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Copper Nanoparticles Supported on Nickel Ferrite:
Synthesis and Electrocatalytic Activity

Cu(x)/NiFe204(y) magnetic composites with different component ratios were prepared by chemical reduction
of copper cations in the presence of sonicated nickel ferrite. Separately synthesized Cu and NiFe204 nanopar-
ticles, as well as composites of copper particles supported on nickel ferrite, were characterized by X-ray dif-
fraction spectroscopy and scanning electron microscopy. Based on the determination of the specific surface
area, the NiFe204 sample heat-treated at 500 °C was selected as the support for the catalytically active Cu
particles. The electrocatalytic activity of Cu(x)/NiFe204(y) composites deposited on a cathode was investigat-
ed in the electrohydrogenation of acetophenone (APh). It was shown that the electrocatalytic activity of these
composites appears starting from the percentage ratio of their components x:y = 40:60. This was expressed as
an increase in the rate of electrocatalytic hydrogenation of APh and its conversion compared to the electro-
chemical reduction of APh under similar conditions. It was suggested that the slightly lower rate of APh hy-
drogenation on Cu/NiFe204 composites compared to Cu particles is due to the poor electrical conductivity of
the nickel ferrite support.

Keywords: copper nanoparticles, chemical reduction, nickel ferrite carrier, co-precipitation method, catalysts,
electrocatalytic hydrogenation, acetophenone, 1-phenylethanol.

Introduction

A significant advantage of magnetic catalysts over conventional “non-magnetic” catalysts is the ability
to extract them from the reaction medium using a magnet with minimal loss of mass and activity. The use of
magnetic catalysts ensures the high efficiency of catalytic reactions in general and contributes to their classi-
fication as processes that meet the basic postulates of “green chemistry” [1, 2].

Catalysts consisting of catalytically active mono- and bimetallic nanoparticles supported on magnetic
carriers represent a distinct group among all magnetic catalysts that have attracted increased attention from
researchers in the field of catalysis [1, 2]. Iron oxides are most commonly used as magnetic carriers, and the
most studied is magnetite, FesO04. The demand for magnetite nanoparticles is determined by their magnetic
properties, chemical stability, low toxicity, high specific surface area, cost-effectiveness, and relative ease of
production [3, 4]. In this case, catalysts on Fe;O4 support are characterized by good reducibility and are
widely used in various catalytic processes for environmental purification, as electrodes in electrocatalysis, in
organic synthesis, drug delivery, cancer treatment, etc. [3-7].

Transition metal ferrites with magnetic properties are much less frequently used as supports for catalyt-
ically active particles than magnetite, and such studies have been described in the literature. For example,
palladium nanoparticles supported on cobalt ferrite and zinc ferrite were shown to be effective in the ligand-
free Suzuki coupling reaction [8, 9]. Catalysts consisting of Pd nanoparticles immobilized on nickel ferrite
and magnetite modified with an amine were used for the hydrogenation of some of compounds with unsatu-
rated C—C bonds, as well as nitro compounds and azides [10]. The catalytic activity of NiFe,O,@Cu nano-
particles was studied in the reduction reactions of nitroaromatic compounds using sodium borohydride,
whose conversion to the corresponding amines was 30-100 %, depending on the structure of the starting ni-
troarenes [11]. Core-in-shell magnetic NiFe:Os@Au nanoparticles were prepared by gold reduction on the
surface of nickel ferrite using the amino acid methionine as a reducing agent [12]. In [13], the structural and
magnetic properties of composites of silver nanoparticles deposited on the surface of silica-coated nickel fer-
rite nanoparticles (Ni143Fe1704-SiO2/Ag) were investigated.
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The aim of this work is to prepare composites consisting of copper nanoparticles deposited on nickel
ferrite and to study the possibility of using them as electrocatalysts in the model reaction of electrohydro-
genation of acetophenone (APh). These studies were prompted by the need to find out the influence of the
magnetic component — the carrier — on the electrocatalytic activity of copper nanoparticles in an electrolyt-
ic cell, on the outer side of which (under the cathode) there was a magnet holding the ferromagnetic catalyst
in the form of powder on the cathode surface. This method was previously developed under the leadership of
Professor 1.V. Kirilyus using skeletal catalysts, which showed high electrocatalytic activity in the electrohy-
drogenation of many organic compounds [14-16]. Copper nanoparticles do not have magnetic properties
and, when hydrogen is released at the cathode, they begin to periodically rise and fall back to the cathode
surface, shortening the duration of their contact with the electrode, necessary to obtain a charge. This is
thought to decrease their electrocatalytic activity. At the same time, copper particles show quite high activity
in some processes of electrocatalytic hydrogenation of organic compounds comparable to magnetic nickel
particles [17]. A detailed review of copper nanoparticles without and with deposition on supports of various
nature (carbon materials, metal oxides, polymers, silica, oxides with a delafossite structure, etc.), as well as
their use in catalytic reactions of organic transformations has been given in the recent paper [18].

Our previous research [19] found that nickel (II) ferrite, NiFe.Oa., prepared by the co-precipitation
method, unlike copper (I1) ferrite [20], is not reduced in the electrochemical system and retains its stability in
the alkaline medium of the catholyte, and does not show any catalytic effect in the electrohydrogenation re-
actions of organic compounds. Therefore, it can be used as a magnetic carrier for electrocatalytically active
catalyst particles.

Experimental

Materials

Nickel nitrate Ni(NOs).-6H-0, ferric nitrate (Fe(NOs)s-9H,0), sodium hydroxide (NaOH), copper ni-
trate (Cu(NOs3)2-3H20), hydrazine hydrate (N2HsOH, 64 %) and ethylene glycol (C2HsO-, analytical grade)
were purchased from “Ridder” LLP (Karaganda, Kazakhstan) and used without further purification. Polyvi-
nyl alcohol (PVA) (Mw = 9,000-10,000 g'mol™") and polyvinylpyrrolidone (PVP) (Mw = 10,000 g-mol ")
were purchased from Sigma-Aldrich. Distilled water and medical grade ethyl alcohol (96 %) were used to
prepare the required solutions and wash the prepared particles.

Nickel (1) Ferrite Preparation

Nickel (I1) ferrite (NiFe,O4) was synthesized by the co-precipitation method according to the procedure
described in [18]. Nickel nitrate (0.06 mol) and ferric nitrate (0.12 mol) were dissolved in 300 ml of distilled
water. Then, a 2M NaOH solution was added to pH = 12. The resulting mixture was stirred at 40 °C for 1 h.
It was filtered and washed thoroughly with hot distilled water to pH 7. The precipitate was dried at
80 °C. Equal amounts of the resulting powder were thermally treated at 500 °C and 700 °C for 2 h under
conditions with limited oxygen access (in crucibles with closed lids). The powders were then ground in an
electric mill.

Synthesis of Cu Nanoparticles

Copper (1) nitrate (0.025 mol) was dissolved in a solution of 200 ml of ethylene glycol and 200 ml of
distilled water. An aqueous solution of 1 M NaOH was then slowly added to the reaction mixture until
pH = 12. Subsequently, hydrazine hydrate (1 mol) was added dropwise. The reaction mixture was kept at
60 °C for 1 h. During the vigorous reaction, the formation of red-brown copper particles was observed. The
resulting Cu particles were separated by centrifugation, washed with 100 ml of distilled water and ethyl al-
cohol heated to 30 °C. Then, they were dried under vacuum at 80 °C. Cu nanoparticles were also prepared
using a similar procedure with the reduction of the metal salt in the presence of polymer particle stabilizers
(PVA and PVP).

Synthesis of Cu(x)/NiFe204(y) Composites

Ethylene glycol (200 ml) was added to the selected amount of NiFe;O4 (500 °C). The mixture was sub-
jected to ultrasonic treatment for 30 minutes. Then, 200 ml of an aqueous solution containing the required
amount of copper nitrate was added and stirred for 30 min. The pH was then adjusted to 12 using 1 M NaOH
solution. The required amount of hydrazine hydrate was then added dropwise to reduce copper, keeping the
molar ratio Cu(NOs)2/N2H, = 1:40. The reaction mixture was kept at a temperature of 60 °C. The resulting
particles were separated by centrifugation and washed with distilled water and ethyl alcohol heated to 30 °C.
Then, they were dried under vacuum at 80 °C to a constant weight. Thus, Cu(x)/NiFe;O4(y) composites were
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obtained with different percentage ratios of copper to nickel ferrite: x:y = 80:20; 70:30; 60:40; 50:50; 40:60;
30:70; 20:80. The Cu(50)/ NiFe,0O4 (50) + PVA/PVP composites were also prepared by adding copper nitrate
to a 3 % polymer (PVA or PVP) aqueous solution and subsequent reduction using the similar procedure.

The metal content in the filtrates after the synthesis of nickel ferrite and Cu(x)/NiFe;Oa4(y) composites
was determined by selective complexometric titration methods [17, 21]. Based on the titration results, it was
established that there were no copper and nickel cations in the resulting transparent filtrates.

Study of the Electrocatalytic Activity of Cu(x)/NiFe;Oa(y) Composites

The electrocatalytic activity of the obtained supported Cu(x)/NiFe.O4(y) composites as catalysts was
studied in the electrohydrogenation of an aromatic ketone, acetophenone: C¢Hs—C(O)-CH3 —
CeHs—CH(OH)-CHs. The experiments were carried out in a diaphragm electrochemical cell in an aqueous-
alkaline solution (the initial NaOH concentration was 2 %) at a current of 2.5 A and a temperature of 30 °C.
The powder of the prepared catalysts weighing 1 g was deposited on a horizontally located copper cathode
(with an area of 0.09 dm?) tightly adjacent to the bottom of the electrolytic cell. The catalysts with magnetic
properties were held on the cathode by an external magnet placed outside the electrolyzer. The magnetic in-
duction of the magnetic field generated was 0.05 T. A platinum grid served as the anode. Electrocatalytic
hydrogenation of APh (with an initial concentration in the catholyte of 0.137 mol/L) was also carried out in
an aqueous-alkaline solution of the catholyte at a current of 2.5 A, and a temperature of 30 °C.

Characterization

The structural phase characteristics of the synthesized nickel ferrite and composites of copper particles
deposited on nickel ferrite were studied on a D8 ADVANCE ECO diffractometer (Bruker, Germany) using
CuKa radiation in the angular range (26) 15-90°. The morphological characteristics of heat-treated samples
of nickel ferrites and Cu(x)/NiFe;O4(y) composites were studied on a TESCAN MIRA 3 scanning electron
microscope (SEM) (Czech Republic) using secondary (SE) and backscattered (BSE) electron detectors. The
samples were analyzed with a conductive carbon layer deposited on them. Elemental microanalysis of the
composites was performed using an X-Act energy dispersive detector (Oxford Instruments). Photographs of
the deposited Cu catalyst particles were taken on a Levenhuk DTX 90 digital USB microscope (Russia). The
specific surface area (SSA) of nickel ferrite particles was determined from nitrogen adsorption data obtained
on a Sorbi-MS instrument (Russia) using the BET (Brunauer, Emmett and Teller) method, and the pore size
distributions were established using the statistical thickness surface area (STSA) method.

Results and Discussion

According to the XRD analyses, the composition of the copper nanoparticles reduced separately by hy-
drazine hydrate in a water + EG medium contains, in addition to the crystalline phases of copper, oxides
copper (CuO, Cu;0) phases (Fig. 1, a). The content of these phases in the sample after synthesis is as fol-
lows: 81.6 % Cu, 9.4 % Cu.0, and 9.0 % CuO. After electrochemical experiments, the copper and Cu,O
contents in the composition of these particles increase to 88.2 % and 11.8 %, respectively, while the CuO
phases disappear (Fig. 1, b). Obviously, in the electrochemical system, copper cations are reduced from CuO
oxide with the formation of copper in the zero-valent state, and Cu,O is additionally formed. The size of Cu
particles after synthesis, calculated using diffractometer software, is 44 nm (for the crystalline phase (111) at
an angle of 26 = 43.03°), and increases to 52 nm after the electrochemical experiments.
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Figure 1. XRD patterns of Cu nanoparticles before (a) and after (b) electrohydrogenation of APh
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Micrographs of the synthesized Cu particles (Fig. 2) show that they have the shape of short nanorods or
nanotubes (~30-60 nm in diameter), some of which are pointed. These nanorods assemble chaotically into
spiny little balls (“hedgehogs”) of different sizes (~100-500 nm) forming a loose mass. An elemental analy-
sis by energy dispersive X-ray spectroscopy (EDS) (spectrum 2) shows the presence of Cu with a small
amount of oxygen. It is interesting to note that when the synthesis of copper nanoparticles is carried out only
in an aqueous medium without a stabilizer, and hydrazine hydrate is also used for the reduction, then the par-
ticles have a layered structure with an approximately round shape and sizes of 100—400 nm [22]. The use of
stabilizers such as PVP, polyethylene glycol, and starch contributes to a decrease in the size of copper nano-
particles to 70-100, 30-50 and 50-70 nm, respectively.
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Figure 2. SEM images of Cu nanoparticles after synthesis in different scanning scales

Nickel (I1) ferrite was prepared by the co-precipitation method followed by heat treatment at 500 °C
and 700 °C. The phase composition of both heat-treated samples is represented by crystalline phases of nick-
el ferrite NiFe,O. of cubic structure and hematite phases (a-Fe»QOs) in small quantities (Fig. 3). The particle
sizes in these nickel ferrite samples, according to the X-ray diffraction data, are 14 and 25 nm (for the (311)
phase at a diffraction angle of 20 = 35.7-35.6°), i.e. the size of the nickel ferrite nanoparticles increases with
increasing temperature.
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Figure 3. XRD patterns of NiFe>O4 (500 °C) (a) and NiFeO4 (700 °C) (b) samples
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Micrographs of nickel ferrite (Fig. 4) show that the particles in both samples are round in shape and
vary slightly in size (~35-80 nm). At the same time, the somewhat amorphous particles of the NiFe;O4
(500 °C) sample are pressed together more tightly than the particles of the NiFe,O. (700 °C) sample, which
are grouped into cluster structures resembling a torus (donut) shape. Both nickel ferrite samples have mag-
netic properties, confirming magnetism studies carried out on nickel ferrite nanoparticles fabricated under
similar conditions by the co-precipitation method [23]. For example, for NiFe.O, nanoparticles with an aver-
age size of 28 nm, the saturation magnetization (Ms) at room temperature was ~40.5 emu/g, which is lower
than that of a bulk sample of this ferrite (56 emu/g). For comparison, the Ms value for magnetite (Fes;O4) na-
noparticles with sizes of ~20 nm at room temperature is 75.3 emu/g [24]. The given Ms values show that the
magnetic properties of nickel ferrite are somewhat weaker than those of magnetite.

Figure 4. SEM images of NiFe,04 (500 °C) (a) and NiFe;O4 (700 °C) (b)

In order to select one of the two nickel ferrite samples as a carrier for catalytically active copper nano-
particles, their specific surface area (SSA) was measured using the nitrogen adsorption-desorption isotherm
in the BET method following the STSA calculations for the pore size distribution (Table 1).

Table 1

Specific surface area and porosity data for NiFe2O4 samples

——
Nickel ferrite sample SSA, m?/g Vs pores, CM/g Pore size distribution, %
mesopores macropores
NiFe,04 (500 °C) 72.7+1.4 0.135 45.0 55.0
NiFe;O4 (700 °C) 22.840.4 0.069 32.3 67.7

It is known that in solid materials, including powders, the pores present are classified according to their
size into micropores (< 2 nm), mesopores (2-50 nm) and macropores (> 50 nm) [25]. In the both samples,
the average pore sizes are 3—15, 56 and 80 nm, but with different volume ratios. According to Table 1, the
total pore volume in the NiFe2O4 (500 °C) sample is larger than in the NiFe.O4 sample treated at 700 °C.
Moreover, in the second sample, the volume of macropores relative to the total pore volume (Vs pores) €XCEEAS
the volume of mesopores by more than two times, which is apparently due to a greater degree of particle ag-
gregation in this sample and the larger sizes of the aggregates formed. The specific surface area of particles
in the NiFe,04 (500 °C) sample is also significantly larger than in the NiFe,O4 (700 °C) sample. Since the
best values for supporting catalyst particles are higher values of these structural characteristics, the nickel
ferrite sample with heat treatment at 500 °C was chosen to create catalytic systems with supported copper
particles.

Syntheses of supported Cu(x)/NiFe;,O4 (500 °C)(y) composites were carried out with different ratios of
copper particles and nickel ferrite (see synthesis procedure). Figure 5 shows the X-ray diffraction patterns for
the Cu(50)/NiFe.04(50) sample after synthesis and after electrocatalytic hydrogenation of acetophenone.

In the XRD patterns of the Cu(50)/NiFe,04(50) sample, the intensity of the peaks of the crystalline
phases of copper is significantly higher than the intensity of the nickel ferrite peaks, which corresponds to
their values in the XRD patterns of individual components (Figures 1 and 3). In the constitution of this com-
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posite after its use as a catalyst in the electrohydrogenation of APh, the crystalline phases of copper and
nickel ferrite remain and the phases of copper (1) oxide appear in small amounts (Figure 5, b).

Micrographs of the synthesized Cu(50)/NiFe204(50) composite (Figure 6, a) show that copper particles
in the form of rounded formations of different sizes (~100-800 nm) (highlighted in white) are located on the
surface of nickel ferrite and some of them are also found among the nickel ferrite particles. There are also
separate clusters of round copper particles connected to each other.
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Figure 5. XRD patterns of Cu(50)/NiFe204(50) sample after synthesis (a)
and after electrocatalytic hydrogenation of APh (b)

Figure 6. SEM images of Cu(50)/NiFe204(50) composite after synthesis (a, b)
and after electrocatalytic hydrogenation of APh (c, d)

The shape of the copper particles in the Cu(50)/NiFe,04(50) composite differs from the copper balls con-
sisting of nanorods in the case of individual reduction under the same conditions (Fig. 2). It is possible that
during the synthesis of the composite, small particles of nickel ferrite serve as initial grains for the formation
of copper particles, which then take a rounded shape to form core-in-shell particles. After electrocatalytic
application, the structure of this catalyst remains practically unchanged (Fig. 6, ¢ and d).

The presence of magnetic properties in the synthesized Cu(50)/NiFe,04(50) composite is demonstrated
by the photographs in Figure 7. Without applying a magnet (Fig. 7, a), all particles simply lie on the glass
surface and are visible as particles with a metallic sheen — these are obviously nickel ferrite and red-brown
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particles of copper itself and copper on the support. In the presence of a magnet (Fig. 7, b), all particles are
arranged in the form of fir trees perpendicular to the surface.

Figure 7. Photographs of Cu(50)/NiFe204(50) composite without (a) and with magnet (b)

All synthesized Cu(x)/NiFe,04(500 °C)(y) composites with different percentages ratios of copper parti-
cles and carrier were deposited on the surface of a copper cathode, on the outer side of which a magnet was
placed, in a diaphragm cell in an aqueous-alkaline catholyte solution. As the measurements of the gases re-
leased (hydrogen and oxygen) showed, the electrolysis of a NaOH aqueous solution was accompanied by an
additional release of oxygen (Vo, values in Table 2).

Table 2

Results of electrocatalytic hydrogenation of acetophenone on Cu particles and Cu/NiFe204 catalysts

Electrochemical . .
Copper re duction. EIectrog?t;\gg)cpzzgg%%enatlon
Catalyst content of copper oxides

in1gof W, ml Composition

catalyst, g | T, min Vo,, ml Hy/min n, % o, % of extracts, %
(0.=0.25) 1-PhE | APh
Cu cathode - - 0.0 9.6 56.7 95.5 90.80 4.93
Cu(0.59) 0.47 30 47.7 135 77.5 99.0 99.78 0.22
Cu+PVA (0.59) 0.49 20 31.2 13.4 75.0 | 100.0 | 99.77 0.23
Cu+PVP(059) 0.49 20 31.0 13.3 75.0 | 100.0 | 99.83 0.17
Cu(20) / NiFe204(80) 0.20 30 21.2 7.6 45.0 99.8 99.76 0.24
Cu(30) / NiFe204(70) 0.30 40 29.7 7.8 458 | 100.0 | 99.54 0.46
Cu(40) / NiFe204(60) 0.40 30 28.8 10.5 60.0 | 100.0 | 99.85 0.15
Cu(50) / NiFe204(50) 0.51 30 26.0 115 66.3 | 100.0 | 99.82 0.18
Cu(50)/NiFe204(50) + PVA 0.49 20 35.3 10.6 60.0 | 100.0 | 99.75 0.25
Cu(50)/NiFe,04(50) + PVP 0.49 20 35.3 11.1 62.5 | 100.0 | 99.23 0.77
Cu(60) / NiFe204(40) 0.60 30 25.4 12.3 725 | 100.0 | 99.86 0.14
Cu(70) / NiFe204(30) 0.69 30 55.5 12.4 725 | 100.0 | 99.89 0.11
Cu(80) / NiFe204(20) 0.79 30 55.5 12.4 725 | 100.0 | 99.88 0.12

NiFe204 (500 °C) - 0 0.0 - - - - -

NiFe,04 (700 °C) - 0 0.0 - - - - -

This indicates the occurrence of electrochemical reduction of copper cations from its existing oxides in
the composites deposited on the cathode:

Cu cathode:  CuO + 2e” + H,0 — Cu® + 20H~-
2H,0 + 2= — H, + 20H"
Pt anode: 40H — O, + 2H,0 + 4e-
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The Vo, values given in Table 2 can be used to assess the content of copper oxides in the composition of
copper particles deposited on nickel ferrite. These data indicate that copper oxides are present in almost all
copper particles reduced in the presence of a carrier, polymer particle stabilizers and without any additives to
the reaction medium of their synthesis (Table 2). Perhaps partial oxidation of copper occurs when its parti-
cles are washed after synthesis and dried.

After completion of the electrochemical reduction of copper oxides (when the release of additional vol-
umes of oxygen was terminated), an organic substance was introduced into the catholyte to carry out its elec-
trocatalytic hydrogenation in the presence of Cu(x)/NiFe204(500 °C)(y) catalysts held on the cathode by an
external magnet. The results obtained are presented in Table 2, which lists such characteristics as: Vo, is the
volume of additionally released oxygen as a result of the electrochemical reduction of copper oxides con-
tained in its particles;  is the process duration; W is the average rate of APh hydrogenation over a period
equal to a = 0.25; n is the hydrogen utilization coefficient at the same value of o, and o is the APh conver-
sion. The same Table shows that samples of nickel ferrite with heat treatment at 500 and 700 °C are not re-
duced in the electrochemical system under the given conditions and do not exhibit electrocatalytic activity in
the electrohydrogenation of acetophenone.

For comparison, Table 2 shows the results of the electrochemical reduction of APh on a Cu cathode
(without a catalyst) and its electrocatalytic hydrogenation on copper nanoparticles synthesized without and in
the presence of polymer stabilizers. These data show that the rate of electrochemical reduction of APh under
the given conditions is quite high (9.6 ml Hz/min), but the process does not proceed to completion and with
the formation of a small amount of by-products. The electrocatalytic hydrogenation of APh on copper parti-
cles and on Cu(x)/NiFe;O4(y) supported catalysts was carried out almost completely and without by-
products, which was confirmed by chromatographic analyzes (Table 2). At the same time, the highest rates
of APh hydrogenation were observed in processes using Cu particles (13.3-13.5 ml Ha/min).

For processes on supported catalysts, the rate of hydrogenation depends on the content of copper parti-
cles in their composition: the more there are, the higher is the rate of APh hydrogenation, and starting from
the ratio x:y = 60:40 it almost does not change. Therefore, this percentage ratio of copper particles to nickel
ferrite can be considered as optimal for this catalyst. However, it should be noted that the rate of APh hydro-
genation on catalysts with the particle content x > 60 % is lower than that on copper nanoparticles (Table 2).
It can be assumed that nickel ferrite, which has poor electrical conductivity, slows down the transfer of
charge from the cathode to catalytically active copper particles, which is also reflected in the rate of electro-
catalytic hydrogenation of the organic compound. In general, Cu(x)/NiFe;Oa4(y) supported catalysts, starting
from the ratio x:y = 40:60, exhibit electrocatalytic activity in the studied process of electrohydrogenation of
acetophenone with the selective formation of 1-phenylethanol, a fragrant substance with the hyacinth odor.

Conclusions

Magnetic composites of Cu nanoparticles supported on nickel ferrite with different contents of their
components were synthesized by the reduction of copper cations in the presence of NiFe,O,4 prepared by the
co-precipitation procedure. Their structure, morphological features, and electrocatalytic properties in the
electrohydrogenation of acetophenone were studied. It was found that the electrocatalytic activity of the re-
sulting composites was manifested in the process studied starting from the Cu(40 %):NiFe204(60 %) ratio.
The rate of APh electrohydrogenation increases compared to its electrochemical reduction on a copper cath-
ode (without a catalyst). Its conversion with the selective formation of 1-phenylethanol reaches maximum
values. It was suggested that the slightly lower rate of APh electrohydrogenation on Cu/NiFe,O4 composite-
catalysts compared to Cu particles is due to the known poor electrical conductivity of nickel ferrite, which
slows down the charge transfer from the cathode to the catalytically active copper particles.
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