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High-entropy alloys (HEAs) have rapidly become one of the hottest research topics in several fields, including
materials science, corrosion technology, and catalysis because of their multiple advantages and their potential
applications. In this study, using a novel straightforward electroless deposition method, multi-elemental alloys
(FeCoNiCuZn) supported on graphite were prepared with controlled metal loading (HEA/g-X; X = 40, 80, 100)
without any high temperature post-treatments. These materials were characterized using scanning electron
microscopy, transmission electron microscopy, energy-dispersive X-ray spectroscopy, X-ray photoelectron
spectroscopy, and X-ray diffraction, and showed a composition ranging from 11 at.% to 31 at.% for each metallic
element, a total metal loading varying from 1.3 to 5.2 at.% (5.9 to 21.5 wt.%), homogeneous distribution, and an
amorphous structure. Electrochemical impedance spectroscopy, cyclic voltammetry, linear sweep voltammetry,
and chronoamperometry were used to evaluate the surface dynamics and the effect of the solution pH during the
electrochemical hydrogenation of nitrobenzene using the HEA/g-40 material. The nitrobenzene conversion (>9
mmolng gcat-l h™!) and aniline production (~ 4 mmolay gcat-l h™1) rates in NaySOy4 solution (at —1.0 V vs. Ag/
AgCl) demonstrated a strong dependence on the applied potential. After comparing the results in alkaline me-
dium (KOH), a competitive adsorption of species (nitrobenzene and H,0) was observed, showing a synergistic
effect that greatly improved the selectivity of the nitrobenzene hydrogenation to aniline, from 23% in NapSO4 to
an outstanding 94% in KOH at the same applied potential, surpassing the results of a platinum electrode (34% in
KOH). These results provide insightful information regarding the nature of the active sites involved in each step
of the reaction mechanism, and gives useful means to develop new, tailored multifunctional HEA electrocatalyst
materials.

1. Introduction

Climate awareness and environmental protection have gained mo-
mentum in the recent past and they have triggered the development of
new and more efficient processes and materials [1-3]. Among others,
this has led to the reevaluation of many traditional industrial-scale
processes, in the pursuit of new renewable energy sources [4,5], lower
consuming methods, and more efficient and stable catalysts. When it
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comes to the development of new materials, the use of non-metals [6-8]
or non-noble metals [9-11] catalysts are two major trends currently
involving a big volume of research for many different processes.
Carbon-based materials represent an interesting group, thanks to the
development of a wide variety of techniques to control their morphology
and chemical composition, including carbon nanotubes [12-14],
graphene-based compounds [15-17], carbon shells [18], graphitic car-
bon nitrides [19-22], among many other options. These diverse
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morphologies and structures exhibit the intrinsic advantage of high
surface area, good electrical and thermal conductivity, and high stability
for reduction or hydrogenation processes [23,24].

On the other hand, multi-elemental alloys, with more than 4 ele-
ments as main elements or in equimolar combinations, are an attractive
option due to their high mechanical and thermal stability such as high-
temperature strength, wear resistance, high hardness, good structural
stability, good corrosion and oxidation resistance, and relatively easy
processing required for their synthesis and crystal phase control
[25-27], which makes them promising candidates to be used as catalysts
[28]. The so-called High-Entropy Alloys (HEAs) have the unique prop-
erty of a multitude of active sites for different reactions owing to the
independent interaction of each atom [29]. Other advantage of these
metallic alloys is their intrinsic conductive nature, which makes them
suitable candidates for electrocatalysis and provides an effective way to
control the extent of the reaction as well as the energy input required.
The HEAs are defined as alloys with a minimum of 5 elements, where all
of the elements are considered majority (> 5 at.%), ideally in equimolar
compositions, causing an increase in the mixing entropy (ASpx). This
equimolar composition (e.g. 20 at.% for each element) would produce
the maximum increase of stability due to the entropy effect (ASpix =
1.6R, with R being the gas constant, R = 8.3145 J mol~! K™1). The
minimum value to classify a material as high entropy, as reported
initially by Yeh et al. [26] and later by Xu et al. [30] and Zhang et al.
[31], is ASmix = 1.5R, which allows a variation of the elemental
composition between 10 and 35 at.% as reported by Cantor et al. [25].
One of the consequences of this effect is the increase in the overall sta-
bility of the alloy materials due to the low diffusivity of constituent
atoms [29].

The use of HEAs as catalysts is a relatively new practice [29], and
most researchers have focused on the use of noble metal (e.g., Pt, Pd, Ir,
Ru, Rh) [28,32] or non-noble metal (e.g., Fe, Mn, Cr, Co, Ni, Ti, Nb, V)
[33,34] compositions, on the development of different synthetic
methods [29,35,36], and on different catalyst morphologies. HEA cat-
alysts have been explored in reactions like the hydrogen evolution re-
action (HER) [37,38], oxygen evolution reaction (OER) [39], and
oxygen reduction reaction (ORR) [40], where the stability of the ma-
terial is considered as the main problem.

The selective hydrogenation of organic molecules, to obtain added
value products, is a field where the HEAs present a remarkable advan-
tage compared to the traditional alloys or metallic electrodes used as
electrocatalysts. The multiplicity of active sites and the improved me-
chanical and chemical stability make the HEAs a promising technology
for processes requiring long term operation and high selectivity. In this
regard, we chose the hydrogenation of nitrobenzene as model system for
catalytic selective hydrogenation to produce aniline because of the
importance at industrial scale. Amines are important precursors in the
plastics, medical, and pigments industries. Intense and extensive
research has been devoted to the study of the electrocatalytic hydroge-
nation of nitro compounds using different methods like thermal catalysis
[41-43], photocatalysis [44,45], and electrocatalysis [46,47]. Among
these, electrocatalysis is the least studied and the one presenting more
difficulties, especially regarding the conversion yields, selectivity, sta-
bility of the materials and scalability. A variety of materials and methods
have been used to overcome these problems, and the best results have
been obtained using copper (Cu) and its alloys [48,49], or alloys with
noble metals (Pt, Pd) [50] in different morphologies. These electro-
catalysts provide relatively large potential window and slow hydrogen
evolution kinetics. However, the main drawback is the poor selectivity
of the products and considerably low conversion efficiency ranging from
10 to 80%, with a strong dependence on the electrode material, the
applied potential, the solvent used, and the pH of the solution [51].

To harvest the maximum benefits of the high-entropy condition, the
metals combination is a fundamental parameter for successfully syn-
thesizing the HEAs and controlling the catalytic activity of the materials.
In this study, we addressed the hydrogenation of nitrobenzene by a five-
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element non-noble metal HEA electrocatalyst. By design, we selected Cu
for its capacity to strongly adsorb hydrogen and make it available for
hydrogenation reactions [52], Zn for the ability to adsorb anions and
reduce the hydrogen evolution reaction [53], Ni and Co because of their
high activity toward reducing protons and producing hydrogen adsor-
bed species in alkaline media [54], and Fe because of its well-known
capacity to adsorb oxygen species, which improves the activity in
alkaline media and improves the oxygen reduction reaction [55]. This
combination of catalytic properties of each individual metal, mixed with
their electronic and atomic similarities, covers all the properties
required, theoretically, to achieve good hydrogenation results.

Herein, we present a simple and environmentally friendly method,
based on electroless deposition, to synthesize FeCoNiCuZn-based HEAs
on graphite support with control over the elemental composition.
Physical and electrochemical methods were used to elucidate the dy-
namics of the adsorption of the species in solution (H2O, nitrobenzene,
H, aniline) on the catalyst surface, using the nitrobenzene molecule as a
probe system for the hydrogenation process. Also, we present a discus-
sion about the nature of the active sites and the important role of the
adsorbed hydrogen species (-H) in the hydrogenation process, which can
be used to design new catalysts with tailored properties to improve the
efficiency of the electrocatalytic hydrogenation processes in solutions
with different pHs.

2. Experimental methods
2.1. Chemicals

All chemical reagents used in the experiments were of analytical
grade and used without further purification. The water used for pre-
paring the solutions was de-ionized to achieve high resistivity (> 16
MQ). The graphite used was obtained from compressed graphite bars
with a 99.5% purity and a resistivity of 9 uQ m (Sigma-Aldrich).

2.2. HEA synthesis

The high-entropy alloys were synthesized using an electroless
deposition method [56-59], modified from the one reported elsewhere
by Pandey et al. [60]. The graphite used as support was initially treated
with concentrated boiling sulfuric acid (98%, Merck) for two hours, then
rinsed and dried on a hot plate to evaporate the remains of sulfuric acid.
A solution with a total metal concentration equal to 0.05 M, using an
equimolar concentration of the precursor metals (i.e., Cre: Cco: Cni: Ccut
Czn), was prepared using Fe(NO3)3, Co(NOs3)2, Ni(NOs3)3, Cu(NOs)2 and
Zn(NOs3), (Sigma-Aldrich, analytical grade, > 95%, used without further
purification). Different ratios of metals solution volume (Sy; (mL)) versus
the mass of graphite (g wt) (Sy/g wt: 40, 80, 120 (mLgolution/8graphite))
were used, to evaluate the variation in metal loading. The mixture was
stirred vigorously for 24 h. After this, the remaining solid was filtered,
rinsed with DI water, and dried at 110 °C for 24 h before use. The solids
were stored and labeled HEA/g-x (X: 40, 80, 120).

2.3. Electrodes preparation

An ink of HEA/g-X was prepared using 5 mg of HEA/g-X powder, 50
uL of Nafion® solution 5 wt.% in short-chain alcohols (Sigma-Aldrich),
750 pL of isopropanol (Sigma-Aldrich, > 99.5%), and 200 pL of DI water.
The ink mixture was sonicated for 30 min in intervals of 5 min to ensure
proper mixing. The mixture was sonicated for 5 extra minutes right
before the preparation of the electrodes.

Graphite disks were treated with sandpaper #250, #400, and #600
grit to ensure homogeneous high roughness surface, then sonicated in
isopropanol for 10 min, followed by sonication in water for 10 min to
remove grease and left-over graphite powder. In the electrode prepa-
ration sequence, they were sonicated with isopropanol for 5 min and
dried under air before adding 1 mL of HEA/g-x ink, which was dried



V. Marquez et al.

under air and finally dried at 80 °C in an oven for 2 h.

2.4. Materials characterization

The crystalline structure of the materials was analyzed by X-ray
diffraction (XRD) using a Bruker D8 Advance with a Cu anode and Kol
(1.544 i\) irradiation, a 26 range from 10° to 80° and a scan rate of 0.02
°/min. The surface concentration and chemical state of the elements
were measured using X-ray photoelectron spectroscopy (XPS) on a
spectrometer AMICUS using Mg Ko X-ray radiation (1253.6 eV) and Al
Ka X-ray radiation (1486.6 eV) at a voltage of 15 kV and current of 12
mA. Scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX) were used to study the surface morphology of the
catalysts and overall concentration of metals on the surface. For this, an
AMICUS photoelectron spectrometer was used with an Mg Ko X-ray
source controlled by KRATOS VISION2 software at a voltage of 10 kV
and current of 20 mA. The binding energy value was calibrated by the C
1s peak at 284.6 eV, and the elements Fe 2 s (6.398 eV), Co 2 s (6.924
eV), Ni 2 s (7.471 eV), Cu 2 s (8.040 eV), and Zn 2 s (8.630 eV),
respectively. Transmission electron microscopy (TEM) measurements
were made using a JEOL JEM-2010 equipment on a Cu grid and the EDX
spectra using an Oxford X-Max 80T accessory.

Electrochemical experiments were carried out using a potentiostat/
galvanostat Autolab® PGSTAT204 and electrochemical impedance
spectroscopy (EIS) experiments were performed using a frequency
response analyzer (FRA32M) module with an A.C. perturbation of 10
mV, in the range of 100 kHz to 0.1 Hz at different applied potentials in
the presence and the absence of nitrobenzene. Before each electro-
chemical experiment, the solution was deoxygenated with ultrapure (>
99.99%, Linde) Ny for 30 min and the open-circuit voltage was
measured to ensure a stable initial condition.

2.5. Nitrobenzene hydrogenation

The hydrogenation of nitrobenzene was carried out using an H-type
cell with a solution volume of 40 mL. The compartments were separated
by a Nafion® 115 membrane (Sigma-Aldrich) to ensure the ionic
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exchange while keeping the solutions separated. The counter electrode
was a platinized titanium mesh (Anomet®) with a geometrical area of
6.3 cm?. The reference electrode was a double compartment, Ti shielded
Ag/AgCl (KCI 3 M) commercial electrode (Metrohm®). In the working
electrode compartment, a solution of NasSO4 (> 99%, Merck) (0.1 M,
pH = 5), or KOH (> 85%, Univar) (1.0 M, pH = 14), and 400 pM con-
centration of nitrobenzene (Sigma-Aldrich) was used as support elec-
trolyte under constant magnetic stirring to ensure homogeneous mixing.
The solution used in the counter electrode compartment was prepared to
match the concentration of support electrolyte used in the working
electrode compartment, namely Nay;SO4 (0.1 M) or KOH (1.0 M),
respectively. The concentrations of nitrobenzene and aniline in aqueous
solution were measured on a LAMBDA 650 UV/Vis spectrophotometer
using deconvolution to calculate the absolute concentrations.

3. Results and discussion
3.1. Materials characterization

The surface morphology of the synthesized catalysts was analyzed
using SEM. Fig. 1 depicts the micrographs of the material prepared with
the three different compositions. The images show that all three mate-
rials exhibit similar morphology, corresponding to the laminar structure
of the graphite substrate. The alloy particles were not observed due to
their small size, product of the low metal loading and the procedure
used. The sheet-like structure of the graphite support ensures a high
specific surface area available for the adsorption and homogeneous
distribution of the alloy particles.

The distribution of the elements is shown in SEM-EDX results of the
HEA materials (Figs. S1-3), where the five elements of interest (Fe, Co,
Ni, Cu, and Zn) are present in the surface of the catalysts in a fairly
homogeneous distribution. Fig. 2 depicts the TEM results for the HEAs. It
is important to remark that no clumping, individual metal clusters, or
areas could be found. This implies that the probability of each metal
interacting with the others is increased, and the segregation of the in-
dividual phases was avoided as shown in Fig. 2a,d for the lowest metal
loading (HEA/g-40), while the materials with higher metal loadings

Fig. 1. SEM images with different magnifications of the three catalysts synthesized. (a,d,g) HEA/g-40; (b,e,h) HEA/g-80; (c,f,i) HEA/g-120.
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Fig. 2. TEM results for the synthesized HEAs. (a,d,g) TEM image, interplanar distance, and pattern SAED for HEA/g-40, (b,e,h) HEA/g-80, and (c,f,i) HEA/g-120,

respectively.

present phase segregation as seen in Fig. 2b,e and Fig. 2c,f for the HEA/
g-80 and HEA/g-120, respectively. In Fig. 2d-f, it can be seen how the
interplanar distance of the films increases with the metal loading going
from an average of (0.29 + 0.03) nm in the HEA/g-40 to (0.38 + 0.03)
nm for HEA/g-80 and (0.33 + 0.03) nm for HEA/g-120. This is most
likely caused by the increase in the relative content of Zn in the whole
materials as reported by Huang et al. [61]. The difference in atomic size
and crystal structure of Zn (hexagonal packed HCP) with the other el-
ements Fe (BCC or FCC), Co (HCP), Ni (FCC), Cu (FCC) and the lack of
empty orbitals on the p-level cause an increase in the structural stress,
increase of interplanar distances, shifting to lower diffraction peaks’
angles and a modification of the lattice constant [62,63].

The elemental composition of the three materials is presented in
Table 1 (for more detailed information regarding the elemental
composition see Tables S1-3 in the Supplementary Material), where it is
shown that the ratio of mass of graphite support-to-volume of solution

Table 1
Elemental compositions of the catalysts prepared using different weight/solu-
tion ratios obtained by EDX.

Element  HEA/g-40 HEA/g-80 HEA/g-120
wt.% at.% wt.% at.% wt.% at.%
(£0.1) (£0.1) (£0.1) (+0.1) (£0.1) (+0.1)
C 93.7 98.6 81.7 95.8 78.5 94.8
Fe 1.0 0.2 2.4 0.6 6.7 1.8
Co 0.8 0.2 3.8 0.9 3.0 0.7
Ni 1.0 0.2 3.5 0.8 3.3 0.8
Cu 1.5 0.3 4.0 0.9 4.0 0.9
Zn 1.9 0.4 4.6 1.0 4.5 1.0
Metals 6.3 1.3 18.3 4.2 21.5 5.2

allowed to effectively control the total metal loading. Additionally, the
low concentration of the employed solution allowed the formation of
thin films which crystallization and growth were controlled by the
thermodynamics of the process favoring the formation of single-phase
multi-elemental alloys or HEAs at lower loadings and multi-phase
films for the higher metal loadings [26]. This was confirmed by the
selected area electron diffraction (SAED) measurements. In Fig. 2g-i, the
SAED patterns for the three materials correspond to a cubic structure,
more specifically a magnetite-like structure (Fd —3 m) due to the rela-
tively high amount of iron in the sample and the oxidation of the surface.
In the case of the HEA/g-40, a polycrystalline structure was observed on
the SAED, while for the other two materials the diffuse circles are evi-
dence of amorphous characteristics. All the desired elements were
detected by EDX measuments from the TEM selected area, with the
relative concentrations given in supplementary materials (Table S4).
As mentioned before, one of the parameters to determine if a mate-
rial can be classified as high-entropy alloy is the value of ASyy. If this
value is above the mark of 1.5R, the entropy effect is considered high
enough to overcome the enthalpy of the mix and the material can
considered to be entropy stabilized, using the following equation:

ASpix = —RY xiln(x)) )

where x; is the mole fraction of each element and R is the gas constant (R
=8.3145 Jmol ' K1),

Fig. 3 shows the individual contribution of each element in the three
samples to the entropy of the mix using the concentrations obtained
from EDX measurements (Table S4), and it shows how the AS,,ix of the
materials fall within the range of high entropy stabilized materials [26,
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Fig. 3. ASix calculated for the synthesized materials. Insert: contribution to
the ASix of each element as a function of the composition.

30,64]. It is important to notice that the contribution of each component
increases steeply in the mole fraction range from 0.05 reaching a
maximum value at x; = 0.35, and after x; > 0.4 the contribution to the
entropy decreases sharply until it becomes zero when x; = 1 shown in
Fig. 3. This is the reason why increasing the concentration of a single
element beyond this value (xi = 0.35) has a negative effect on the
contribution to the entropy of the mix.

To further examine the surface of the catalysts, XPS analysis was
performed, as shown in Figs. S4-6 (see Supplementary Material) for the
three different HEA/g-x materials. The wide scan shows two major edge
signals, one at 280 eV corresponding to the C edge and a second one at
524 eV corresponding to the O edge. When it comes to the signals of the
metals, the specific edge signals (719 eV (Fe); 790 eV (Co); 870 eV (Ni);
952 eV (Cu) and 1020 eV (Zn)) were within the noise level of the
measurements and the oxidation states could not be analyzed. These
results are a consequence of the low concentration of each metal on the
catalyst (= 1 at.%, see Table 1), the matrix effect of the sample, and
possible interactions between elements that can cause the loss in the
detection sensitivity [65-68]. The analysis of the C signal (for example,
see Fig. S4g for the HEA/g-40 material) provides useful information. It
shows the main signal corresponding to the C—H bond (285 eV) caused
by the exposed edges of the graphite sheets, like the functionalization of
graphene sheet edges. The other three signals at 286.1 eV, 287.1 eV, and
288.3 eV are attributed to the oxygenated groups C—O, C=0 and
C—OOH, respectively. These oxygenated groups were expected as a
result of the pretreatment of the graphite support prior to the alloys
deposition, and have an important role in the electric performance of the
catalysts, since these oxygenated functional groups may improve the
dispersion of the substrate [69], the amount of surface defects and
adsorption sites [70,71], and may enhance the electrical conductivity of
the laminar graphite structures [69]. The signal at 284 eV was attributed
to the C=C bond in the graphite sheets. The semi-quantitative analysis
obtained by XPS for the HEA/g-40 material (see Supplementary material
Table S1 for details) showed elemental compositions in the range of
5.6-11.0 wt.%, while compositional data derived from SEM-EDX vary
from 0.8 to 1.9 wt.%. The considerable difference between XPS and
SEM-EDX data arises from the difference in penetration depth of each
technique [65], i.e. relatively higher wt.% are obtained by XPS as a
result of its smaller penetration depth. On the other hand, the E/Mt data
(i.e., ratio of each individual element to the sum of all the metals) show
near-equimolar compositions (~0.20) for each of the synthesized ma-
terials (Tables S1-S3 in Supplementary Material). This is clear evidence
of the formation of high-entropy alloys as the (metallic) elemental
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composition falls well within the defined range of 10-35 at.% [59].

When it comes to multi-elemental alloys or high-entropy alloys, the
phase of the material is a critical parameter, since it can cause different
responses in the activity of the catalysts, as well as the selectivity and
stability in different experimental conditions. The XRD results (Fig. 4) of
the samples show a major signal corresponding to the characteristic
peak of the graphite (0 0 2) plane at 26°. This signal tends to be a sharp
peak for pristine graphite. In the HEA/g-x materials, the peak exhibits a
broader shape, which is most likely the result of a modification of the
inter-layer distance distribution, causing the broadening. This result is
the consequence of two factors; first, the pre-treatment applied to the
graphite to activate it, and second, the insertion of the HEA particles in
the interlayer zones distorting the crystal structure, without breaking it.
The smaller signal around 43° corresponds to the (1 0 0) plane and
shows a similar broadening as the main peak. The third and smallest
signal at 54° corresponds to the (0 0 4) peak from the graphite structure.
The signal present at 45° was attributed to the (1 1 1) plane of the FCC
structure of the HEA (FeCoNiCuZn), as reported by Huang et al. [61] and
is consistent with the results obtained from the SAED measurements
showing a cubic structure (Fig. 2g-i). It must be noted that this structure
was obtained by direct electrochemical reduction without annealing
treatments. The crystallite size calculated using the Scherrer’s equation,
gave an approximate size of (5 &+ 1) nm.

3.2. Electrochemical characterization

3.2.1. Linear scan voltammetry

To further study the elemental distribution and presence of different
phases or metal segregations, linear scan voltammetry (LSV) was carried
out in alkaline media. The reduction of the different oxide species pre-
sent on the surface was examined. Fig. 5 shows the electrochemical
response of the three synthesized materials. For samples HEA/g-80 and
HEA/g-120, a single broad signal was observed at —0.5 V (as indicated
by arrow a), where the reduction of surface oxides (—0.5 V) and water
reduction ((—1.0 V) signals overlapped, causing the loss of a well-
defined peak for each process, and producing a current increase and
reaching a quasi-steady-state until —1.4 V where hydrogen evolution
took place and the current increased exponentially. This single signal
showed that there is no metal segregation, as confirmed previously by
SEM-EDX. In the case of the catalyst HEA/g-40, the signal showed two
distinct peaks, the first at —0.5 V (a) and the second at —1.0 V (b), and
finally, the hydrogen evolution reaction took place at —1.6 V (c). In this
case, these two peaks were attributed [72-77] to the reduction of the
surface oxide and the adsorption of water (according to the Volmer
mechanism) before the massive hydrogen evolution. Following these
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results, the material HEA/g-40 was selected to analyze the effect of pH
on the behavior of the electroactive sites and the effect of nitrobenzene
adsorption on the surface dynamics. The criteria to choose this material
were two-fold, namely the separation of the reduction signals allowing a
more comprehensive analysis and the wider potential window compared
with the other two synthesized materials, which allows the study of the
surface without the interference of the massive hydrogen evolution.

3.2.2. Electrochemical hydrogen transfer

The electrocatalytic hydrogenation processes usually involve the
Hydrogen Evolution Reaction (HER) as a first step to produce the
hydrogen required for the reaction to take place, but it can also be a
competitive pathway reducing the Faradaic efficiency of the processes
and affecting the selectivity of the reaction.

The electrochemical HER has been widely studied in acid and alka-
line media. The commonly accepted mechanisms Volmer-Tafel [78,79]
and Volmer-Heyrovsky [78,80] involve a series of chemical and elec-
trochemical steps, which are normally used to characterize the catalytic
behavior of different electrodes. First step is usually described by the
Volmer equation, which involves the adsorption of the precursor species
and depends on the pH of the solution, according to Eq. (2a-b).-:

H;0" + ¢~ +M[] 2 M[H] + H,O(low pH) (2a)
H,O + e +M][]2 M[H] + OH (high pH) (2b)

where M[] represents an adsorption site on the surface.

Once the Volmer reaction takes place, the adsorbed hydrogen species
M[H] (or -H) are the precursors of the gaseous hydrogen (Hy). In this
regard, two mechanisms can occur simultaneously, i.e., the Tafel reac-
tion, a chemical step where two adsorbed species recombine to produce
Hs (Eq. (3)), and the Heyrovsky mechanism, an electrochemical step
involving the concerted interaction between an adsorbed atom of
hydrogen, another proton (or water molecule), and the transfer of a
second electron (Eq. (4)):

MIH] + MH] 2 Hy, + 2M[] ®

MH] + H;0" +e” 2 Hy + M[] + H,0 @

The combination of Egs. 2 - 3 and Egs. 2 - 4 are known as the Volmer-
Tafel and Volmer-Heyrovsky mechanisms, respectively. These reactions
have been widely studied on ideal surfaces (Pt, Pd) and many other
surfaces including heterostructures and mixed materials [81,82], and
provide useful information regarding the mechanisms or possible
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pathways followed during the HER or the hydrogen transfer reactions
(HTR).

3.2.3. Electrochemistry in acidic medium (NazSOg4)

Fig. 6a depicts the cyclic voltammetry data of the HEA/g-40 elec-
trode in 0.1 M NaySO4 (pH 5). At slow scan rates (5 — 10 mV s’l), a
reduction signal was observed at —0.5 V, corresponding to the surface
oxide reduction. When the scan rate increased (50-500 mV s’l), the
signal shifted to 0 V and a strong capacitive behavior was observed. This
high capacitance was caused by the roughness and porosity of the
electrode. It can be noted that there is an oxidation signal at 0.6 V fol-
lowed by the oxygen evolution signal after 1.0 V. The oxidation signal
was attributed to the oxidation of the metallic surface. According to
Loffler et al. [83], the broad nature of this signal can be related to the
multiplicity of metals in the surface and their interactions. This behavior
is characteristic for metallic alloys and supports the argument that the
electrode is a solid-state solution [83,84]. In the case of metals segre-
gation, the oxidation region would be composed of different individual
peaks. The presence of surface oxides has been widely reported [85-87]
to act as promoters to the oxygen evolution reaction (OER), or the ox-
ygen transfer reaction (OTR). When the potential scan was performed at
a slower scan rate (1 mV s~ 1) in the reduction direction, starting from
the open circuit potential, the reduction signal at —0.3 V seen only in
slow scan rates got more defined (Fig. 6b). This shows that there was a
diffusion-controlled process between —0.3 and —0.7 V, according to the
Nicholson-Shain model, where the current of the peak is a linear func-
tion of the square root of the scan rate (see supplementary information
Fig. S7):

iy = (2.69x10%)n*AD{ Cyv¥? ®

Where i, n, A, Do, Co and v are the peak current, number of electrons
transferred, area of electrode, diffusion coefficient, concentration of the
species and scan rate, respectively.

After that, the current increased with the potential until —1.5 V. This
was attributed to the diffusion of the protons inside the porosity of the
material, and the adsorption on the surface by atomic hydrogen,
blocking the electroactive sites and increasing the resistivity of the
surface [88,89]. Finally, at —1.7 V the massive hydrogen evolution
process took place.

To analyze the surface coverage and the effect of the applied po-
tential, electrochemical impedance spectroscopy (EIS) was used by
applying an AC perturbation of AE = 10 mV. The Nyquist plots collected
at different applied potentials are shown in Fig. 6¢ (See Fig S8 for more
detail on the high frequency region), and the results were compared to
an (R(RQ)) equivalent circuit [90]. The values for charge transfer
resistance (R¢) and capacitance (C) are shown in Fig. 6d, where a pro-
gressive increase in the capacitance of the electrode was observed from
—0.5V, reaching a maximum value at —1.5 V and decreasing steeply at
—2.0 V. This trend, combined with the linear sweep voltammetry results,
indicates a strong adsorption and high coverage of the surface of the
electrode as a function of the applied potential [88,89]. This strong
adsorption occupies the available electroactive sites causing an increase
in the surface concentration of hydrogen. However, the recombination
of these H atoms is slow, which means they are available to be trans-
ferred to different organic molecules, thus increasing the possibility of
controlled hydrogenation processes. When the applied potential is more
negative than —1.5 V, the energy is enough to activate the adsorbed
hydrogen atoms and generate the massive hydrogen evolution. This may
be the cause of the sharp decrease in the capacitance of the electrode due
to the decrease in the surface concentration of H atoms. This decrease in
the surface concentration and increase in the hydrogen evolution is also
promoted by a decrease in the charge transfer resistance as a function of
the applied potential (Fig. 6d), which reaches a lowest value at —2.0 V.
The combination of high hydrogen coverage and low charge transfer
resistance makes the applied potential of —1.5 V a convenient electrical
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condition when it comes to the catalysis of the hydrogen transfer reac-
tion because it promotes a hydrogenation process with low participation
of the hydrogen evolution [88,89].

The afore-mentioned maximum in the capacitance due to hydrogen
adsorption can be used as a boundary value to control the products
obtained. At potential values below this maximum, the extensive hy-
drogenation products were not favored, and any direct reduction
products were be obtained favorably. On the other hand, at more
negative potential values (i.e., beyond the maximum value), the exten-
sive production of hydrogenation products was improved, but at the cost
of a lower Faradaic efficiency due to the strong activation of the Hy
evolution.

3.2.4. Electrochemistry in alkaline medium (KOH)

The same approach was used to analyze the electrochemical
behavior of the HEA/g-40 electrode in alkaline medium (KOH, pH 14). It
has been reported that high-entropy alloys can present activities com-
parable to Pt when used for hydrogen evolution in highly alkaline media
[91]. Results strongly depend on the composition of the alloy and the
synthesis method, and their activity is much more difficult to understand
and model due to the multiplicity of possible active sites and their
behavior as a function of the pH. In Fig. 7a, the cyclic voltammetry data
of the HEA electrode shows a behavior completely different from the
results obtained at acidic pH. In this case, two clearly defined reduction
signals were present (—0.49 V and —1.0 V), which were attributed to the
reduction of the surface oxides and the adsorption/reduction of water
molecules [83]. In the positive direction scan, a single but wide signal
with a maximum at —0.4 V extended between —1.0 V to 0.2 V approx-
imately. This type of signal is characteristic of multi-elemental alloys

where many possible surface oxides can be produced due to the multi-
plicity of metallic atoms and surrounding environments. Furthermore,
the fact that only one peak was seen on that region means that there was
a solid solution and there was no metals segregation. A final peak was
present at 0.5 V, which is characteristic of Ni and Co alloys due to the
formation of the oxo-hydroxide surface species (NIOOH and CoOOH)
which have been reported [92] as intermediates for the oxygen evolu-
tion reaction in this kind of metals and as important reactive species in
electrochemical direct oxidation processes. When it comes to the
hydrogen evolution/transfer process, the HEA electrode presented a
high overpotential for the reaction to take place (Fig. 7b, below —1.5 V).
This gave a broad working window making it possible to tune the
desired products obtained by means of controlling the applied potential.

The impedance experiments in alkaline medium (Fig. 7c-d) (See Fig
S9 for more detail on the high frequency region) showed an increase in
surface capacitance (C) with a maximum value at —1.0 V, which cor-
responded to the position of the second reduction peak seen in the cyclic
voltammetry and the linear scans. These results imply that the adsorp-
tion of water molecules was hindered by the presence of surface oxides,
which also explains the dramatic reduction of the charge transfer
resistance (R¢y), at —1.5 and —2.0 V, once the oxides were reduced
(Fig. 7d). When the reduction process was completed after —1.0 V the
metallic surface was exposed, and the adsorption reached a maximum
value [88,89]. This surface concentration of adsorbed water molecules
decreased at —1.5 and —2.0 V. The decrease in the surface concentration
was attributed to the activation of the hydrogen evolution process,
which did not seem to be strongly affected by the applied potential
between —1.0 V and —1.5 V [88]. This means the process followed the
Volmer-Tafel mechanism, and after —1.5 V the current increases



V. Marquez et al.

Electrochimica Acta 410 (2022) 139972

T T T T T T T T T T T 5
20+ a 1 | b 1o
10 ] r {1-5
E | | L {-10
= L 1-15 €
. —10mvs’ -
10 ——20mVst T r 1-20
—50mVs’ i Y
20t ——100 mV s} —— HEA/g-40
——— 200 mV S-1 L Graphlte a 30
30 1 L 1 590 mV S-1 1 1 1 1 1 pH 14 (I|<OH) 35
20 15 -10 -05 0.0 0.5 1.0 25 =20 -15 -10 -05 00 05
E Vs Ag/AgCl / V E Vs Ag/AgCIl /V
400 . 9Ag . ; YS9 .gC . : 16000
c . 4000 4
| ]
300} 1 3000} 112000
A m
L
(@] x = OCP c =
=200} . o 1.0V = 2000 } )
N - s 4 15V 2 18000
. v 20V
100} N o o
e ¢
e 14000
o j of
0 50 100 150 200 2.0 15 -1.0 0.5 0.0
Z'1Q E Vs Ag/AgCl / V

Fig. 7. Electrochemical behavior of HEA/g-40 electrode in 1.0 M KOH (pH 14). (a) Cyclic voltammetry at different scan rates. (b) Potential scan in the cathodic
direction with linear scan rate of 1 mV s~ . (c) Nyquist plots collected at different applied potentials. (d) Re; and C as a function of applied potential calculated from

the Nyquist plot using an equivalent circuit.

exponentially with the applied potential (Fig. 7b), and the
Volmer-Heyrovsky mechanism became dominant. Because of this, the
surface concentration of hydrogen (or water in alkaline pH) was
considerably reduced, caused by these reactions taking place
simultaneously.

The dependence of the electrochemical behavior of the HEA elec-
trode on pH is fundamental to properly understand and use them as
catalysts when hydrogen or oxygen evolution reactions are involved. In
Fig. 8a, the cyclic voltammetry scans obtained at different pH are
compared. The activity at alkaline pH (i.e., in KOH) was higher for both
hydrogen evolution and oxygen evolution, showing a stronger interac-
tion between water molecules and the surface. In the case of hydrogen,
the onset potential for massive H; evolution was located after the second
reduction signal (—1.1 V), while for acid medium (i.e., NaySO4) the Hy
evolution started after —1.5 V and with a lower current than for the
alkaline medium. This could be explained by a strong interaction be-
tween the protons and the surface, a behavior consistent with that re-
ported for Cu electrodes [50], where the surface adsorption energy is
considerably high thus stabilizing the adsorbed hydrogen species (-H)
and reducing the effect of the applied potential, and slowing down the
kinetics of the hydrogen evolution (Volmer-Tafel mechanism). In the
case of the basic medium, the hydrogen promoting species was not the
proton (H™), but the adsorbed water molecule (-OH,), which adsorbs
rapidly once the surface oxides were reduced, and reacted with a much
stronger dependence on the potential than in acidic pH (Volmer-Heyr-
ovsky mechanism).

One of the causes for the drastic change in the electrochemical
behavior as a function of the pH of the solution was the formation of the

surface oxides, which enhanced the affinity of the surface to water
molecules and therefore the oxygen evolution kinetics. It is important to
notice that the oxygen evolution region showed a pronounced onset near
0.5 V in alkaline solution, whereas, in acid solution, the surface was less
susceptible to oxidation, and therefore the oxygen evolution kinetics
were much slower. A similar behavior was observed in the reduction
region (Fig. 8a), where the electrode showed poor activity towards
hydrogen evolution in NaySO4 solution even at considerably high
overpotentials ( > —1.0 V). In this regard, strong adsorption of protons
in the surface, and high stability promoted by Cu and Zn [52] limits the
hydrogen evolution. On the contrary, in alkaline medium, the reduced
surface had also strong adsorption of water molecules, which were easily
activated and catalyzed the massive hydrogen evolution after smaller
overpotentials (n > —0.5 V). To properly evaluate the effect of the
overpotential on the hydrogen evolution reaction and its availability
toward transferring to other organic molecules for hydrogen transfer
reaction (HTR), the linear scan voltammetry was plotted in the revers-
ible hydrogen potential scale (Fig. 8b), as given by Eq. (6):

Egue = Eecetrode + Egager + 0-059pH 6)

In the hydrogen scale, the higher activity of the HEA electrode in
alkaline medium was expected. The fact that the reduction signal at
—0.1 V in both cases matches perfectly, means that the hydrogen (or
water) adsorption takes place rapidly once the surface is completely
reduced thereby exposing the metallic surface, and the subsequent
hydrogen evolution.

In Fig. 8¢, the impedance results show that at lower pH the charge
transfer resistance was much smaller since the hydrogen reduction
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required less energy to take place. The equivalent circuit used to
describe the impedance data was a R(RC) circuit as the one shown in
Fig. 8d.

3.3. Nitrobenzene hydrogenation

The hydrogenation of nitrobenzene was used to measure the cata-
lytic activity of the HEA/g-40 electrode. In Fig. 9, we present the effect
of adding nitrobenzene (400 uM) to the solution, to evaluate how it
affects the surface dynamics of hydrogen adsorption, the surface oxides
formation, and their subsequent reduction. Fig. 9a shows an increase in
the reduction current when nitrobenzene (NB) was added to the acidic
solution starting at 0.8 V. This increase corresponds to the first reduction
peak of the surface oxides of the electrode, which means the nitroben-
zene rapidly adsorbs in the surface and was reduced once the metal
surface was exposed. For applied potential more negative than —0.5 V
(n = 0 V for hydrogen reduction), the current sharply increased, which
can be attributed to the irreversible reduction of nitrobenzene involving
hydrogen transfer. A similar behavior was observed for Cu electrodes
[48-50], thus we can assume that Cu sites actively participate in the
nitrobenzene hydrogenation process either by acting as the adsorption
site or by providing the adsorbed hydrogen species required for the
hydrogenation process.

In the positive scan direction, an oxidation signal appeared at 0 V,
which was attributed to the reversible oxidation of reduced nitroben-
zene where hydrogen transfer was not involved yet. Finally, a wider
signal was observed above 0.2 V overlapping the oxygen evolution
signal, which was attributed to the oxidation of reduced species coming
from the reduction of nitrobenzene, and the formation of surface oxides
of the alloy [77,93-96].

The electrochemistry in alkaline medium (KOH) was rather different
than in acidic medium. Fig. 9b shows how the first reduction signal of
the alloy (—0.5 V) was drastically reduced at pH 14, while there was an
increase in the reduction signal afterward, overlapping with the second
reduction signal of the alloy (—1.0 V). This was attributed to the strong
adsorption of the nitrobenzene on the surface and the competition with
the water molecules (Hy precursors) for the active sites. This strong
adsorption and subsequent competition also hindered the surface
oxidation of the electrode, which caused the loss or decrease in the
oxidation signals of the electrode at positive potentials. These results
also imply that the reversible direct reduction of the nitrobenzene was
unfavored, and that the hydrogenation mechanism was favored during
the nitrobenzene conversion.

The electrochemical hydrogenation mechanism of nitrobenzene has
been extensively studied on single metals or simple alloys [50]. The
following surface reactions of nitrobenzene must be considered Egs.

(7)-(12):

ANO, + M[] 2 M[AINO;] )
M[AINO;] + e~ 2 M[AINO]™ + %oz (8)
MIJAINO]™ + e~ + 2H,0 2 M[ArNHOH] + 20H" 9
MJArNHOH] + e~ 2 M[ANH,]™ + %02 10)
M[AINHOH] + 2M[H] 2 M[AINH,] + 2M[ ] + H,0 an
M[AINH,|2ArNH, + M[] 12)

where ArNO,, ArNO, ArNHOH and ArNH, refer to nitrobenzene,
nitrosobenzene, phenylhydroxylamine and aniline, respectively. All the
individual reduction signals were observed in the cyclic voltammetry in
basic pH (KOH) (Fig 9b), a small reduction peak at —0.4 V corre-
sponding to the formation of nitrosobenzene, a second peak at —0.6 V to
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produce phenylhydroxylamine, and a final signal at —0.9 V corre-
sponding to the direct reduction of aniline [95]. It is important to
consider that each reduction product is subject to its own adsorption
equilibrium [50], and other indirect reactions can take place in the
liquid phase, which may affect the final products concentration but are
irrelevant to the electrochemical signals obtained [50]. In this series of
equations, Eq. (10) is fundamental for our analysis since it directly re-
lates the aniline production to the surface concentration of hydrogen
atoms. In this case, we can assume that any changes in the Tafel slopes of
the hydrogen evolution process are caused by the competition for the
active sites between -H and the organic species, this at sufficiently high
overpotentials where the controlling process is the Hy evolution.

When comparing the Tafel slopes in both conditions (acid and
alkaline pH with no nitrobenzene), a remarkable difference was
observed (Fig. 10). The results showed a slope of 320 mV in alkaline
medium meaning the hydrogen evolution reaction can be controlled by
the Volmer reaction, and the surface coverage is the rate-limiting factor.
In the case of the acidic medium, a much higher slope of 4413 mV was
obtained, which implies the hydrogen evolution process was not
controlled by the hydrogen reduction mechanisms (Volmer-Tafel,
Volmer-Heyrovsky) but most likely controlled by diffusion, or a much
higher voltage input is required to achieve proper activation of the
adsorbed species.

In Fig. 10, the Tafel slopes of the hydrogen evolution region showed
how the presence of nitrobenzene affected the surface dynamics of the
adsorbed species. In acidic medium (NaSO4), the slope decreased from
4413 mV to 1023 mV, corresponding to the observed increase in the
current from the cyclic voltammetry. This change means that there is a
direct reduction of nitrobenzene taking place and there was little
competition for the active sites to produce the adsorbed species (-H and
-OONCgHs). This strong effect on the current by the applied potential
indicates that at low overpotentials, where hydrogen evolution is still
slow, the direct reduction of NB was the most favored process, while at
higher overpotentials, the hydrogenation process became more impor-
tant despite of the massive hydrogen evolution that significantly
increased under this condition.

In the case of the alkaline medium (KOH), the effect seemed to be
opposite to that in acidic medium, namely the hydrogen evolution slope
became larger (from 320 mV to 1454 mV), meaning there was a decrease
in the effect of the applied overpotential. This was attributed to the
strong adsorption and competition between the water molecules (-OHy)
and the nitrobenzene (-OONCgHs5) for the active sites. This competition
decreased the surface concentration of water molecules, reducing the
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Fig. 10. Tafel slopes for the HEA/g-40 electrode in different electrolytes with
and without nitrobenzene (400 uM).
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conversion rate of nitrobenzene to aniline. On the other hand, no direct
reduction of nitrobenzene was observed, implying that only the
hydrogen transfer reaction was responsible for the reduction of nitro-
benzene. This competition and co-dependence on the surface coverage
could lead to lower activity of nitrobenzene conversion, but also a
higher selectivity towards extensively hydrogenated species.

To measure the catalytic effect of the HEA electrode on the nitro-
benzene hydrogenation, different applied potentials were used, and the
concentration of nitrobenzene and aniline were measured as a function
of time using UV-vis. A deconvolution was performed to calculate the
concentration of each species. The sodium sulfate medium (pH 5) was
chosen to study the effect of the applied potential, owing to the biggest
potential range available before the HER becomes the main reaction.
Fig. 11a-b shows the concentrations of nitrobenzene (NB) and aniline
(AN), respectively, as a function of time at different applied potentials. A
linear behavior in NB conversion was observed, meaning the reaction
rate was independent of the concentration. This result corroborates the
argument of the surface concentration of adsorbed hydrogen (-H) being
the rate-limiting factor, therefore, the adsorption equilibrium and sur-
face reactions were the controlling processes. It is important to notice
that the conversion decreased as a function of the applied (negative)
potential, while the selectivity towards aniline increased going from
21% at —1.0 V to 97% at —2.0 V (see Fig. 11c). This behavior can be
explained by the direct hydrogenation of nitrobenzene on the surface
without involving hydrogen transfer, favoring the formation of the
partially hydrogenated product at lower overpotentials (—1.0 V). In this
regard, a byproduct identified as p-nitrophenol was observed when
performing the electrolysis at —1.0 V. This can be the result of OH™
species produced near the electrode surface after the formation of the
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adsorbed -H species that can attack the nucleophilic para position of the
nitrobenzene, reducing the selectivity of the process.

In the opposite condition, when the overpotential is high enough to
completely activate the hydrogen evolution, the surface hydrogen spe-
cies are much more active and can attack the nitro group (preferentially
adsorbed), favor the extensive hydrogenation, and enlarge the aniline
formation. This higher selectivity had a lower conversion rate because
most of the electrons are used in the HER, thus resulting in a lower
Faradaic efficiency. It is important to note that the reaction rate was not
constant in time during the electrolysis. Fig. 11d shows that the aniline
production rate or turnover frequency (TOF) decreased in time. As
mentioned before, the strong adsorption of the nitrobenzene on the
electrode surface hinders the hydrogenation reaction (Eq. (9)), resulting
in a rate drop by about 53% at —1.0 V and 60% at —1.5 V. However, if
the hydrogen evolution was activated and the amount of hydrogen in the
surface was much higher than the concentration of nitrobenzene (i.e., at
—2.0 V), the passivation of the electrode was inhibited, and the aniline
production rate was only reduced by 10% (Fig. 11d).

The effect of pH was evaluated by comparing the results of the
nitrobenzene hydrogenation at both pH conditions. Fig. 12a shows the
NB conversion rate and the AN production rate, according to the results
previously showed (Eapp = —1.0 V). The higher NB conversion rate in the
NaySO4 supporting electrolyte was expected since the direct hydroge-
nation of nitrobenzene was observed which decreased the selectivity
and the production of AN. In alkaline medium (KOH), this direct hy-
drogenation was not possible due to the oxidized surface (Fig. 9b),
requiring a more negative potential to activate the hydrogenation pro-
cess. Fig. 12b shows the conversion and selectivity toward AN produc-
tion and the results were outstanding, as the selectivity of the process
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Fig. 12. Comparison of results obtained in different media at E,,, = —1.0 V. (a) Aniline (AN) production and nitrobenzene (NB) conversion rates. (b) NB conversion

and AN selectivity. (pH 5 in case of NaySO4 and pH 14 for KOH).

was approximately 93% for the KOH supporting electrolyte, and the
conversion was about 24%, surpassing by far the results obtained by a Pt
electrode in the same conditions with a selectivity of 34% towards an-
iline, and a conversion of 23%.

These results are similar to the results obtained at —2.0 V in NaySO4
(conversion 21%, and selectivity 97%). In this regard, it can be
concluded that the selectivity of the process is a function of the adsorbed
species, i.e. -H and -OHj, for acid and basic media, respectively. This can
be better understood when comparing the electrochemical behavior of
the electrode in both media (Fig. 8b) represented in the reversible
hydrogen scale. This means that at higher pH values, the adsorbed
hydrogen species (produced by the electrolysis of water) are more
reactive, improving the reaction rates, conversion and selectivity. Only
when the massive hydrogen evolution is achieved, at pH 14, the surface
has the optimal conditions for improving the reaction selectivity to-
wards AN.

4. Conclusions

In summary, FeCoNiCuZn-based HEAs with homogeneous metal
distribution and a single solid solution phase were successfully synthe-
sized on graphite for the first time, to the extent of our knowledge, using
a simple, low temperature (30 °C), and low-cost electroless deposition
method for catalytic applications. A remarkable activity/weight of the
catalyst towards aniline production (6 mmol gcaflh’l) and high
selectivity (97%) in alkaline medium make this alloy a promising
candidate for extensive conversion processes. The HEA/g-40 showed a
capacity to control the products of the reaction as a function of the
applied potential between —1.0 and —2.0 V in Na3SO4 solution. The
HEA showed some deactivation over time at lower overpotentials (—1.0
to —1.5 V) likely caused by strong adsorption of nitrobenzene, but
higher selectivity and durability when the applied potential was more
negative, ascribed to the fast dynamics of surface hydrogen production.
A strong dependence of the surface adsorbed hydrogen species (-H),
controlled by the applied potential, had a stronger effect than the so-
lution pH on the catalytic performance. Herein, we showed a simple
preparation method to obtain a highly functional material, and a
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comprehensive methodology to analyze the surface dynamics of the
processes involved in multi-step surface reactions catalyzed by applied
electrode potential.
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