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Introduction

Ultrathin carbon layer-coated mesoporous core—
shell-type FeP/Fe,0z/C for the hydrogen evolution
reactionf

Alaaldin Adam,® Maria Isabel D|'ez—GarC|'a,ﬂDC Joan Ramon Morante,@C
Muhammad Ali,° Zijin Chen, ©9 Zigi Tian @9 and Mohammad Qamar & *a°

Due to their low cost and high abundance, iron-based electrocatalysts are considered a promising
alternative to platinum for the hydrogen evolution reaction (HER). Herein, we synthesized and evaluated
a mesoporous core—shell-type iron phosphide/iron oxide (FeP/FezO,4) coated with few ultrathin carbon
layers as an electrocatalyst for the HER. FeP/FesO,4 was produced through the partial phosphidation of
FesO4 mesoporous microspheres. Our findings indicate that even partial phosphidation activates the
surface of FezO4 for the HER and that FeP/FesO,4 outperforms pure FeP. Although FeP/FesO,4 exhibited
higher electrochemical impedance and charge-transfer resistance compared to FeP, the FeP/FezO4
electrode demonstrated superior performance in both acidic and basic electrolytes. In acidic solution,
the 710 values for FeP/Fes04/C and FeP/C were approximately 90 and 135 mVgue, respectively, while in
basic medium, they were approximately 303 and 261 mVgpe. In addition, the specific activity of the FeP/
FesO,4 electrode, normalized to the electrochemically active surface area, surpassed that of the FeP
electrode. The superior performance of FeP/FesO, was linked to its active centers and turnover
frequency (TOF). Specifically, the number of active sites in FeP/FesO4 was 1.58 x 1078 mol, whereas in
FeP, it was 1.2 x 10~% mol. At n = 90 mVgye, the TOF of the FeP/FesO, electrode was estimated to be
0.47 s~!, approximately 2-fold higher than that of FeP (0.47 s~%). Estimation of the exchange current
density (i) and Tafel slopes indicated faster HER kinetics at the catalytic interface of FeP/FezO4 (0.18 mA
cm™2, 62 mV dec!) compared to FeP (0.12 mA cm™2, 89 mV dec™). In addition, the FeP/FesO4
electrode maintained a stable current density (20 mA cm™2) for 24 h of continuous operation. Two spin-
polarized DFT models were used to obtain information on the Gibbs free energy (AGy) and the
corresponding adsorption energy (AEy). These models included a FeP surface with and without carbon
layers, as well as a surface consisting of FeP and FezO4. In addition, the calculations offered insights into
the stability of the phosphide surface, both with and without carbon layers.

realized commercially, several challenges associated with its
production costs, safety, storage, etc. remain to be addressed.

The drive to develop clean energy technologies is intensifying in
response to increasing energy demands and growing environ-
mental concerns.”” With the declining cost of electrical energy
generated from dedicated renewable sources, hydrogen (H,)
production through water electrolysis is emerging as a more
promising technological alternative to the steam methane
reforming (SMR) process,®* which emits considerable amount
of carbon dioxide (CO,). Before water electrolysis becomes fully
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The idea behind renewably driven electrolysis is to dedicate the
energy production or alternatively to store the surplus electrical
power, as there tends to be intermittency in energy production
as well as a mismatch between demand and supply, in the form
of chemicals. As H, has well-established markets, which are
projected to expand further in the near future, the conversion of
electrical energy into H, through water electrolysis is a prom-
ising opportunity. In the polymer electrolyte membrane
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electrolysis process, surface-adsorbed H,O first oxidizes at the
anode, generating oxygen molecules, electrons (e”), and
protons (H"). Both e~ and H" move toward the other half-cell
(cathode compartment), whereby e~ travels through an
external electrical circuit, while the H" migrates through the
polymer electrolyte membrane. The reduction of protons occurs
at the cathode surface, leading to the formation of H, gas.
Although the thermodynamic requirement for complete water
electrolysis is 1.23 V, the sluggish reaction kinetics (multistep
H,O oxidation and O, formation in particular) can demand
a substantially high-energy input. The additional energy needed
can have a significant impact on the production costs. To
address the challenge of an overpotential requirement, elec-
trocatalysts with a tailored microstructure with high catalytic
activity are required by the electrolyzers.

In the conventional commercial PEM-based electrolyzer, the
electrodes generally consist of noble metals, such as platinum
(Pt) and iridium oxide (IrO,) as electrocatalysts.® However, the
extremely high cost and the limited abundance of these metals
are viewed as a significant challenge for the adoption of large-
capacity electrolyzers and their widespread installation. As
a result, extensive research has been carried out recently with
the aim to design and develop both cathode and anode mate-
rials, as alternatives to Pt and Ir, with low cost, high activity
(close to Pt and Ir), and good stability.”*® The main transition
metals that have been the focus of most research to date are
nickel (Ni),?® cobalt (Co),* and iron (Fe).>* As a cathode material,
the electrocatalytic performance of the phosphides of these
transition metals is now approaching that of Pt-based electro-
catalysts for the HER and therefore such electrocatalysts have
great potential. A wide variety of electrodes consisting of non-
precious transition metals, including carbides,”*****
sulfides,'®*** nitrides,*® phosphides,””** and borides,"*” have
been explored. Because of the low cost (the most abundant
transition metal) and high activity of iron (Fe), iron mono-
phosphide (FeP) is one potential electrocatalyst that has been
investigated for the HER.

In pursuit of high-performance electrocatalysts, efforts are
ongoing to further improve the electrocatalytic performance of
FeP, mainly by modifying the electronic structure to decrease
the catalytic reaction time constant and, at the same time,
increase the density of accessible functional sites. The former
can be achieved by various methods, including heteroatom
doping, both by metal (e.g., Ni, Co, Mn, etc.)*®>' and nonmetal
doping (e.g., N),**** modulating the defect/vacancy, and
designing heterostructures.

The availability of a wide variety of metal and nonmetal
elements brings a unique opportunity to custom-tailor the
electronic properties, and hence the performance, of any
specific chemical composition. The electronic structure of
bimetallic or multimetallic compounds is likely to allow
improved inter-charge transfer, which can have a direct impact
on the kinetic energy barriers of electrocatalytic reactions.***®
For instance, Chen et al. prepared cobalt iron phosphide
(CoFeP) nanotubes and showed that the presence of Co in the
structure significantly increased the total density of states (DOS)
near the Fermi level.** Such structural modulations led to the
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faster charge-transfer kinetics and better HER performance.
The presence of Co also added to the HER performance of FeP
by reducing the hydrogen adsorption free energy. In addition to
metal cations, nonmetals can also be used to modulate the
chemical and electronic attributes of electrocatalysts. For
instance, Yang and colleagues reported an improvement in the
HER performance of FeP after introducing nitrogen into the
structure.® It was asserted that the N atoms could modulate the
bond strength between FeP and O, which rendered better
intrinsic activity of FeP. Similarly, Zhang and coworkers showed
coupled H, evolution and sulfur generation in the presence of
N-doped CoP electrodes.*® Their findings were correlated to the
difference in electronegativity of nitrogen and phosphorous.
Specifically, nitrogen, being more electronegative than phos-
phorous, lowered the d-band of CoP more effectively and
weakened H adsorption on the electrocatalyst surface. Similarly,
intramolecular electronic coupling in iron cobalt (oxy)phos-
phide nanoboxes accounted for the enhanced oxygen evolution
reaction.?”

Furthermore, the density of accessible functional sites of FeP
can be amplified by improving its surface area,*** introducing
porosity,*>** creating a hollow morphology,**** supporting on
carbon,**** and so forth. Developing nanostructured electrodes
with mesoporous surfaces would address several issues;
specifically, by increasing (1) the real surface area as well as the
electrochemically active surface area, (2) promoting an abun-
dance of accessible active sites, and (3) facilitating the facile
penetration of electroactive species and the diffusion of H, from
the electrode's surface. In addition to chemical composition
and surface texture, the shape and morphology can also have
a significant impact on the electrocatalytic performance of
electrode materials. For instance, He and colleagues found that
iron oxide with a microsphere-like morphology possessed much
higher catalytic activity and reaction stability than nanocubes
and nanorods for the catalytic destruction of ethane.*® The
superior performance of the microspheres was attributed to the
oxygen vacancies and lattice defects.

The stability of electrode materials under harsh electro-
chemical conditions (0.5 M H,SO, or 1.0 M KOH) is an impor-
tant metric in assessing their application potential. Earlier
findings showed that the catalytic activity of FeP deteriorates
because of surface oxidation.*” Coating with carbon thin layers
can protect FeP from oxidation, and make it a highly stable
electrocatalyst for the HER. Also, the durability of FeP can be
substantially improved by encapsulation within carbon.
Furthermore, carbon thin layers can provide an efficient elec-
trical pathway for facilitating charge transfer.

Herein, we report the synthesis of core-shell-type FeP/Fe;0,
microspheres endowed with several advantageous features for
the HER reaction both in acidic and alkaline conditions. The
surface is partially phosphidized, having a unique bonding
configuration consisting of Fe, P, and O to boost the HER
kinetics. Furthermore, the surface of the FeP/Fe;0,/C is meso-
porous, which can render more exposed active sites per unit
geometric area to facilitate the diffusion of electroactive species
and maximize their interaction with active sites. In addition to
its unique chemical composition and mesoporous surface, the
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morphology of the FeP/Fe;0,/C has hollow features, which can
further render large electrode-electrolyte contact areas or large
accessible active sites for surface protons. Endowed with such
unique features, the FeP/Fe;O,/C exhibited a much higher HER
performance compared to FeP/C. In addition, two spin-
polarized density functional theory (DFT) models were
employed to collect information about the Gibbs free energy
(AGy) and the related adsorption energy (AEy). The models
consisted of an FeP surface with and without carbon layers,
along with a surface composed of FeP and Fe;O,. The DFT
calculations showed that presence of an ultrathin carbon layer
on the surface was beneficial for H, adsorption/desorption,
electrochemical stability, and improved charge transfer. More-
over, the calculations offer valuable insights into the stability of
the phosphide surface, both in the presence and absence of
carbon layers. The performance-dictating features, such as
specific and electrochemically active surface area, number of
catalytic active sites, electrochemical impedance, charge-
transfer resistance, and Tafel slopes, of FeP/Fe;0,/C and FeP/
C were investigated, compared, and correlated to their electro-
catalytic activities. In addition, the intrinsic activities of FeP/
Fe;0,/C and FeP/C were compared by determining their specific
HER activity and turnover frequency (TOF).

Experimental

Details of the materials' synthesis, characterization, electrode
preparation, and activity evaluation are supplied in the ESL}
Briefly, iron oxide (Fe;O,) microspheres were obtained by
a solvothermal process conducted at 220 °C for 12 h. The
synthesis was carried out in anhydrous ethylene glycol, using
iron trichloride hexahydrate (FeCl;-6H,0) as an Fe source and
polyethylene glycol and hexamethylenediamine as morphology-
directing agents. The as-synthesized Fe;O, microspheres were
then heated in the presence of NaH,PO, at 400 °C to obtain FeP/
Fe;0,. For comparison, iron monophosphide (FeP) nano-
particles were prepared following a synthesis procedure re-
ported elsewhere.* The desired amount of the electrocatalysts
were deposited on a glassy carbon electrode for electrochemical
evaluation.

Results and discussion

The different synthesis steps followed for the preparation of
mesoporous FeP/Fe;O, microspheres are summarized in
Scheme 1. First, monodispersed Fe;O, microspheres, utilized as
a precursor for FeP/Fe;0,, were obtained in the presence of iron
chloride hexahydrate, hexamethylenediamine (HMDA), poly-
ethylene glycol (PEG), and anhydrous ethylene glycol (EG) by
a solvothermal method. The EG served as a solvent as well as
a morphology-directing agent. Upon the addition of HMDA to
the synthesis solution, EG reduced some of the ferric into
ferrous ions, producing glycolic acid in alkaline conditions. The
glycolate groups subsequently coordinated to the central metal
ions to form an iron glycolate complex, with a chemical formula
similar to Fej;3Fe" (C,H;0;);, 4H,0.*® Note, however, that in
the absence of HMDA, no precipitates were obtained after the
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solvothermal processing. This suggests the role of alkaline
HMDA is important to activate the reduction reaction of iron(ur)
by EG. Meanwhile, the formation of a relatively stable complex
intermediate could serve (1) as a secondary iron reservoir/or
precursor to deaccelerate the release rate of the iron cations,
and (2) to control the growth of nanoparticles during the self-
assembly of the Fe;O,, which thermodynamically seems to
favor the formation of microspheres. At elevated temperature,
particularly at 220 °C, the iron glycolate complex thermally
decomposed to Fe** and Fe®" cations, which simultaneously co-
precipitated to form the structured assemblies of iron oxide
nanoparticles. Meanwhile, the structured assemblies could
experience a fast rotation of the primary nanoparticles to reduce
the surface energy. Yet, the selective binding of an organic motif
or carboxylate groups with the high-energy facets of Fe*" and
Fe”* cations could presumably control the growth rate of these
surfaces, forming highly uniform microspheres. Moreover, the
nanoparticles could further undergo the digestive inside-out
Ostwald ripening process to eventually form iron oxide micro-
spheres. Finally, FeP/Fe;O, was obtained by the phosphidiza-
tion of glycolate-derived Fe;O, under phosphine (PH;) vapor
generated from the thermal decomposition of sodium hypo-
phosphite (NaH,PO,) under the N, atmosphere in the tube
furnace.

Formation of the iron glycolate precursor and its trans-
formation into the oxide (Fe;O,) form at a higher synthesis
temperature was verified by XRD (Fig. 1a). The diffractions of
the sample prepared at 160 °C were in good agreement with
those reported for iron glycolate.* The formation of iron gly-
colate was further supported by the FTIR analysis (Fig. S17).
Specifically, the vibration bands centered at 3437 and
1632 cm " were due to the stretching and bending modes of -
OH groups, while the C-H vibrational bands (at 2927 and
2860 cm™ ') and C-O (1087 cm™ ') peak were in good agreement
with those reported earlier. Further, the bands at 1592 and
1384 cm ' corresponded to symmetric and antisymmetric
vibration modes of -COO-, respectively, while the intense band
at 485 cm™ ' in the low-frequency region accounted for the
vibration mode of Fe-O.** These results suggested that the
formation of the Fe-glycolate complex had taken place through
the iron-carboxylate bonds. When the synthesis temperature
was increased from 160 °C to 180 °C, iron glycolate partially
transforms into magnetite form, in which both iron glycolate
and Fe;0, co-existed. Further increasing the temperature to
220 °C led to the complete decomposition of iron glycolate and
the formation of Fe;0O,, in addition to a crystallinity improve-
ment of Fe;0,. The formation of any other phase of iron was not
discerned. The XRD pattern of the product obtained after the
phosphidation of Fe;0, is shown in Fig. 1b, in addition to the
standard XRD reflections of Fe;O, and FeP provided for
comparison. The reflections at 32.8° (011), 37.2° (111), 46.9°
(202), 48.31° (211), 50.4° (103), 56.1° (212), and 59.6° (020)
corresponded to the orthorhombic lattice of the FeP phase
(JCPDS, 01-078-1443).** The other diffractions that appeared at
20 = 30.1° (220), 35.5° (311), 43.1° (400), 53.5° (422), 57.0° (511),
and 62.6° (440) were indexed to the cubic phase of Fe;0O,
(JCPDS, 03-065-3107). The diffractions clearly indicated the

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Schematic summarizing the different steps involved in the preparation of FeP/FezO,.

presence of both FeP and Fe;0,, suggesting a partial phosphi-
dation of Fe;0,.

The surface elemental composition and the oxidation states
of FeP and FeP/Fe;0, were determined by high-resolution X-ray
photoelectron spectroscopy (XPS). The spectra of FeP/Fe;0, are
shown in Fig. 2. The survey spectrum confirmed the presence of
iron (Fe), phosphorous (P), and oxygen (O) elements. In the
deconvoluted spectrum of iron, the signals recorded at 707.1 eV
(Fe 2ps/,) and 720.0 eV (Fe 2p,,,) accounted for the iron coor-
dinated with phosphorous in FeP, while relatively more intense
peaks appeared at 710.4 and 724.3 eV corresponding to iron
bonded to oxygen. Two additional peaks centered at 714.6 and
729.6 eV were considered to be satellite peaks of the oxidized
iron.*® In the case of the P 2p spectrum, two signals were
recorded at 129.1 and 129.9 eV corresponding to the phospho-
rous anion bonded to iron. Besides, a broad peak appeared at
133.6 eV, ascribed to the phosphorous bonded to oxygen
(PO,*7).5%%% The surface oxidation of FeP during sample
handling can lead to the formation of phosphate. It may be

noted that the Fe 2p peak appeared at a higher binding energy
(707.1 eV) compared to the binding energy of metallic iron
(706.8 eV), whereas the P 2p peak was recorded at a lower
binding energy (129.1 eV) compared to the binding energy of
elemental phosphorous (130.2 eV). Such a variation in binding
energy indicated electronic interactions between Fe and P
atoms in the crystal of FeP. The shifts in binding energies imply
a cationic state of iron atoms in the presence of the anionic state
of phosphorous atoms created due to the transport of electronic
density from iron to phosphorous in the FeP system.>* The
deconvoluted spectra of Fe 2p and P 2p analyzed from FeP are
shown in Fig. S2 and S3.f Phosphide surfaces are highly
susceptible to oxidation when exposed to air. In the case of pure
FeP, the phosphide surface appeared to endure severe oxidation
in the form of oxides or phosphates. This explains the presence
of a very weak signal for Fe coordinated to P (Fig. S2 and S37).
Previous reports have documented comparable FeP spectra.***’
In the case of FeP/Fe;0,, the presence of oxides can somewhat
passivate or stabilize the surface, and hence phosphide surfaces
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Fig. 1 XRD patterns showing the (a) temperature-dependent evolution of iron glycolate into FezO4, and (b) transformation of FesO4 into FeP/

FezO, after phosphidation.
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Fig. 2 XPS signatures of FeP/FezO4.

are relatively less susceptible to oxidation. This explains the
presence of a relatively stronger signal for Fe coordinated to P
(Fig. 2).

Microscopic details of the as-prepared Fe;0, and FeP/Fe;0,
were collected by field emission electron microscopy (FESEM)
and transmission electron microscopy (TEM) analyses. A typical
FESEM image of glycolate-derived Fe;O, is shown in Fig. 3a. As
is evident in the figure, Fe;0, was spherical in shape, and highly
uniform (monodisperse) in size (approximately 390 nm). Some
microspheres were discerned to have a hollow morphology,
which was further corroborated by the TEM images (Fig. 3b and
c). In addition, these microspheres appeared to consist of small
nanocrystals. The corresponding selected area electron diffrac-
tion patterns (the inset of Fig. 3c) verified the monocrystalline
nature, indicating that the Fe;O, spheres were formed by the
self-assembled and oriented aggregation of nanocrystals. To

Binding energy (eV)

720 725 730 735 128 130 132 134 136

Binding energy (eV)

further confirm that these spheres were Fe;0,, the d-spacings
were calculated using HRTEM (Fig. 3d). The interplanar value
was calculated to be 0.25 nm, which corresponded to the most
prominent diffraction plane (311) of Fe;0,. The images of FeP/
Fe;0,, obtained after the phosphidation of Fe;0,, are shown in
Fig. 3e-k. As can be seen, the overall features (shape, size, and
morphology) of Fe;0, were largely maintained after the phos-
phidation reaction. Yet, a clear contrast in the outer and inner
parts of the spheres could be discerned. The interface between
the FeP and carbon layers (Fig. 3h), and FeP and Fe;0, (Fig. 3i)
was studied by HRTEM. To examine the composition of these
two layers, the interplanar distance is calculated. The d-spacing
of the outer and thicker layer was calculated to be 1.88 A (Fig. 3h
and j), which corresponded to the (211) plane of the ortho-
rhombic FeP phase.*® Note that we attempted to calculate the d-
spacings at different spots of the samples. The calculated d-

Fig. 3 FESEM and TEM/HRTEM images of FesO,4 (a—d) and FeP/FezO4 (e—k), and SAED patterns of FeP/FezO4 (1).

31266 | J Mater. Chem. A, 2024, 12, 31262-31275
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Fig. 4 Polarization curves of FezQg4, FeP, FeP/FesO4, carbon-supported FeP and FeP/FesO,4, and Pt/C in acidic (a and b) and basic (c and d)
media. Current—time profile and polarization curves (figure inset) recorded before and after stability tests of the FeP/Fes0O,4/C (e) and commercial

Pt/C (f). Stability was evaluated in 0.5 M H,SO,4 aqueous solution.

spacings corresponded to either the (011) or (211) plane,
predominantly (211). Normally, low index surfaces are more
stable than high index surfaces. Thus, FeP with (011) and (211)
planes were selected for the DFT analysis. The interplanar
spacing of the inner layer at the interface was calculated to be
2.53 A (Fig. 3k), indicating that it corresponded to the (311)
diffraction plane of Fe;O,. The thickness of the FeP layer was
not uniform in all the microspheres, and was estimated to vary
between 5 and 20 nm. In addition, thin layers (~2 nm) of
carbon, as indicated by the arrows in Fig. 3h, appeared to
encompass the outer (FeP) surface. The SAED patterns indi-
cated the polycrystalline nature of FeP/Fe;0, (Fig. 31). The d-
spacings calculated from the SAED patterns were 2.73, 2.53,
1.93, 1.88, and 1.48 A, corresponding to FeP (011), Fe;0, (311),
FeP (202), FeP (211), and Fe;0, (440), respectively. The presence
and homogeneous distribution of Fe, P, C, and O were further

This journal is © The Royal Society of Chemistry 2024

corroborated by EDS elemental mapping, as shown in Fig. S4.}
The microscopic image suggests that the surface of FeP/Fe;0,
was porous in nature. This notion was corroborated by the BET
surface area analysis. The nitrogen adsorption-desorption
isotherms of the FeP nanoparticles and FeP/Fe;O, spheres are
shown in Fig. S5 and S6.1 It is evident that the isotherm of FeP/
Fe;0,4 was a classical type IV isotherm, characteristic of a mes-
oporous surface. The absence of such a characteristic isotherm
in the case of the FeP nanoparticles clearly suggested that the
surface of FeP was nonporous.

The performance of the as-prepared electrode materials was
investigated by monitoring the electrocatalytic hydrogen
evolution reactions. The measurements were carried out in
aqueous solutions of 0.5 M H,SO, or 1.0 M KOH. Note that FeP
tended to agglomerate due to its nanostructured and semi-
metallic nature. Agglomeration may have a detrimental
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impact on the HER performance. It is evident from the earlier
studies that the performance of electrocatalysts can be
substantially improved after their dispersion on an electrically
conductive and high surface area support, carbon for instance.
With this in mind, during electrode/slurry preparation, both
FeP and FeP/Fe;O, were also dispersed on carbon black and
their HER performance was evaluated. The ratio of FeP or FeP/
Fe;0, wt% : carbon was adjusted to 80 : 20. The electrocatalysts
FeP and FeP/Fe;0, dispersed on carbon black were denoted as
FeP/C and FeP/Fe;0,/C, respectively. The enhanced HER
performance observed in FeP/C and FeP/Fe;0,/C could be
attributed to the carbon support’'s ability to distribute the active
sites more uniformly. Carbon did not act as a source of active
sites in this study.

The polarization curves of Fe;0,4, FeP, FeP/Fe;0,, FeP/C, and
FeP/Fe;0,/C recorded at two different pH levels are compared in
Fig. 4. The absolute current was normalized with the geometric
area of the electrode to obtain the current density. The current
density is presented after iR compensation. In all the experi-
ments, the mass of all the electrocatalysts and the other elec-
trochemical conditions were kept identical, unless otherwise
specified. For comparison, the HER results for commercial Pt/C
(20 wt% Pt on carbon) are also included. It is evident that Fe;0,
did not exhibit any discernible performance in either acidic or
alkaline media. The HER performance of FeP/Fe;0, was much
better than that of FeP, and the performance of the phosphide-
based electrodes improved noticeably after dispersion on the
carbon support. The performance patterns were similar both in
acidic and basic media. Comparison of the overpotential (n) at
10 mA cm >, recommended as the benchmark current density,
is usually considered as a performance indicator for electro-
catalysts. The linear sweep voltammograms of the electrodes
against 10 mA cm 2 are compared in Fig. 4b and d. In 0.5 M
H,S0, electrolyte, the respective 7,, values of FeP, FeP/Fe;0y,,
FeP/C and FeP/Fe;0,/C were calculated to be ~254, ~141, ~135,
and ~90 mV. The HER performance of FeP/Fe;O, was approx-
imately 1.8 times higher than that of the FeP electrode. In
addition, the onset potentials (noted at 1 mA cm 2) of FeP/C
and FeP/Fe;0,/C were 61 and 29 mV. Such small onset poten-
tials and overpotentials clearly suggest that the mesoporous
FeP/Fe;0, (or FeP/Fe;0,/C) electrocatalyst was endowed with
a high catalytic ability, and its activity toward the HER
compared favorably with other recently reported Fe-based
phosphide electrocatalysts (Table S1}). Similarly, under
a basic medium, the respective 1, values of FeP, FeP/Fe;0y,,
FeP/C, and FeP/Fe;0,/C electrodes were calculated to be ~385,
~317, ~303, and ~261 mV. The higher overpotential require-
ment in basic medium could be attributed to thermodynamic
and kinetic restrains, caused by water reduction followed by
proton reduction and H, evolution. As expected, both under
acidic (910 =41 mV) and basic (7,0 = 65 mV) media, commercial
Pt/C exhibited the highest HER performance.

The electrochemical stability of the FeP/Fe;0,/C electrode
was evaluated under identical experimental conditions in acidic
electrolyte. Also, the loading of FeP/Fe;0,/C was kept identical
to that employed to evaluate the performance and the other
electrochemical evaluations. The stability was assessed by
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monitoring any change in the current density for 24 h contin-
uous operation at constant 7 = 118 mV. At n = 118 mV, the
electrode produced 20 mA c¢cm 2. The results (current-time
curve) of the potentiostatic measurements are shown in Fig. 4e.
Similarly, the electrochemical stability test results of the
commercial Pt/C carried out at n = 55 mV (or 20 mA cm™?) are
also shown in Fig. 4f. For the FeP/Fe;0,/C, there was a slight
drop in the current density in the initial 8 h, and then the
current production became almost stable without any consid-
erable drop in the current density. After completion of the
potentiostatic measurement, the spent electrode was re-
polarized and linear sweep voltammograms were recorded.
The inset in Fig. 4e compares the polarization curves of FeP/
Fe;0,/C obtained before and after the stability test. It is clear
that the LSVs were comparable, suggesting the excellent elec-
trochemical stability of the FeP/Fe;0,/C electrode. Also, quan-
tification of the evolved hydrogen gas indicated a near 100%
faradaic efficiency (Fig. S71). A similar drop in the current
density in the early stage of reactions has also been noticed in
other studies. The decrease in the current density in 0.5 M
H,SO, solution was correlated to dissolution of the catalytic
composition, caused by the generation of H, on the glassy
electrode surface.*® For CoP electrode, ICP analysis of the elec-
trolyte solution collected after the stability test confirmed the
presence of Co and P.* Similar stability and performance trends
for FeP and CoP have also been observed in earlier studies.>***
To gain a deeper understanding of the structural and chemical
stability of the FeP/Fe;O,/C electrode, the spent electrode,
which was obtained after the durability test, was analyzed by
TEM and XPS. Fig. S8 and S91 show the results. The analyses
confirmed the structural and chemical stability of the electrode.
The retention of the morphological features was confirmed by
the TEM images, while the retention of the chemical interface
(FeP and Fe3;0,) was confirmed by HRTEM. Upon comparing
the XPS results of the fresh and spent electrodes, the only
discernible distinction was the enhanced intensity of the broad
peak at 133.6 eV (Fig. S9T). This increase in peak intensity
suggested an increase in the phosphate (PO,*~) amount on the
electrode surface. In addition, after the durability test, the
electrolyte solution was collected and analyzed by ICP-MS.
Before the analysis, the electrolyte solution was diluted by
a factor of 1000 using deionized water, i.e., 0.1 mL of electrolyte
solution mixed with 100 mL of deionized water. The Fe
concentration was determined to be 1.4 ppm.

Since the kinetics of the HER reaction is not complicated by
the selectivity of the products unlike the OER reaction, the
efficiency of electrocatalysts can be demonstrated by two
important metrics: the exchange current density (i,) and the
Tafel slope. The estimated values of i, are shown in Fig. 5a.
Here, i, is essentially indicative of the rate of reaction between
H" and H, occurring at equilibrium. A larger i, suggests a faster
reaction rate or high inherent performance of an electrode, and
vice versa. The i, values of FeP/C and FeP/Fe;0,/C were deter-
mined to be 0.12 and 0.18 mA cm ™2, respectively. These values
indicate the higher inherent activity of FeP/Fe;0,, followed by
the FeP electrode. Another important metric that can be used to
explain the activity of electrocatalysts is the Tafel slope. While
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Fig. 5 Exchange current density (a) and Tafel slopes of FeP/C (b) and FeP/Fez04/C (c).

estimation of the Tafel slope for the OER can be complex due to
multielectron transfer reactions, its calculation is relatively
simple for the HER and can provide important mechanistic and
kinetic details. Under acidic conditions, the process of H,
evolution occurs through two distinct pathways, which entail
three possible reactions (HER steps): (step I) Volmer reaction
(adsorption), (step II) Tafel reaction (chemical desorption), and
(step III) Heyrovsky reaction (electrochemical desorption), as
presented below.
Step I:

M + H;0" + e —» M-H,q, + H,O (Volmer reaction)

Step II:

M-H,4s + M-H,4s — H, + M (Tafel reaction, chemical
desorption)

Step III:

M-H, + H" + e= — H, + M (Heyrovsky reaction, electro-
chemical desorption)

where M represents the electrocatalysts active sites. The theo-
retical Tafel slopes for the HER are 120, 40, and 30 mV dec™*,
respectively, which correspond to the Volmer-Heyrovsky step,
Heyrovsky step, and Tafel step. A kinetic process that is more
rapid is indicated by a smaller Tafel slope, which suggests that
the catalyst can attain the necessary current at a lower
overpotential.*>%>

As the electrode kinetics of charge transport can have
a significant impact on the catalytic mechanism, Tafel slopes
are calculated using an electrochemical impedance spectro-
scopic (EIS) technique. Here, potential-dependent Nyquist plots
were recorded and the Tafel values were then derived. The
measurements were conducted in 0.5 M H,SO, in a three-
electrode cell configuration. Calculation of the semi-
logarithmic values of the inverse of R, against 7 resulted in
a linear relationship with a gradient, which accounted for the
Tafel slope. The results are shown in Fig. 5b and c. The slope
value of the FeP/C electrode was found to be higher (89 mV

This journal is © The Royal Society of Chemistry 2024

dec™) than that of FeP/Fe;0,/C (62 mV dec ). The Tafel value
correlates the faradaic current with n; whereby a smaller value
suggests faster charge-transfer kinetics. In addition, the value is
indicative of the HER reaction mechanism. The slopes for both
electrodes implied that the HER reaction proceeds through the
Volmer-Heyrovsky mechanism, in which electrochemical
desorption is likely to be the rate-determining step.

In addition to the exchange current density and the Tafel
slopes, the electrochemical impedance, turnover frequency
(TOF), and electrochemically active surface area of the FeP/C
and FeP/Fe;0,/C electrodes were studied and correlated with
the variation in the performance. In a number of prior investi-
gations, the overpotential calculated for 10 mA cm ™2 current
density was used to compare the performance of electro-
catalysts. In the case of smooth and planar surfaces, this
approach can be acceptable; however, in the case of rough and
porous surfaces, the reactive surface area is likely to be different
than the electrode area. In addition, the mass of the electro-
catalyst can further alter the catalytic active surface area. The
intrinsic catalytic activity of electrocatalysts estimated using
electrode geometric area, therefore, remains uncertain. To
address this challenge in a somewhat fair and reliable way, the
turnover frequency (TOF) should be calculated. By definition,
the TOF takes the number of catalytic active sites (or catalyti-
cally active surface) into account - it is calculated as the number
of molecules reacted per active site per unit time. Information
about the intrinsic catalytic abilities of the FeP/C and FeP/
Fe;0,/C electrodes was obtained by estimating the TOF. The
number of active sites (N) was estimated following the electro-
chemical method recommended earlier.®® First, CVs were
recorded in phosphate buffer electrolyte (pH ~ 7) by sweeping
the potential between —0.2 V and +0.6 Vgyg. The CVs of the FeP/
C and the FeP/Fe;0,/C electrodes are shown in Fig. 6a. The
voltammetric charge (Q) integrated over the entire potential
range was obtained using the area under the CV curves. Here, N
should be proportional to Q, and was calculated using eqn (1) as
follows;

N = QIF (1)

where F is the Faraday constant (~96 485 C mol ).
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The respective number of active sites of FeP/C and FeP/
Fe;0,/C were calculated to be 1.2 x 10~ % and 1.58 x 10~% mol.
The higher N of FeP/Fe;O, could be attributed to its meso-
porous surface, which seemed to render more active sites
accessible to H'. The value of N can then be incorporated in eqn
(2), as follows, to obtain the TOF.

TOF = JA2FN )

where J is the geometric current density (A cm ™2, determined by
LSV measurements), A is the geometric area of the working
electrode, 1/2 corresponds to the two electrons that are involved
in the formation of one H, gas molecule, and F is the Faraday
constant.

The TOF profile vs. overpotential is shown in Fig. 6b. At n =
90 mVgyg, as 90 mV was required to produce a geometric
current density of 10 mA cm™>, the TOF of the FeP/Fe;0,4/C
electrode was estimated to be higher (0.47 s™*) than that of the
FeP/C electrode (0.24 s~ ). The TOF calculation clearly supports
the findings from the exchange current density and Tafel slopes
analyses, which indicated that the kinetics of the HER reaction
is more favorable on the surface of FeP/Fe;0,/C than the FeP/C
electrode.

Since the HER is a surface-dictated reaction, any variation in
the real surface area, which is the surface area exposed to the
electrolyte, can lead to a difference in the electrocatalytic
performance. An attempt was thus made to measure the elec-
trochemically active surface area (ECSA) of the FeP/C and the
FeP/Fe;0,/C electrodes, and to correlate this to their perfor-
mance. Different techniques, such as electrical double-layer
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capacitance (Cq)), redox peak, hydrogen underpotential depo-
sition (H-UPD), and carbon monoxide (CO) stripping, have been
suggested for calculation of the ECSA.* It may be noted that the
value of ECSA can vary with the applied technique. Moreover,
these techniques are sensitive toward the nature of the mate-
rials under investigation. For instance, H-UPD and CO stripping
techniques are recommended for the ECSA measurement of
noble metals, such as platinum (Pt) and palladium (Pd). Herein,
the electrical double-layer capacitance method was employed to
collect the information about the ECSA of the electrodes, as FeP/
C and the FeP/Fe;0,/C are likely to have similar chemical and
physicochemical attributes. The Cq4 was estimated by recording
CVs with different scan rates between 5 and 100 mV s, as
shown in the insets in Fig. 6¢ and d. The corresponding plots of
AJvs. scan rate for the FeP/C and the FeP/Fe;0,/C electrodes are
shown in Fig. 6¢c and d. The Cq values of the FeP/C and the FeP/
Fe;0,/C electrodes were measured to be 13.8 and 31 mF cm 2.
The higher Cq; observed in the case of the FeP/Fe;0,/C electrode
was attributed to its porous surface texture, which can render
more charge storage. A higher Cy; corresponds to a higher ECSA,
which usually translates into better electrocatalytic perfor-
mance. Although the calculation of the ECSA can suggest
a possible trend for the performance of electrocatalysts, it does
not provide information about the intrinsic activity of elec-
trodes. A fair estimation of the inherent activity can be obtained
by normalizing the current density with the ECSA. The poten-
tiodynamic curves of the FeP/C and the FeP/Fe;0,/C electrodes
obtained after normalization with the real surface area (ECSA)
are shown in Fig. S10.1 It is evident that the specific activity of

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Nyquist plots of (a) FeP/C and (b) FeP/Fes04/C, and (c) Bode plot of FeP/FesO0,4/C.

FeP/Fe;0, was better than that of FeP, which implies that FeP/
Fe;0, was endowed with superior intrinsic activity.

The electrochemical impedance spectroscopy (EIS) tech-
nique was employed to investigate the electrical resistance and
interfacial charge-transfer resistance (R.) between the FeP/
Fe;0, surface and H'. The measurements were performed at
different overpotentials (n = 0-130 mVgyg) in the frequency
range of 10° to 0.01 Hz with 10 mV sinusoidal perturbation. The
experimental conditions were kept identical to those applied to
perform other electrochemical measurements. The potential-
dependent Nyquist plots on the complex plane (real vs. imagi-
nary part) of the FeP/C and the FeP/Fe;0,/C electrodes are
shown in Fig. 7a and b, respectively. On the basis of the Nyquist
plots and Bode (Fig. 7c) results, the two-time constant parallel
model (Fig. 7a inset) was used to fit the EIS data, which gave an
excellent fitting. As per this circuit model, Ry represents the
combined resistance or series resistance, which comprises the
resistance from the wire (Ryiring), carbon support if any (Rcarbon),
resistance of electrocatalytic materials (e.g., FeP, FeP/Fe;0,),
and the solution resistance (Rgo1n);*® Re represents the charge-
transfer resistance; and R, represents the resistance induced
by surface porosity.** As an example, Nyquist plots of the FeP/
Fe;0,/C electrode highlighting experimental and fitted EIS
results are shown in Fig. S11.1 Moreover, Table S11 presents the
electrochemical impedance parameters derived from the fitting.

In Nyquist plots, the radius of the semicircle is indicative of
surface resistance at the interface, solid electrode and liquid
electrolyte in the study. A shorter radius implies smaller inter-
facial electron-transfer resistance or smaller R, and vice versa.
It is clear from earlier and current findings that the R
decreased with increasing the potential. In the case of the FeP/C
electrode, when n was increased from 0 to 130 mV, R.; decreased
from ~100 to ~1.6 Q cm”. Similarly, for the FeP/Fe;0,/C elec-
trode, a significant drop in R.. was discerned with increasing 7.
When the R, of both the electrodes were compared, it was clear
that the FeP/C electrode had a smaller R, than that of the FeP/
Fe;0,/C electrode for all the applied 7 values. For instance, at n
=100 and 130 mV, the R values of the FeP/C were calculated to
be ~3.4 and ~1.6 Q@ cm?, while for FeP/Fe;0,/C the R, values
were ~7.2 and ~3 Q cm? These findings clearly suggest that
FeP/C has faster charge-transfer kinetics. The likely reason for
the slightly higher resistance in FeP/Fe;0, could be attributed

This journal is © The Royal Society of Chemistry 2024

to the presence of oxygen and a porous (discontinuous) surface.
Oxygen, which is much more electronegative than phospho-
rous, can add to the localization of electrons. Despite the higher
R, the FeP/Fe;0,4/C electrode exhibited better performance.
Typically, electrocatalysts with lower charge-transfer resistance
demonstrate superior electrocatalytic activity. Nevertheless, the
activity of the electrocatalysts can also be influenced by addi-
tional parameters, such as the surface structure, morphology,
density of active sites, TOF, ECSA, and change in Gibbs free
energy. Earlier,* we showed that the electrical conductivity and
charge-transfer resistance are important variables that have an
impact on the electrocatalytic performance. However, the ECSA
and TOF also affect the electrocatalysts activity. The catalytic
ability per unit area and time (TOF), ECSA, and inherent activity
of FeP/Fe;0,/C were more favorable than those of FeP/C. In
addition, the change in Gibbs free energy for FeP/Fe;0,/C was
more favorable compared to that for FeP/C (discussed in
following section). Prior studies have reported comparable
findings.®**

Fig. 7c shows the Bode plot of FeP/Fe;0,/C, which confirmed
the existence of two-time constants. The semicircle recorded at
a higher frequency could be attributed to the presence of
surface porosity, while the other semicircle observed at a lower
frequency was related to the charge-transfer process of the HER
reaction. The resistance (R,) induced by the high-frequency
semicircle was found to be unaffected by the applied poten-
tial, indicating that the surface had a porous characteristic. This
was additionally supported by conducting measurements in the
presence of a potassium cyanide (KCN) concentration of 5 x
107> M in the electrolytic solution. The experiment was con-
ducted in an alkaline solution to prevent the interaction
between KCN and H,SO,, which would produce hydrogen
cyanide (HCN). Nyquist plots were recorded both before and
after the addition of KCN. The results indicated that the
diameter of both semicircles increased when KCN was present,
suggesting a correlation between these resistances and the
electrode kinetics.®®

On the basis of the characterization results from the XRD,
XPS, and microscopy analyses, it seems reasonable to infer that
the surface of the electrocatalyst primarily consisted of FeP and
an ultrathin carbon layer. Nevertheless, it was possible that
there might be certain oxides on the surface along with
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phosphides. With this in mind, two density functional theory
models were constructed to gain a comprehensive under-
standing of the electrocatalytic performance. The models
included (1) an FeP surface with and without carbon layers, as
well as a surface consisting of (2) FeP and Fe;0, (composite
model). The model with carbon layers was designated as CFeP,
while the one without carbon was referred to as FeP. Surfaces
with (011) and (211) facets were considered for the calculations.
Before performing the catalytic activity calculations, the atomic
structures of the experimentally synthesized CFeP with the (011)
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and (211) planes were optimized to identify its fundamental
structural features. To establish consistency with the XRD
findings, we split the FeP bulk structures into (011) and (211)
surfaces. The free-energy diagram along with top and side views
of the hydrogen adsorption for CFeP are shown in Fig. 8. By
applying eqn (S1),} the cohesive energies of CFeP (011), CFeP
(211), FeP (011), and FeP (211) were determined to be —5.89,
—5.84, —4.83, and —4.96 eV per atom, respectively. These values
suggest that CFeP exhibited significant thermodynamic stability
in the presence of carbon layers. The predicted binding energies
between FeP and C, using eqn (S2),T were —4.54 and —2.43 eV
for the CFeP (011) and (211) surfaces, respectively. These values
suggest the presence of covalent bonding between C and Fe, as
shown in Fig. 8c. A well-established premise is that an effective
HER catalyst should exhibit a Gibbs free energy shift that is as
close to zero as feasible.”” To conduct thorough HER experi-
ments, we considered all the potential active sites on the CFeP
surfaces, including Fe, P, and C. The C-H bond length was
turned to 1.12 A, the Fe-H bond length optimized to 1.54 A, and
the P-P bond length optimized to 1.43 A. The AGy, values for the
C, Fe, and P active sites on the (011) surface of CFeP were
determined to be —0.42, 0.21, and —0.16 eV, respectively. On the
other hand, on the (211) surface, the AGy values for the same
active sites were —1.17, 0.48, and —0.08 eV, respectively. A
significant difference in the hydrogen adsorption energies on
all the catalytic active sites was thus noticeable. The AGy values
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Fig. 9 (a) Free-energy diagram for the HER on bare FeP and FeP/FezO,4 surfaces, (b) top and (c) side views of hydrogen adsorption. The rela-
tionship between the differential adsorption energy (AEy), adsorption free energy (AGy), and hydrogen coverage on the (d) FeP surface and (e)

FeP/FesO4 composite layer.
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of a hydrogen atom on the (011) and (211) surfaces are shown in
Fig. 8a, and were found to be closer to zero. The calculated AGy,
as determined by eqn (S3),t suggest that the adsorbed hydrogen
did not exhibit either extremely weak or strong binding to the
(011) and (211) surfaces. This characteristic boosts the HER
reaction. Furthermore, the AGy values indicated that the HER
occurs spontaneously on both the P and C sites; however it is
non-spontaneous on the Fe sites. According to the Pauling
electronegativity scale, both C and P have higher electronega-
tivity than Fe. This causes a reduction in the charges on Fe and
an increase in the charges on C and P. This leads to a redistri-
bution of the charges, whereby C and P become more active
sites on CFeP surfaces for the HER.” The partial density of
states shown in Fig. S12} suggests that the Fermi levels of both
(011) and (211) surfaces were mostly influenced by the d-states
of Fe. As a result, these d-states play a significant role in facil-
itating charge transfer between the adsorbate and adsorbent.
Similarly, a double-layered model composed of FeP and
Fe;0, was also constructed. The free-energy diagram along with
top and side views of hydrogen adsorption for the bare FeP and
composite (FeP/Fe;0,) are shown in Fig. 9a-c. In addition, the
calculated AGy values and the corresponding adsorption energy
(AEy) on bare FeP as well as the composite surface with various
hydrogen coverages are compared in Fig. 9d and e. On the
pristine surface of FeP, the binding was so strong that it could
prevent the release of H,. As the coverage increased, the binding
strength weakened, which led to the promotion of hydrogen
evolution. With hydrogen coverage ranging from 50% to 66.7%,
the AGy value approached zero, indicating excellent activity
toward the HER. When Fe;O, was included, the excessive
binding energy was much reduced, resulting in a AGy value that
was even closer to zero within the coverage range of 50% to
66.7%. Therefore, the HER process could occur with a broader
spectrum of hydrogen coverage, which correlates with the
enhanced catalytic efficiency of the composite layer. According
to Bader charge analysis,”* an average of 1.77 electrons per
square nanometer were transferred from FeP to the Fe;O, layer.
The depletion of electrons in the FeP layer of the composite
structure weakened the interaction between the pristine surface
and hydrogen. On the other hand, with the hydrogen coverage
of 50% or 66.7%, the adsorbed hydrogen received 0.77/0.87
electron from FeP, and 0.81/0.91 electron from the composite
layer, respectively. Herein, the composite layer could provide
more electrons to the adsorbed hydrogen atoms with the
optimal coverage, facilitating the following reduction and
evolution of hydrogen. Moreover, the density of electronic states
(DOS) of each model is plotted Fig. S137 to aid understanding
the electronic structure. Both models were metallic with no
band gap, indicating the good electronic conductivity and
potential electrocatalytic activity. The DOS spectra of Fe;0, and
FeP/Fe;0, slab models are compared in Fig. S14.f Fe;O, is
widely recognized as a magnetic substance. The surface model
also exhibited typical magnetic properties. The inclusion of the
Fe;0, layer in the composite model resulted in a substantial
enhancement of spin polarization. However, the addition of the
FeP layer resulted in an increase in the density of states around
the Fermi level. This increase in density may improve the
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material's electrical conductivity and thus boost its electro-
catalytic characteristics.

Conclusions

In summary, we report that phosphidation of the Fe;0, surface
leads to the formation of a highly active surface for the HER
reaction. To heighten such a phosphidation effect, we proposed
a route to obtain uniform microspheres of FeP/Fe;O, with
a mesoporous surface by the partial phosphidation of Fe;0,.
Although the electrical conductivity and the charge-transfer
resistance of FeP/Fe;O, were less favorable, presumably due to
the presence of oxygen, which tends to localize the electrons, it
exhibited better HER performance than FeP. The superior
performance of FeP/Fe;0, could be correlated to both (1) the
unique bonding configuration in FeP/Fe;0,4, which boosted the
kinetics of the HER reaction, and (2) the mesoporous surface,
which offered a higher surface area, facile penetration of H' into
the pores and their maximum interaction with the active sites,
and favored the diffusion of H, from the electrode's surface. The
distinct surface quality of FeP/Fe;O,4 had a favorable impact on
some performance-dictating metrics, such as the specific
surface area, electrochemically active surface area, exchange
current density, Tafel values, active sites, and turnover
frequency. As a result, the FeP/Fe;0, electrode exhibited a ~1.8-
fold higher HER performance compared to the FeP electrode.
Moreover, the FeP/Fe;0, electrode showed good initial (20 mA
em 2 for 24 h) electrochemical and structural stability. More-
over, the experimental results were confirmed by DFT calcula-
tions, demonstrating that the presence of carbon ultrathin
layers could improve the stability of FeP. Furthermore, the
redistribution of charges among Fe, C, and P facilitated the
activation of P as active sites for the HER on both the (011) and
(211) surfaces. In the case of the FeP/Fe;0, model, the binding
energy was decreased significantly compared to pristine FeP,
leading to a AGy value that approached zero even more closely
within the H, coverage range of 50% to 66.7%. Thus, the HER
process could take place with a wider range of hydrogen
coverage, leading to the improved catalytic efficiency of FeP/
Fe;0,. The findings of this investigation offer fresh impetus for
designing and developing high-performance and cost-effective
electrodes for the HER.
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