co-existence of mixed phases causes
the synergistic enhancement of the electron transfer process.

The CoxB-[0.2]P–O electrocatalyst exhibits by far the highest
hydrogen production per active site as demonstrated by
a superior TOF value of 0.87 s−1 at a voltage of −0.05 V vs. RHE,
which is approximately 15 times higher than that of the counter
catalyst (CoxB–O) (Fig. 4D and S15). As anticipated from the
hierarchical and rough morphology of the catalyst surface,
these electrocatalysts showed relatively similar electrocatalytic
surface area (ECSA) which correlates with the double layer
capacitance (Cdl) values of CoxB-[0.2]P–O (3.5 mF cm−2), CoxB–O
(3.1 mF cm−2), and Co(OH)2 (2.6 mF cm−2) (Fig. 4E and S16).
Consistently, CoxB-[0.2]P–O shows better HER performance
compared to CoxB–O and the Co(OH)2 counterparts in Fig. 4F,
where the ECSA-normalized activity is shown. While the ECSA
values of the threematerials are similar, the TOFmeasurements
provide evidence that the local chemistry of the active site plays
a more signicant role in promoting the electrocatalytic effi-
ciency of these catalysts.

The CoxB-[0.2]P–O electrodes show promising long-term
stability aer 1000 CV cycles even under alkaline operation
conditions as demonstrated by well-overlapping LSV curves before
This journal is © The Royal Society of Chemistry 2025
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and aer cycling (Fig. 5A). Furthermore, the Rct values remain
unchanged (inset in Fig. 5A). Complementary to this performance,
the chronopotentiometric curve exhibits no noticeable increases in
overpotentials in the tested period (Fig. S17).

Post-operation SEM micrographs further conrm the preser-
vation of the original morphology with only slightly thickened
nanosheets (cf. Fig. 1B, C, B–D and S4) corroborating the excel-
lent mechanical stability during operation. Post-operation TEM
analysis (Fig. 5E–H and S18) also conrms the sustained
Fig. 5 Stability characterization: (A) LSV curves before and after 1000
CV scans for the optimized CoxB-[0.2]P–O catalyst (the inset in (A)
shows overview Nyquist plots), (B–D) SEM images of the electrode
after 1000 CV scans, (E and F) HRTEM images highlighting represen-
tative amorphous–crystalline regions, (G and H) corresponding FFT
patterns from the blue and green boxed areas in (F) revealing retained
crystalline (G) and amorphous (H) regions.

This journal is © The Royal Society of Chemistry 2025
coexistence of amorphous regions and nanocrystalline domains
even aer 1000 CV cycles further attesting to the structural
robustness of the catalyst. Combined SEM and TEM analyses of
this electrode aer stability testing demonstrate minimal degra-
dation as the self-support conguration on the metal foam
prevents delamination as typically observed in powder-based
catalysts during operation,54 with the open-porous nickel foam
(NF) facilitating efficientmass transport. The strong anchorage of
the catalyst even aer the stability test on the highly porous and
conductive 3D metal substrates provides a major advantage in
contrast to conventional drop-cast coatings.55,56
2.4. Theoretical characterization

Density functional theory (DFT) calculations were performed to
investigate the role of phosphite in CoxB–O (CoB–O system) and
to elucidate the HER active sites using Vienna Ab initio Simula-
tion Package (VASP).57 The phosphites and the O atoms due to the
oxidized species were preferentially adsorbed on the (001) surface
termination of CoB (CoB–O–P system). The optimized congu-
rations of CoB–O and CoB–P–O systems are shown in Fig. 6A and
B. The Gibbs free energy of hydrogen (DGH*) is a widely accepted
descriptor for evaluating the catalytic performance toward the
HER.58 In general, a DGH* value close to zero indicates the
optimal HER activity, thereby achieving high HER activity.

The catalytic efficiency of CoB–O and CoB–P–O was evaluated
by calculating DGH* for hydrogen atoms at both Co and B active
sites. The free energy prole in Fig. 6C reveals that for CoB–O, the
DGH* values are−0.52 eV for the B site and−0.12 eV at the Co site.
In contrast, the corresponding values for CoB–P–O are−0.34 eV at
Fig. 6 (A) Optimized configurations of the CoB–O system and (B)
CoB–P–O system; colour codes: violet, green, red and grey represent
Co, B, O and P, respectively. (C) Calculated free energy profile of CoB–
O and CoB–P–O systems, and (D) PDOS of CoB–O and CoB–P–O
(Fermi energy levels (3f) and d-band center (3d) aremarked by black and
red dashed lines).
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the B site and 0.02 eV at the Co site, with the latter being much
closer to zero and substantially improved activity compared to
CoB–O. These results indicate that phosphite incorporation
enables more optimal H* adsorption at the Co site, thereby
balancing the adsorption–desorption energetics and enhancing
the HER activity.

To elucidate the origin of the enhanced activity, electronic
structure analyses were performed, as shown in Fig. 6D. The
projected density of states (PDOS) of CoB–O and CoB–P–O
systems conrms a non-zero occupation at the Fermi level,
which reects the metallic nature of the catalysts, which is
favourable for electron transfer during the electrocatalytic
process. Bader charge analysis reveals that upon incorporation
of phosphite, approximately 0.97e− are transferred from phos-
phite to the system, thereby altering the d electron distribution
of Co. Consequently, the d-band center (3d) of Co shis below
the Fermi level, leading to a redistribution of unoccupied states
and a weakening of H* adsorption, which is reected in the
positive value of DGH*.59 This is also validated by the increase in
the bond length of Co–B from 2.13 Å to 2.28 Å upon phosphite
incorporation, which can be attributed to the electron accu-
mulation around the Co centre. The enhanced electron density
weakens the Co–B interaction, resulting in bond elongation and
subsequently affecting the electronic structure and adsorption
properties. Thus, the incorporation of phosphite modies the
electronic structure of Co–B, bringing the H* adsorption energy
into the optimal range and thereby enhancing the HER activity.

3 Conclusions

A facile, cost and resource-effective method has been developed
to prepare a self-supported, highly efficient and long-term stable
Pt-like CoxB-[0.2]P–O electrocatalyst for the HER. A comprehen-
sive scale-bridging investigation of the microstructure and
chemistry of the complete electrode with emphasis on the nal
catalyst material has been employed to explain the enhanced
electrocatalytic and Pt-competitive HER performance of the
electrode in comparison to previous CoxB based catalysts. Its
superior performance is attributed to the complex hetero-
structuremorphology with co-existing crystalline and amorphous
phases. Additionally, the modulation of the Co active site
chemistry and ligand eld due to the incorporation of both boron
and phosphite promotes catalytic activity and reduces charge
transfer resistance. In the CoB–P–O system, phosphite incorpo-
ration reduces the DGH* at both Co and B sites (to 0.02 eV and
−0.34 eV, respectively) compared to the CoB–O system, indi-
cating more favorable HER kinetics. DFT calculations further
show that this effect arises from phosphite-induced modulation
of Co electronic states near the Fermi level, making CoxB–P–O
a more promising catalyst than CoxB–O. The comprehensive
investigation unravelled the complex interplay between
morphology, crystal structure, chemistry and bonding required
for the successful production of highly efficient electrocatalysts.
This work demonstrated a quite simple synthesis strategy and
facilitates the development of more complex earth-abundant
transition metal electrocatalysts with high activity toward
electrochemical reactions for water splitting.
40662 | J. Mater. Chem. A, 2025, 13, 40655–40664
Author contributions

JMVN: project administration, conceptualization, experimental
design, project management, material synthesis,
physicochemical/electrochemical characterization and analysis,
data interpretation, manuscript writing, editing and revision;
COO: experimental design, TEM investigation, sample prepa-
ration, data analysis and interpretation, manuscript writing,
editing and revision; JF: STEM tomography and mCT, 3D visu-
alization; MH: SEM-EDXS; NF: XPS; YS and WSS: assisted in
material characterization; MFP and RT: theorical experiment
and manuscript editing and revision; MK: project supervision,
project administration, data interpretation, manuscript writing,
review and editing; BB: project supervision, project adminis-
tration, data interpretation, manuscript writing, editing and
revision.
Conflicts of interest

There are no conicts to declare.
Data availability

The data that support the ndings in this study are available
from the corresponding authors upon reasonable request.
Acknowledgements

This project has received funding from the European Union's
Horizon 2020 research and innovation program under the
Marie Skłodowska-Curie grant agreement No. 945422. Part of
the study was performed at the DFG-funded Micro-and Nano-
analytics Facility (MNaF) of the University of Siegen (INST 221/
131-1) by utilizing its major instrumentation (FEI Talos F200X
TEM: DFG INST 221/93-1, DFG INST 221/126-1). This project has
received funding from the European Union’s Horizon
2020 research and innovation program under the Marie
Skłodowska-Curie grant agreement No. 101102946. The authors
thank the National Supercomputing Mission (NSM) for access
to PARAM Rudra for providing central computational facilities.
M. F. P. and R. T. acknowledge ASEAN India Collaborative
Research for the funding support CRD/2024/000716.
Notes and references

1 M. Chatenet, B. G. Pollet, D. R. Dekel, F. Dionigi, J. Deseure,
P. Millet, R. D. Braatz, M. Z. Bazant, M. Eikerling, I. Staffell,
P. Balcombe, Y. Shao-Horn and H. Schäfer, Chem. Soc. Rev.,
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