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The global energy landscape, still heavily dependent on fossil fuels, has intensified the search for sustain-

able alternatives. Specifically, the interest is focused on a clean energy source such as hydrogen, through

the development of cost-effective and efficient photo-electrocatalysts based on earth-abundant

elements. In this context, magnetic spinel ferrites have attracted attention as low-cost, Pt-free catalysts

for the photo-electrocatalytic hydrogen evolution reaction (HER). In this work, a series of spinel ferrites,

CuFe2O4, CoFe2O4, ZnFe2O4, and partially substituted CuFe2O4 with Co2+ or Zn2+ (CuXCoYFe or

CuXZnYFe, where X is the % of Cu, and Y is the % of substituting cation) were synthesized via a soft-chem-

istry co-precipitation route and systematically evaluated as photo-electrocatalysts for HER in neutral

media. Structural and morphological analyses confirmed the formation of single-phase spinel with

tunable lattice parameters and crystallite sizes. SEM revealed a progressive morphology transition from

anisotropic structures to compact particles in Co- and Zn-substituted systems, while magnetic character-

ization evidenced superparamagnetic behavior in all samples, with Co substitution enhancing the satur-

ation magnetization and Zn substitution modulating the saturation magnetization depending on the con-

centration. Electrochemical and photo-electrochemical testing demonstrated that controlled Co2+ and

Zn2+ doping significantly improved charge transfer, HER activity, and selectivity. Notably, in photo-

electrocatalytic experiments, Cu95Zn5Fe achieved the highest hydrogen production (304.3 mmol g−1)

with a Faradaic Efficiency of 94%, while Cu75Co25Fe reached nearly 100% efficiency in the same con-

ditions. Electrochemical impedance spectroscopy further confirmed reduced interfacial resistance and

improved charge transport in the substituted ferrites. These findings highlight the potential of tailored

magnetic spinel ferrites for efficient, sustainable hydrogen generation and provide design guidelines for

optimizing photo-electrocatalytic performance by controlling Co2+ and Zn2+ content into CuFe2O4.

Introduction

The relentless consumption of carbon-based fossil fuels has
intensified the global energy crisis and exacerbated environ-
mental challenges, including climate change and pollution.1

Hydrogen as a carbon-free energy source is widely recognized

as a cornerstone for a sustainable energy transition, offering a
clean, high-density energy alternative capable of addressing
both the energy crisis and environmental issues.2,3 Among
various approaches to hydrogen production, both electro-
chemical and photo-electrochemical water splitting stand out
as ones of the most promising methods to obtain high purity
hydrogen without carbon footprints through hydrogen evol-
ution reaction (HER).4 HER produces molecular hydrogen
from water through different pathways depending on the pH
of the system, typically proceeding via either Volmer–
Heyrovsky or the Volmer–Tafel mechanism. In both routes,
hydrogen adsorption on the catalyst surface leads to the for-
mation of adsorbed intermediates (Had). However, excessively
weak or strong hydrogen surface interactions can hinder the
overall kinetics by limiting either hydrogen adsorption or
molecular desorption.5 Therefore, an efficient HER photo-†Both authors contributed equally to this work.
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catalyst should exhibit a hydrogen adsorption free energy
(ΔGH) close to zero, ensuring optimal adsorption–desorption
balance.6

Nevertheless, the development of low-cost, earth-abundant,
stable and efficient electro- and photocatalysts with low over-
potentials for HER, capable of replacing noble metal such as
Pt while maintaining high efficiency and cost-effectiveness,
remains a great challenge.2,7

Among the various alternative materials investigated, tran-
sition metal oxides with the general formula AB2O4 (where A
and B denote divalent and trivalent cations, respectively) have
attracted significant attention for a wide range of applications,
particularly in photo-electrochemical processes.2 Their unique
crystalline structure enables a flexible distribution of cationic
oxidation states, allowing A and B ions to easily switch
between the bivalent and trivalent oxidation states. This redox
adaptability, combined with their magnetic properties, makes
these oxides especially valuable in photo-electrochemical pro-
cesses, where the catalyst must undergo either reduction or
oxidation prior to the transformation of the substrate.8 Among
this family, spinel ferrites, which are multicomponent metal
oxides with the general formula MFe2O4 (M = Cu, Co, Zn, etc.),
stand out. In fact, their cation arrangement enables precise
tuning of electronic, optical and catalytic properties through
controlled cation substitution.9,10

In the field of electrocatalysis, spinel ferrites have been
extensively studied as efficient catalysts for HER in both acidic
and neutral media.11 Their intrinsic electronic structure facili-
tates optimized adsorption–desorption kinetics of hydrogen
intermediates, following the Volmer–Heyrovsky–Tafel
mechanism.12,13 For instance, spinel CuFe2O4 is a p-type semi-
conductor that can crystallize in either cubic or tetragonal
phases, depending on the cation distributions at the A and B
sites. CuFe2O4 is widely used in HER due to its low band gap
energy (ca. 1.4 eV) and negatively positioned conduction
band.14 In this context, Danish et al.15 reported that CuFe2O4

exhibits superior HER performance in alkaline media com-
pared to Cu2O and Fe2O3 attributed to improved charge trans-
fer and high specific capacitance (978 F g−1) and energy
density (66 W h kg−1). The material showed an onset potential
of 0.09 V, a low over potential of 69 mV at a current density of
10 mA cm−2, and a Tafel slope of 47.2 mV dec−1, making it
suitable for energy conversion applications. Similarly, CoFe2O4

displays good electrical conductivity and charge mobility due
to the Co–O–Fe network. For instance, Nivetha and co-
workers16 synthesized CoFe2O4- and NiFe2O4-based graphene
nanocomposites for electrochemical HER and observed that
graphene modification reduced the onset potential and
improved the current density, indicating enhanced electro-
catalytic activity toward HER in acidic media, where CoFe2O4–

graphene nanocomposite displayed the best performance with
lower charge transfer resistance compared to NiFe2O4–gra-
phene. Conversely, ZnFe2O4, a non-magnetic ferrite with a
wide band gap, generally shows weak electrocatalytic activity,
but better stability, often serving as a structural modulator in
mixed ferrite systems.17,18 In a related study, Nivetha and

Grace19 evaluated the HER activity of ZnFe2O4-based graphene
nanocomposites and observed an improvement in the electro-
chemical performance compared to the pure ferrite, achieving
a current density of 47 mA cm−2 and a Tafel slope a 114.3 mV
dec−1, following a Volmer mechanism during HER in acidic
medium.

Moving beyond pure electrocatalysis, photo-electrocatalysis
(PEC) introduces an additional level of complexity and
efficiency by exploiting photon energy to facilitate charge gene-
ration and reduce the overpotential required for HER.20,21

Spinel ferrites are considered excellent candidates for PEC
water splitting owing to their suitable band-edge positions for
proton reduction (ECB < 0 V vs. RHE) as well as their visible-
light absorption capability.22,23 In this regard, Tran et al.24

investigated the photo-electrochemical performance of
CuFe2O4/TCPP (i.e., tetrakis(4-carboxyphenyl) porphyrin) nano-
composites for HER, demonstrating an enhancement in PEC
activity due to the efficient charge separation and exciton-
coupled charge transfer between CuFe2O4 nanoparticles and
TCPP nanofibers, highlighting its potential as a promising
photoanode material for sustainable hydrogen generation. On
the other hand, Salman et al.25 synthesized PVP-coated and
uncoated ZnxFe2O4±δ (x = 0.98–1.02) nanostructures via a one-
step hydrothermal method. Among these, the 2% Zn-deficient
photoanode showed superior photo-electrochemical perform-
ance and higher photo-to-hydrogen conversion efficiency,
attributed to defect-induced oxygen vacancies that improved
charge separation and interfacial charge transfer.

Furthermore, as reported by Amin et al.26 in a study dedi-
cated on the design of PECs for CO2RR, the introduction of
doping elements in ferrites’ lattice structure, if properly done,
is able to tailor both electronic and surface properties that
might enhance ferrites’ light absorption ability, charge separ-
ation, and redox activity. However, even if CuFe2O4 is well-
known for being a good photocathodic materials,27 only few
studies explored how doping with different elements affects
not only the structural, and magnetic properties of CuFe2O4,
but also influences the PEC performance of these systems in
water electrolysis.

Hence, in the present study, a systematic investigation of
CuFe2O4, CoFe2O4, and ZnFe2O4 spinel ferrites, as well as
CuFe2O4 partially substituted with Co2+ and Zn2+, was con-
ducted to elucidate the structure–property–activity relation-
ships and the role of doping governing their photo-electro-
catalytic performance toward HER in neutral media by per-
forming a comparative evaluation of the different dopants’
effect. Materials were synthesized via a controlled co-precipi-
tation route, and comprehensively characterized through struc-
tural, morphological, magnetic, and photo-electrochemical
analyses. All samples were evaluated under identical photo-
electrochemical testing conditions. Moreover, the main aim of
the present work is to unravel how cationic substitution within
the spinel lattice impacts charge-transfer resistance, photo-
current response, and overall hydrogen productivity, offering
new insights into the rational design of magnetic ferrite-based
photo-electrocatalysts for sustainable hydrogen production.
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Experimental
Chemicals

Reactants: iron(III) nitrate nonahydrate (Fe(NO3)3·9H2O,
98.0–101.0% CAS 7782-61-8, Thermo Scientific), copper(II)
nitrate trihydrate (Cu(NO3)2·3H2O, 99%, CAS 10031-43-3,
Thermo Scientific), cobalt(II) nitrate hexahydrate (Co
(NO3)2·6H2O, 99%, CAS 10026-22-9, Sigma-Aldrich), zinc(II)
nitrate hexahydrate (Zn(NO3)2·6H2O, 98%, CAS 10196-18-6,
Alfa Aesar), and sodium hydroxide pellets (NaOH, ACS reagent,
≥98%, CAS 1310-73-2, Sigma-Aldrich). Solutions and solvents:
deionized water and acetone (CH3COCH3, CAS 67-64-1, Sigma-
Aldrich) were used during washing procedures. Milli-Q water
with a resistivity of 18.2 MΩ cm was used. All chemicals were
used without further purification.

Synthesis of magnetic ferrite systems

The synthesis of the magnetic ferrite systems was prepared
employing a co-precipitation method following a modified pro-
cedure from the literature.28 In a typical synthesis, an aqueous
solution containing both the iron(III) nitrate (3.3 g; 8.2 mmol)
and the other metal precursor(s) (4.1 mmol, this way it was
maintained the stoichiometric molar ratio Fe : M 2 : 1) was pre-
pared in 75 mL of deionized water and stirred at room temp-
erature (RT). Next, while maintaining the precursors solution
under constant stirring, 5 M NaOH solution (15 mL) was
added dropwise (delivery time: 10 minutes) to ensure the
homogeneous precipitation of the metal cations (total vol.
90 mL). Afterward, the temperature of the solution was gradu-
ally increased from RT to 90 °C and maintained in isothermal
conditions for two hours under continuous stirring.
Subsequently, once the precipitation was completed, the solu-
tion was transferred into a Falcon tube for centrifugation (6000
rpm, 10 minutes) and washed 3 times with deionized water
and once with acetone. The final precipitate was oven dried
under air atmosphere at 80 °C overnight. The dried solid was
gently crumbled inside an agate mortar, and thermally treated
in a Carbolite CWF1200 muffle furnace (Carbolite, Hope, UK)
with the following thermal program: (i) heating ramp from RT
to 700 °C (heating rate: 10 °C min−1), (ii) isothermal step at
700 °C for 5 h, and (iii) cooling step from 700 °C to 50 °C
(cooling rate: 5 °C min−1).29 Once the reaction was completed,
the calcined powders were removed from the furnace, cooled
naturally to RT, further gently crumbled inside an agate
mortar, and samples storage inside a closed glass vial. The
obtained samples are defined as Cu100Fe (bare Cu ferrite,
CuFe2O4), Co100Fe (bare Co ferrite, CoFe2O4), and Zn100Fe
(bare Zn ferrite, ZnFe2O4). Fig. 1 shows a schematic representa-
tion of co-precipitation method employed to obtain the mag-
netic ferrite systems.

Moreover, by selecting Cu ferrite system as reference
system, further magnetic ferrite samples were produced by par-
tially replacing the nominal amount of Cu(II) with either Co(II)
or Zn(II) ones, thus in order to maintain constant the stoichio-
metric molar ratio between divalent (i.e., Cu(II), Co(II), Zn(II))
and trivalent (i.e., Fe(III)) cations.

The obtained samples are defined as either CuXCoYFe or
CuXZnYFe, where X is the % of Cu, and Y is the % of substitut-
ing elements (e.g., Cu95Co5Fe is the 5% Co-substituted Cu
ferrite, Cu0.95Co0.05Fe2O4). Table S1 (SI) reports the list of syn-
thesized samples and their compositional parameters.

Characterization

X-ray powder diffraction (XRPD) patterns were recorded using
a Rigaku Miniflex 600 diffractometer with a Cu source (40 kV,
15 mA). Data acquisition was performed over a 2θ range of
20–80°, with a step size of 0.02° and an angular velocity of 1.0°
per minute. The PDXL-2 software was utilized to compare the
obtained patterns with reference diffraction data from the
ICDD database. The lattice parameters were also calculated
using the PDXL-2 software. The crystallite average size was esti-
mated using the Scherrer equation to the most intense diffrac-
tion peak of each ferrite:

τ ¼ kλ
βðcos θÞ ð1Þ

where: τ is the average crystallite size (in nm), K is the shape
factor (typically 0.9), λ is the X-ray wavelength (0.154 nm for a
Cu source), β is the full width at half maximum (FWHM) of
the selected Bragg peak after subtracting instrumental
broadening (in radians), and θ is the Bragg angle (in
radians). For the magnetic ferrite crystal phase, the selected
Bragg angle refers to the (400) and (024) planes reflections at
43.2 ± 0.3° 2θ.

Scanning electron microscopy (SEM) micrographs were
obtained using a Zeiss Gemini 500 microscope equipped with
a field emission source (FEG) and a Bruker Quantax detector
for energy-dispersive X-ray spectroscopy (EDS) microanalysis.
The microscope was operating at an acceleration voltage of
5.00 kV. Micrographs were captured using the “in-lens” detec-
tor. Samples were deposited onto SEM stubs using a double-
adhesive carbon tape, then they were covered with Au coating
to prevent charging effects using a VPI SD-900C sputter coater.

The magnetic characterization was performed by Vibrating
Sample Magnetometry (VSM), using an EZ-9 MicroSense
Magnetometer, with resolution of 1 µemu and maximum field

Fig. 1 Schematic representation of co-precipitation method employed
for the synthesis of the magnetic ferrite systems.
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of 2.25 T. The measurements were performed at RT, with the
material contained in quartz cuvettes. The absence of any
ferromagnetic spurious contribution from the cuvettes was ver-
ified before any measurement, and the diamagnetic contri-
bution, intrinsic to the quartz material, measured on empty
cuvettes was automatically subtracted.

Photo-electrochemical characterization and testing

The photo-electrochemical characterization (cyclic voltamme-
try – CV, chronoamperometry – CA, and electrochemical impe-
dance spectroscopy – EIS) and the photo-electrocatalytic tests
of H2 production from water splitting of the ferrite-based
samples (listed in Table S1, SI) were performed in the custom-
made cell schematized in Fig. 2.

The three-electrode cell made of Plexiglass consists in two
separate compartments, anodic and cathodic, divided by a
Teflon reinforced Nafion membrane (N 324, supplied by Ion
Power). A platinum electrode and an Ag/AgCl electrode (3 M
KCl), supplied by Amel, served as the counter and reference
electrodes, respectively, while the ferrite-based photocathode,
acted as the working electrode. The ferrite-based photo-
cathodes were prepared by drop-casting a solution containing
the ferrite on a fluorine-doped tin oxide (FTO)-coated conduc-
tive glass (active area 1 cm2). Specifically, the ferrite powder
was first milled, then sonicated in isopropanol for 30 minutes.
After that, it was deposited on the FTO-glass on a hot plate
and dried at 120 °C overnight (loading 1 mg cm−2). Other
details of the electrode preparation were reported in SI.

All electrochemical measurements and photo-electro-
catalytic tests were performed using a potentiostat/galvanostat
(Autolab PGSTAT 204), in 0.1 M Na2SO4 (pH 7). A solar simu-
lator (Lot-Oriel, 300 W Xe-arc lamp) was used to irradiate the
sample through a quartz window integrated into the cell. The
irradiance of the lamp, at the distance of the photocathode
from the lamp (4.5 cm), was 385 mW cm−2. Electrolyte con-
tainers were connected to each cell compartment through a
peristaltic pump.

The chronoamperometric (CA) analysis was performed at
a fixed potential of −0.68 V vs. RHE in 0.1 M Na2SO4 under a
continuous flow of N2 using the solar simulator, equipped
with various filters to cut out different ranges of wave-
lengths, for the irradiation of the samples. The filters used
in this study were: the AM 1.5 G filter, which simulates the
standard solar irradiation on Earth (with the UV part only
about 4% of the entire spectrum), the UV-C blocking filter,
and the UV B/C blocking filter. The samples were exposed to
30-second ON and OFF cycles of irradiation, during which
the current density increased and then quickly returned to
its initial value when the light was turned off showing high
reproducibility. If not specified, in all experiments three
cycles at open spectrum (and the last) were performed at the
beginning.

The cyclic voltammetry (CV) was conducted over the poten-
tial range of +0.62 V to −0.88 V vs. RHE, at a scan rate of
10 mV s−1, for 10 cycles.

The electrochemical impedance spectroscopy (EIS) analysis
was performed in the frequency range from 10 000 Hz to 0.1
Hz, with an amplitude of 0.01Vrms at the applied potential of
−0.68 V vs. RHE, the same as the catalytic tests, in dark and
under light irradiation. The Zview® software was used to fit
the data with the proper equivalent circuit.

The photo-electrocatalytic tests were carried out in the
cell described above, by applying −0.68 V vs. RHE for
3 hours, with a lamp irradiance of 385 mW cm−2. The
high-intensity, open-spectrum regime was intentionally
chosen to maximize the performance facilitating a direct
comparison between the different ferrites to better under-
stand the role of doping. Hydrogen production during
water photo-electrolysis was quantified using a Gas
Chromatograph (MicroGC GCX Pollution) equipped with a
thermal conductivity detector (TCD). The tests were pre-
ceded by 30 minutes of N2 purging with a flow rate of
24.4 mL min−1, which was maintained throughout the
tests. The electrocatalytic tests (in dark) were performed
under the same conditions as the photo-electrocatalytic
tests. 12 hours PEC stability tests of the Cu75Co25Fe and
Cu95Zn5Fe samples were carried out in the same oper-
ational conditions of the PEC tests.

The potential values were converted from V vs. Ag/AgCl (3
M KCl) to V vs. RHE using the following equation:

EðRHEÞ ¼ E Ag
AgCl

� � þ 0:059 pHþ 0:21 V: ð2Þ

The following formula was used to determine Faradaic
Efficiency (F.E.) where n is the number of electrons
involved in the reduction process (i.e., 2), F is the Faraday
constant (96 485 C), m is the total amount (moles) of
hydrogen produced during the process (3 h of reaction)
and Qeff is the charge determined from the measured
current:

FE ð%Þ ¼ nFm
Qeff

� 100: ð3Þ
Fig. 2 Scheme of the set-up, including the photo-electrochemical
(PEC) cell, the light source (300 W Xe-arc lamp) and the gas inlet and
outlet connections.
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Results and discussion
Morphological, structural, physicochemical, and magnetic
characterizations of magnetic ferrite systems

Fig. 3 reports the structural characterization (XRPD) of the
bare ferrite systems, namely the bare Cu ferrite (Cu100Fe), the
bare Co ferrite (Co100Fe), and the bare Zn ferrite (Zn100Fe).
The XRPD analysis revealed the typical peaks due to the spinel
crystal structure. In particular, in the case of Cu100Fe, the
XRPD pattern shows the main relevant reflections at 2θ = 30.2°
(220), 35.5° (311), 37.2° (222), 43.2° (400), 53.6° (422), 57.1°
(511), 62.7° (440), 66.0° (531), and 75.2° (533), corresponding
to the CuFe2O4 crystal phase (card number 01-077-0010,
ICDD).30 Moreover, the presence of extra signals at 2θ = 35.6°
(−111), 38.8° (111), 48.7° (−202), 58.4° (202), 61.6° (−113),
68.2° (220), and 75.3° (−222) can be associated to the tenorite
CuO monoclinic crystal phase (card number 01-080-1268,
ICDD).31 In the case of Co100Fe, the XRPD pattern shows the
main relevant reflections at 2θ = 30.1° (104), 35.4° (113), 37.0°
(006), 43.1° (024), 53.4° (214), 56.9° (125), 62.5° (208), and
75.0° (226) belonging to the CoFe2O4 crystal phase (card
number 01-079-1744, ICDD).32 Finally, in the case of Zn100Fe,
the signals at 2θ = 30.0° (220), 35.3° (311), 36.9° (222), 42.9°
(400), 53.2° (422), 56.7° (511), 62.2° (440), and 73.6° (533), cor-
responded to the ZnFe2O4 crystal phase (card number 03-065-
3111, ICDD).33

As expected, the three magnetic ferrite systems show
similar XRPD patterns, with slight shifts in the peak positions,

which are mainly attributed to differences in term of ionic
radius of the metallic species involved (i.e., rCu2+ = 0.73 Å,
rCo2+ = 0.63 Å, and rZn2+ = 0.75 Å) and/or in the degree of
inversion of the ferrite, reflecting the distribution of cations
between octahedral and tetrahedral sites.34,35 Such difference
in term of ionic radius affects both the lattice parameters and
the cations distribution within the crystal structure (vide infra).

Fig. 4 reports structural (XRPD) characterization of Co-sub-
stituted (Fig. 4a) and Zn-substituted (Fig. 4b) Cu ferrite
systems. In general, the spinel crystal structure, characteristic
of the three bare magnetic ferrite systems here investigated,
has been retained in all cases. However, the Co- and Zn-
doping generated a slight shift of the main signals of Cu
ferrite, thus confirming the incorporation of either Co or Zn
ions within its crystal structure. Moreover, similarly to the bare
Cu ferrite (Cu100Fe), in all cases it was observed the formation
of a secondary phase attributed to CuO. Interestingly, the CuO
XRPD signals intensities gradually decrease with increasing
the dopants concentration (i.e., either Co or Zn ions), thus
suggesting that the insertion of both Co2+ and Zn2+ (and the
consequent relative Cu2+ content reduction) seems affecting
the CuO secondary phase formation.36

Table S2 (SI) reports the lattice parameters and the crystal-
lite average sizes of the cubic unit cell calculated for all mag-
netic ferrite systems. Among the bare ferrite systems, the
Cu100Fe sample exhibits lower lattice parameters (and thus
also a reduced lattice volume) compared to both Co100Fe and
Zn100Fe systems. Interestingly, in the case of Co-substituted
Cu ferrite systems, a gradual reduction of the lattice para-
meters can be attained by increasing the relative Co content,
possibly due to the smaller ionic radius of Co2+ compared to
Cu2+ ions.37 Conversely, in the case of Zn-substituted Cu
ferrite, it is registered a significant increase of the Cu ferrite
crystal lattice, probably due to the larger ionic radius of Zn2+

ions respect to Cu2+ ions, which can lead to a lattice distortion.
However, according to the literature,38 though Zn2+ ions tend
to occupy the tetrahedral A-sites, at relatively high dopant
degree Zn2+ ions may also start occupying the octahedral
B-sites due to the saturation reached for the tetrahedral
A-sites.39 This phenomenon might be at the origin of the
observed cell volume increase with increasing the nominal Zn
content, also accompanied by a gradual increment of the cell
lattice parameters according to the Vegard’s law.40

Concerning the crystallites average size evaluation, both
Cu100Fe and Zn100Fe exhibited similar value of ca. 17 nm,
i.e., being slightly higher compared to that attained by
Co100Fe corresponding to ca. 15 nm. Regarding Co-substi-
tuted ferrite systems, an increase of the average crystallite sizes
up to ca. 20–22 nm values has been attained with progressively
increasing the Co-substitution, while an abrupt increment of
the crystallite average size (up to ca. 26 nm) has been regis-
tered with the Cu50Co50Fe sample.

Conversely, among the Zn-substituted ferrite systems, a
remarkable size contraction (ca. 12 nm) was observed with the
lowest substituted Cu95Zn5Fe material, followed by a progress-
ive average size increase along with the Zn content, with a

Fig. 3 XRPD patterns of bare ferrites, namely: Cu100Fe (top, black),
Co100Fe (middle, red), and Zn100Fe (bottom, blue). XRPD reference
patterns: CuFe2O4 (01-077-0010, black), CuO (01-080-1268, orange),
CoFe2O4 (01-079-1744, red), and ZnFe2O4 (03-065-3111, blue).
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maximum value of ca. 55 nm being unexpectedly shown by the
Cu75Zn25Fe sample.

SEM images of bare and differently substituted ferrite
systems are reported in Fig. 5 and 6, respectively. In the case of
bare Cu100Fe sample (Fig. 5a), it has been registered a hetero-
geneous morphology with co-presence of sub-rounded par-
ticles in the 40–600 nm range associated to Cu ferrite, and
large anisotropic structures (several microns long, and ca.
500 nm thick) probably related to the CuO secondary
phase,41,42 in agreement with XRPD results. Differently,
Co100Fe sample revealed a more homogeneous morphology
mainly composed by micrometric particles with rounded
edges, along with aggregates of nanoscopic particles (Fig. 5b),
whereas Zn100Fe showed a homogeneous morphology com-
posed by rod-like particles (several microns long, and ca.
100–500 nm thick) (Fig. 5c). In this latter case, the Zn100Fe an-
isotropic morphology can be attributed to the preferential
growth of Zn ferrite systems along certain crystallographic
directions. This is probably due to the preferential tendency of
Zn2+ ions of occupying the tetrahedral A-site positions, thus
favoring the formation of anisotropic crystals.43 On the con-
trary, since Co2+ ions can occupy both the tetrahedral A-sites

and the octahedral B-sites of the spinel crystal structure, in the
case of Co100Fe sample this leads to a more homogeneous dis-
tribution of the species and the formation of more compact
spheroidal particles.44

Interestingly, both Co- and Zn-substituted ferrite systems
exhibited a drastic morphology variation, depending on both
the chemical nature and the relative amount of the chosen
dopant, replacing Cu in the crystal lattice. In particular, substi-
tuted systems with relatively low Co content (5–10%; Fig. 6a
and b) show the co-presence of aggregates of nanoparticles
together with anisotropic structures attributable to CuO,
whereas at high Co content (25–50%; Fig. 6c and d) it has
been registered the formation of concretion structures, as in
Co100Fe sample. In the case of substituted systems with rela-
tively low Zn content (5–10%; Fig. 6e and f), the formation of
micrometric aggregates has been registered. At high content of
Zn (25–50%; Fig. 6g and h), instead, the morphology is charac-
terized by co-presence of structures with both rounded and
angular edges, together with a drastic reduction of CuO-attrib-
uted nanorods’ amount, in accordance with the trend regis-
tered during the XRPD analysis. However, differently from
what observed in the case of Co-substituted ferrite systems, the

Fig. 4 XRPD patterns of partially substituted ferrite systems. (a, Left) Co-substituted Cu ferrite systems, namely: Cu100Fe (black), Cu95Co5Fe
(brown), Cu90Co10Fe (magenta), Cu75Co25Fe (orange), Cu50Co50Fe (dark yellow), and Co100Fe (red). (b, Right) Zn-substituted Cu ferrite systems,
namely: Cu100Fe (black), Cu95Zn5Fe (violet), Cu90Zn10Fe (purple), Cu75Zn25Fe (olive green), Cu50Zn50Fe (cyan), and Zn100Fe (blue). XRPD refer-
ence patterns: CuFe2O4 (01-077-0010, black), and CuO (01-080-1268, orange).

Fig. 5 SEM micrographs of bare ferrite systems namely: Cu100Fe (a, left), Co100Fe (b, middle), and Zn100Fe (c, right). Micrographs were collected
at the same magnifications (30k×).
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Zn-substituted ones do not show any similarity with the mor-
phology exhibited by the bare Zn ferrite. This morphological
phenomenon could be due to the change in preferential site
occupancy by Zn2+ ions, starting to occupy both tetrahedral
A-sites and octahedral B-sites when added at relatively high
content.45

Magnetic properties of all ferrite systems were evaluated by
means of magnetization curves measured at RT as reported in
Fig. 7, whereas the numerical values of the identified funda-
mental magnetic parameters are summarized in Table 1.

All the bare ferrite systems exhibit superparamagnetic beha-
viors, with Co100Fe sample showing a hint of hysteresis (thus

Fig. 6 SEM micrographs of Co-doped (left) and Zn-doped (right) Cu ferrite systems, namely: (a) Cu95Co5Fe, (b) Cu90Co10Fe, (c) Cu75Co25Fe, (d)
Cu50Co50Fe, (e) Cu95Zn5Fe, (f ) Cu90Zn10Fe, (g) Cu75Zn25Fe, (h) Cu50Zn50Fe. Micrographs were collected 30k× magnifications.
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indicating a certain level of ferrimagnetism), whereas Zn100Fe
sample shows a very weak magnetic response. As indicated in
Table 1, Co100Fe exhibits the highest value of saturation mag-

netization (Ms) among the analyzed samples (with ca. 56 emu
g−1), followed by Cu100Fe (with ca. 31 emu g−1), and Zn100Fe
(with only ca. 6 emu g−1). Concerning both coercivity (Hc) and
remnant magnetization (Mr) values, all bare ferrite systems
exhibit almost negligible values, in accordance with their
superparamagnetic behaviors.

Regarding the Cu ferrites doped with either Co or Zn, the
experimental results reveal a progressive increase in the Ms

with increasing the dopant concentration. In particular,
samples doped with Co2+ exhibit an increase of the Ms values
from ca. 33 emu g−1 for Cu95Co5Fe to ca. 47 emu g−1 for
Cu50Co50Fe. These findings confirm that even low Co
content (5%) significantly affect the Ms respect to the bare
CuFe2O4 (Cu100Fe), primarily due to the substitution of Cu2+

with Co2+ ions, which possess a higher magnetic moment
and enhance A–B super exchange interactions within the
spinel structure.46

Fig. 7 Magnetization curves M vs. H of magnetic ferrite systems. (a) Comparison between bare Cu and Co ferrites with Co-substituted Cu ferrite
systems, namely: Cu100Fe (black), Cu95Co5Fe (brown), Cu90Co10Fe (magenta), Cu75Co25Fe (orange), Cu50Co50Fe (dark yellow), and Co100Fe
(red). (b) Magnetization curves enlargement area to highlight the middle section of the hysteresis loop of panel (a). (c) Comparison between bare Cu
and Zn ferrites with Zn-substituted Cu ferrite systems, namely: Cu100Fe (black), Cu95Zn5Fe (violet), Cu90Zn10Fe (purple), Cu75Zn25Fe (olive
green), Cu50Zn50Fe (cyan), and Zn100Fe (blue). (d) Magnetization curves enlargement area to highlight the middle section of the hysteresis loop of
panel (c).

Table 1 Magnetic properties for both bare and substituted magnetic
ferrite systems measured at RT

Samples Ms (emu g−1) Hc (Oe) Mr (emu g−1)

Cu100Fe 31.27 4 0.23
Co100Fe 55.57 3 0.22
Zn100Fe 6.51 <1 0.27
Cu95Co5Fe 32.90 2 0.17
Cu90Co10Fe 34.78 4 0.27
Cu75Co25Fe 39.72 <1 0.04
Cu50Co50Fe 46.61 <1 0.06
Cu95Zn5Fe 18.51 3 0.14
Cu90Zn10Fe 22.02 1 0.05
Cu75Zn25Fe 24.85 <1 0.01
Cu50Zn50Fe 53.06 <1 0.09
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Opposite to this, when Cu100Fe is doped with Zn2+ it was
observed a decrease in the Ms values from ca. 31 emu g−1 for
Cu100Fe to ca. 18 emu g−1 for Cu95Zn5Fe, this could be attrib-
uted to the non-magnetic nature of Zn that dilutes the ferri-
magnetic contribution due to Fe3+ cations.47 However, quite
surprisingly as Zn2+ content increases also Ms values increase,
even if they still remained lower than the Cu100Fe one, except
for the Cu50Zn50 sample, whose Ms reached 53 emu g−1,
which is higher than that of Cu100Fe.

Interestingly, Hammad et al.37 investigated the effect of
Zn2+ substitution in CuFe2O4 (i.e., Cu1−xZnxFe2O4), registering
the increase of Ms values when x is in the 0.2–0.6 range, fol-
lowed by a decrease when x is in the 0.8–1.0 range. Authors
reported that the initial increment was attributed to changes
in the distribution of ions within the CuFe2O4 lattice, where
Fe3+ ions are evenly distributed between tetrahedral A-sites
and octahedral B-sites positions, whereas Zn2+ ions preferen-
tially tends to occupy the tetrahedral A-sites. This selective
occupation reduces the magnetic moment of the A-sites,
thereby increasing the net magnetization and, consequently,
the Ms. On the contrary, at high concentration of Zn2+ ions

some of them also migrates to the octahedral B-sites, thus
reducing the overall Ms values.

Photo-electrochemical characterizations of magnetic ferrite
systems

To evaluate the response at different wavelength regions,
chronoamperometric (CA) measurements were performed and
the results are reported in Fig. 8. Upon irradiation, a strong
photocathodic response is observed, as evidenced by the regis-
tration of an intense current density increase (in absolute
value). The measurements were performed both under the full
spectrum of the UV–visible lamp and with optical filters
(AM1.5G, UVC blocking filter, and UVB/C blocking filter). In
particular, the AM1.5G filter, which reproduces the solar spec-
trum at the Earth’s surface, caused a distinct photocurrent
response. This behavior is consistent with the absorption
profile of the ferrite catalysts in the visible region, confirming
their suitability for solar-driven photo-electrocatalytic appli-
cations.48 Since the dark current density differs among the
samples, probably due to side reactions,48 the relative increase
with respect to the dark baseline was calculated, and the

Fig. 8 Chronoamperometric measurements of (a) bare ferrite systems, (b) Co-substituted and (c) Zn-substituted Cu ferrite systems. Signals were
recorded in 0.1 M Na2SO4, at −0.68 V vs. RHE; the light was switched ON and OFF every 30 s.
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results in percentages are reported in Table S3 (SI). While in
the case of the bare ferrite systems the difference in the incre-
ment percentages is minor, with the Co–Cu ferrite systems and
the Zn–Cu ferrite systems the differences are more significant,
with an increment of the photocurrent at open spectrum of
62% for the Cu90Co10Fe sample and 116% in the case of
Cu95Zn5Fe.

Electrochemical impedance spectroscopy (EIS) was per-
formed to evaluate charge transfer phenomena occurring at
the photo-electrodes/electrolyte interface and the results
attained during tests performed under light irradiation are
reported in Fig. 9. EIS results acquired in dark conditions are
collected in Fig. S1 (SI).

Specifically, Fig. 9a–c show the comparison of Nyquist plots
obtained for the ferrite systems with the application of light,
with the dots representing the experimental data, acquired
using the testing conditions (−0.68 V vs. RHE, 0.1 M Na2SO4)
and the lines representing the fitting curves calculated by the
Zview® software using the equivalent two-constant circuit
model shown in Fig. 9d, commonly employed to describe
semiconductor/electrolyte systems.49 The equivalent circuit is
composed of three main contributions: (i) a series resistance

(Rs), accounting for ohmic losses related to the FTO substrate
and electrical contacts; (ii) the high frequency contribution,
represented by Rp1 and CPE1, associated with the charge
transport within the ferrite bulk and the space-charge region,
and is strongly influenced by composition and crystallinity;
and (iii) the low frequency contribution, described by Rp2 and
CPE2, which reflects the charge transfer processes and capaci-
tive effects at the ferrite/electrolyte interface, influenced by
surface morphology and electrochemically accessible surface
area.49,50

Table S4 (SI) summarizes the values calculated from the
fitting. Starting from the values of Rs, they indicate relatively
small ohmic losses across the FTO/ferrite interface, in the
range of 16–44 Ω, with Cu50Zn50Fe having the highest resis-
tance (44.14 Ω). The differences among Rp1 highlight the vari-
ations in bulk charge transport in the ferrite systems, with the
bare Cu ferrite and the bare Co ferrite exhibiting low Rp1
values (12.6 and 6.3 Ω, respectively), while the Zn- and Co-
doped Cu ferrites exhibit higher Rp1, suggesting a stronger
contribution from bulk recombination. The interfacial resis-
tance Rp2, related to charge transfer at the ferrite/electrolyte
junction, is in the range between ca. 6 Ω (Cu75Co25Fe) and

Fig. 9 Nyquist plots under light irradiation for the bare ferrite systems (a), Co substituted Cu ferrite systems (b), Zn substituted Cu ferrite systems
(c), with the dots representing the raw data (recorded applying −0.68 V vs. RHE, frequency range from 10 000 Hz to 0.1 Hz, with an amplitude of
0.01Vrms and with the application of light) and the lines representing the fitting performed by using the two-constant circuit model shown in (d).
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over 100 Ω (Cu90Zn10Fe). Lower Rp2 values correspond to
more favorable interfacial charge transfer kinetics, while
higher values suggest slow surface reactions.51 In this regard,
Co-doped Cu ferrites generally display lower Rp2 compared to
Zn-doped samples, indicating that Co addition enhances
charge-transfer properties. Thus, the addition of Co and Zn in
the Cu ferrite has beneficial effects in the overall photo-electro-
catalytic characteristics of the material: Co-containing ferrites
favor lower charge-transfer resistance at the electrode/electro-
lyte interface, while Zn incorporation strongly affects the bulk
dielectric properties, while maintaining a low charge-transfer
resistance when added in a small quantity.

Fig. 10a–c show the CV curves of the samples under light
application, recorded at 10 mV s−1. Each panel has a zoomed-
in region around −0.6 V to −0.4 V vs. RHE, to clearly show the
differences in terms of HER onset potential. In general, there
is an increase in the cathodic current starting at −0.4 to −0.6 V
vs. RHE, due to the hydrogen evolution reaction (HER).52

The onset potential values for HER were estimated with the
tangent method53 from the CVs for every sample and the
values are listed in Table S5 (SI). Among the bare ferrites,
Cu100Fe exhibits the most positive onset potential (−0.58 V vs.
RHE), while Zn100Fe and Co100Fe show slightly more negative

values (−0.62 V and −0.61 V, respectively). This suggests that
Cu-based ferrite favors the initiation of photocathodic processes
at lower overpotentials compared to Co- and Zn-bare ferrites.

In the Co-doped Cu ferrite systems, the progressive incor-
poration of Co shifts Vonset towards more negative values,
reaching −0.67 V for Cu50Co50Fe. Cu95Co5Fe (−0.63 V),
Cu90Co10Fe (−0.66 V), Cu75Co25Fe (−0.64 V) show intermedi-
ate behavior, pointing to a non-linear effect of Co incorpor-
ation on band alignment and charge-transfer kinetics, as
suggested also with the Rp2 values.

Conversely, the Zn-doped Cu ferrites displays a different
trend. While Cu95Zn5Fe, Cu75Zn25Fe and Cu50Zn50Fe
present onset values like those of the bare ferrites (−0.59 to
−0.62 V), the Cu90Zn10Fe sample stands out with a signifi-
cantly more positive onset potential (−0.45 V vs. RHE), while
showing the highest value of Rp2, suggesting an earlier photo
response, but a less efficient interfacial charge transport.54

This indicates that limited Zn incorporation strongly
enhances the ease of photocathodic activity, possibly due to
favorable modifications of the electronic structure and band
positions. However, higher Zn contents (Cu75Zn25Fe and
Cu50Zn50Fe) have onset values comparable to bare Cu– or Zn–
ferrites, suggesting that the beneficial effect is maximized at

Fig. 10 Cyclic voltammetry (CV) profiles for the bare ferrite systems (a), Co substituted Cu ferrite systems (b), Zn substituted Cu ferrite systems (c),
recorded at 10 mV s−1 in Na2SO4 0.1 M with the application of light.
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low Zn percentage, as suggested by the photocurrent measure-
ment and EIS results. Overall, Cu100Fe and Cu90Zn10Fe have
the most favorable onset potentials, facilitating photocathodic
activation at less negative bias.

The Tafel slopes were extracted from the kinetically con-
trolled region of the CV curves, selecting the overpotential
range where the η vs. log j plot displays a linear behavior. The
kinetics of Zn-modified samples are strongly dependent on the
metal concentration, whereas for Co-modified samples the
reaction kinetics are essentially unaffected by the metal
loading, as evidenced by the results reported in Table S6 (SI).
The electrochemically active surface area (ECSA) values are
reported in the SI (Table S7).

The relatively narrow distribution of ECSA values indicates
good reproducibility of the deposition process, suggesting that
variations in catalytic performance are not primarily driven by
differences in the electrochemically active surface area.

Photo-electrochemical testing

The effect of the different ferrite-based samples was investi-
gated in the process of water photo-electrolysis using the
three-electrode cell described in Fig. 2. The hydrogen pro-

duction (mmol g−1), Faradaic Efficiency (F.E. %) and the
average current density normalized with the ECSA values
attained during either PEC (photo-electrocatalytic) or EC
(electrocatalytic) tests have been compared in Fig. 11 and
Table S8 (SI). The PEC and EC tests for each catalyst were per-
formed for three hours at the same applied potential to have a
direct comparison. The beneficial effect of light and thus the
photoactivity of the systems are evident, as all samples exhibit
a higher hydrogen production under illumination compared to
dark conditions.

Even if this study aims at finding a comparative evaluation
of dopants’ effect rather than a fundamental mechanistic
investigation, in the following discussion the present authors
tried to provide an interpretation of the catalytic performances
of catalysts based on the comparison with the scientific
literature.

Hence, in neutral media, the HER consists in a process fol-
lowing these reactions, in which M is the surface site of the
catalyst and M–H is the hydrogen absorbed on the site:55–57

H2Oþ e� þM ! M–Hþ OH� ð4Þ

H2Oþ e� þM–H ! H2 þ OH� þM ð5Þ

Fig. 11 Hydrogen production (bars) and F.E. (line and dot) of the PEC (bias + light) and EC (bias only) water splitting for the bare ferrite systems (a),
Co substituted Cu ferrite systems (b), Zn substituted Cu ferrite systems (c). Reaction conditions: 0.1M Na2SO4, −0.68 V vs. RHE, time: 3 hours, full
spectrum light irradiation (385 mW cm−2).
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2M–H ! 2MþH2 ð6Þ

After the first step, the Volmer reaction (eqn (4)), the inter-
mediate M–H could go through the electrochemical Heyrovsky
step (eqn (5)) or the chemical Tafel step (eqn (6)).58 The kine-
tics of the HER process depend on the M–H bond, whose
strength should be not too weak nor too strong to promote the
HER, in accordance with Sabatier’s principle.59,60 For an in-
depth study related to the reaction mechanism involving the
employment of spinel ferrites in PEC process for hydrogen
evolution, please refers to the studies by Qin et al.,61 and
Zhang et al.62

Among the bare ferrite systems (Fig. 11a), Zn100Fe stands
out for the highest hydrogen production in the PEC test
(266.8 mmol g−1), with a F.E. of 83%. Cu100Fe shows inter-
mediate performance, with H2 productivity of 227.4 mmol g−1

and 81% F.E., indicating that although charge carriers contrib-
ute to hydrogen formation, side reactions, likely OH− adsorp-
tion/oxidation also can occur.63 Co100Fe has the lowest
activity, both in terms of H2 productivity and F.E. confirmed by
the higher Rp2 value obtained from the EIS results. This could
result from an excessively strong M–H binding on Co sites,
which traps intermediates and slows hydrogen release through
(eqn (5)) or (eqn (6)). In terms of performances, the ferrites
thus follow this order: Zn100Fe > Cu100Fe > Co100Fe. This
suggests that Zn incorporation produces an optimal M–H
interaction, favoring both the Volmer step and efficient desorp-
tion via Heyrovsky/Tafel routes. The exceptional catalytic be-
havior of Zn ferrite system in well in line with the EIS results
(low value of resistances). Observing the PEC results, the Cu
ferrite systems doped with Co show a very interesting behavior,
indicating a clear correlation between the Co content and the
catalytic performances (Fig. 11b). As the Co concentration
increases (from 5 to 25%), hydrogen production also increases,
reaching the maximum value (248.7 mmol g−1) using the Cu
ferrite modified with 25% of Co, with F.E. of 97% (the highest
among all samples analyzed). However, as the Co content
increases further (to 50%), the H2 evolution decreases, though
it remains at a significant level of about 144.5 mmol g−1, con-
firming that a high percentage of Co strengthens M–H too
much, hindering H2 desorption, as suggested for the results
obtained with the bare Co100Fe sample. This trend is consist-
ent with the charge transfer resistance values of the samples
(see Rp2 in Table S4). It can therefore be stated that there is an
optimal amount of Co that can allow synergistic interaction
with Cu sites, i.e., Cu75Co25Fe sample outperforming the
Cu100Fe one.

Regarding the performances of the Zn-doped Cu-ferrites in
the photo-electrochemical test (Fig. 11c), the hydrogen pro-
duction decreases as the Zn percentage increases, with a
maximum in production for the Cu95Zn5Fe of 304.3 mmol g−1

and a F.E. of 94%. These results are in good agreement with
the EIS results, which reveal the lowest resistance value with
the Cu95Zn5Fe sample. Increasing the Zn content beyond 10%
(Cu90Zn10Fe, Cu75Zn25Fe, Cu50Zn50Fe) lowers both the pro-

duction and efficiency, indicating that excessive Zn weakens
M–H interactions.

During long-term (12 hours) tests (Fig. S2, SI) Cu95Zn5Fe
and Cu75Co25Fe catalysts maintained a stable current density,
thus indicating the good durability of the photoelectrodes,
with a total hydrogen production of 875.3 mmol g−1 and
1532.5 mmol g−1, respectively. XRPD analyses (Fig. S3, SI) per-
formed before and after the stability tests revealed no appreci-
able variations in terms of peaks’ position and/or intensity,
thus indicating that no phase transformation occurs during
operation.

These results are in line with the work of Rodriguez–
Rodriguez and collaborators, testing Zn, Ni, and Co ferrites for
photocatalytic hydrogen evolution from methanol solutions.
They observed a similar photocatalytic activity trend (Zn > Co),
attributing it to the conduction band energies of the
materials.63 These results are very promising, since, although
there are several studies involving the use of ferrites for photo-
catalytic water splitting,64–68 the best results reported, showed a
hydrogen evolution of 26 mmol g−1cat with Ni–Zn4 material.68

Furthermore, one last point that needs attention is the role
due to magnetism. In fact, according to the literature, magnet-
ism may promote the PEC process efficiency by generating
Lorentz forces able to suppress the recombination of electron–
hole pairs photogenerated on the photocatalysts.69 At the same
time, the application of an external magnetic field may also
promote the so-called spin selective effect, which consists in
the preferential interconversion between two spin states
(either singlet or triplet) occurring on intermediate species
adsorbed on the catalysts surface, thus affecting the overall
reaction pathways.70 For instance, Niether et al.71 reported that
the application of an external magnetic field in presence of a
magnet-sensitive catalyst might improve the electrocatalytic
performances in HER and OER water splitting. However, in the
present study, all PEC tests were performed in absence of any
external magnetic field applied, and magnetic ferrites
employed as catalysts are not permanent magnet (as clearly
demonstrated by the magnetic characterization in Fig. 7), thus
authors can exclude any catalytic role due to magnetism at the
current experimental conditions adopted.

Conclusions

A series of magnetic ferrite systems based on CuFe2O4,
CoFe2O4, ZnFe2O4, and their Co- and Zn-substituted CuFe2O4

analogues were successfully synthesized via a facile co-precipi-
tation method and evaluated as photo-electrocatalysts for hydro-
gen evolution in neutral aqueous media. All materials crystal-
lized in the spinel structure, with structural parameters and
morphology evolving systematically with dopant type and con-
centration. Magnetic measurements confirmed that Co incor-
poration strengthened ferrimagnetic interactions, while Zn
doping induced structural distortion and magnetic dilution.

Electrochemical and photo-electrochemical studies revealed
that both Co and Zn substitutions significantly improved HER
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performance compared to the pristine CuFe2O4. In particular,
among Cu-substituted samples, Cu75Co25Fe achieved 97% F.
E., while among the Zn-modified ferrites, Cu95Zn5Fe exhibited
the highest hydrogen production (304.3 mmol g−1) and the
lowest interfacial resistance under illumination. The results
demonstrate that the synergistic interplay between cation sub-
stitution, electronic configuration, and charge-transport pro-
perties drives the overall photo-electrocatalytic activity.

These results also confirm that partial replacement of Cu2+

with Co2+ or Zn2+ in CuFe2O4 represents an effective strategy to
modulate the physicochemical and magnetic features of fer-
rites, optimizing their performance toward efficient, stable,
and magnetically recoverable photo-electrocatalysts for sustain-
able hydrogen generation.
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