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Abstract: In this study, 3D-structured NiMo coatings have been constructed via the widely used
electrodeposition method on a Ti surface and decorated with very small Au crystallites by gal-
vanic displacement (Au(NiMo)/Ti). The catalysts have been characterized using scanning electron
microscopy, energy dispersive X-ray analysis, and inductively coupled plasma optical emission
spectroscopy. Different Au(NiMo)/Ti catalysts, which had Au loadings of 1.8, 2.3, and 3.9 µgAu cm−2,
were prepared. The electrocatalytic activity of the Au(NiMo)/Ti catalysts was examined with re-
spect to the oxidation of glucose in alkaline media by cyclic voltammetry. It was found that the
Au(NiMo)/Ti catalysts with Au loadings in the range of 1.8 up to 3.9 µgAu cm−2 had a higher activity
compared to that of NiMo/Ti. A direct glucose-hydrogen peroxide (C6H12O6-H2O2) single fuel cell
was constructed with the different Au-loading-containing Au(NiMo)/Ti catalysts as the anode and Pt
as the cathode. The fuel cells exhibited an open circuit voltage of ca. 1.0 V and peak power densities
up to 8.75 mW cm−2 at 25 ◦C. The highest specific peak power densities of 2.24 mW µgAu

−1 at 25 ◦C
were attained using the Au(NiMo)/Ti catalyst with the Au loading of 3.9 µg cm−2 as the anode.

Keywords: gold; nickel; molybdenum; titanium; anode catalyst; glucose oxidation

1. Introduction

Fuel cells based on glucose fuel have received a lot of attention because of their
application in various regions, such as glucose biofuel cells (GBFCs) for powering medical
implants [1–3], bioelectricity, and treating wastewater [4]. Glucose is a perfect choice of
biofuel that can be effectively converted to electrical energy and which often improves the
functional parameters of the biofuel cell or simply allows the use of cheaper fuels. Noble
metals and their alloys are constantly applied for electrochemical glucose oxidation (GOR)
in connection with their considerable response and splendid selectivity [5–9]. Nevertheless,
the high cost of these raw materials hinders their wider application. This gives rise to the
desire and need to develop low-cost and high-performance GOR catalysts [10]. On the
whole, Ni and Ni-based catalysts [11–24], Mo and Mo-based composites [15,18,21,24,25],
Cu [12,25,26], Co [11,16,19,20,27–29], and other transition metals, due to their high catalytic
activities and reasonable cost, presented good electrocatalytic activity to glucose oxidation
reaction in alkaline solutions, none the worse than Pt or Au. The monometallic species
(Ni, Mo, Co, Cu, etc.) can be used as catalysts for GOR, but bimetallic catalysts, such as
NiMo [24], CuMo [25], BiMo [30], NiCo [11,16,19,20], etc., exhibited better catalytic activities
compared to those of monometallic catalysts due to their unique synergistic contribution.

Recently, the development of three-dimensional (3D) nanomaterials has attracted a
great deal of research interest [22,28,29,31–34] due to their sufficiently high surface area to
volume ratio and a high percentage of exposed atoms, as electrochemical reactions gener-
ally take place at surfaces or interfaces. Considerable surface areas of 3D nanomaterials
render large space for electrostatic ion adsorption to reach considerable electrical bilayer
capacities [35,36]. The nanoporous three-dimensional catalysts can be synthesized in a
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variety of different ways, including template synthesis [37–40], surfactant-mediated synthe-
sis [41,42], dealloying [43], etc. Among them, electrodeposition is a convenient one for large
area deposition; it is an inexpensive, effective, simple, and readily adaptable method when
compared with most physical methods. Recently, the dynamic hydrogen bubble template
(DHBT) technique has been successfully applied for producing nanoporous structures of
monometallic catalysts, such as Au [44,45] and Ni [46], bimetallics, such as Cu-Au [47]
and Ni-Cu [48], and various multimetallics, such as the Pt-Ni-Cu [49] catalyst. The high
cathodic current densities employed during electrodeposition resulted in a continuous
bubbling of H2, which limited the free volume available for metal growth by blocking the
diffusion of active species, giving rise to three-dimensional coating-like morphologies with
randomly distributed micrometric and nanometric pores obtained under mass transfer
conditions [50].

In this study, we suggest using 3D-structured Ni, Mo, and NiMo coatings decorated
with a small amount of Au crystallites for GOR. The three-dimensional coatings modified
with noble metal crystallites are a reasonably good choice because they would present a
good electrocatalytic effect, extra conductivity, and high catalytic activity from noble metal
and metal coatings. To prove this idea, we synthesized Au nanoparticles supported on
the Ni/Ti, Mo/Ti, and NiMo/Ti composites with the 3D structure. Of the conventional
precious metals, Au was chosen because of its extremely stable conductive properties and
good catalytic activity [5,8,9]. The adjunction of Na2MoO4 appreciably affects the coating
appearance and thickness. Molybdate anions are non-toxic and environmentally friendly.
They were chosen as a conceivable alteration to toxicity ions such as nitrite and chromate
in aqueous systems. By forming insoluble complexes on the metal surface, they adsorb to
the interface of the metal solution [51]. The Ni- or Mo-based coatings, decorated with Au
nanoparticles coatings, have durable, inexpensive, and meaningful electrochemical activity
in an alkaline environment, serving as up-and-coming candidates for electrochemical needs.
Based on the anodic and cathodic electrochemical characterization, it can be argued that the
porous Ni-Mo coatings deposited on the Ti base and decorated with Au nanoparticles are an
efficacious and durable trifunctional electrocatalyst directed to GOR in an alkaline medium.

2. Results and Discussion
2.1. Characterization of Coatings

This study presents the preparation of 3D-structured Ni, Mo, and NiMo coatings using
the DHBT technique, followed by their decoration with a very small amount of Au crystal-
lites by galvanic displacement and their application for the electrooxidation of glucose. Ni,
Mo, and NiMo coatings were electrochemically deposited on the Ti surface using cathodic
currents at sufficiently negative potentials related to a vigorous H2 bubbling. The release of
H2 bubbles from the substrate interrupts the local growth of metals, creating a dynamic
template for the preparation of porous coatings. The morphology and composition of the
prepared Ni/Ti, Au(Ni)/Ti, Mo/Ti, Au(Mo)/Ti, NiMo/Ti, and Au(NiMo)/Ti catalysts
have been characterized by SEM, EDX, and ICP-OES techniques and are presented in
Figures 1 and 2 and Table 1. SEM images for the Mo and Ni coatings given at different
magnifications clearly show that obtained patterns differ greatly in shape. The Mo coating
surface is smooth and almost without any obvious distinctive features as evident from
SEM images in Figure 1a. In contrast, the Ni coating produces a well-defined open-porous
network structure with interconnected fibers composed of spherical particles in sizes of
240–620 nm (Figure 1b). The decoration of both coatings with Au crystallites using the gal-
vanic displacement technique seems to give a more pronounced porous architecture in both
cases (Figure 1c,d). In the case of the AuMo coating, dark spots appear, reflecting spatial
cavities of ca 0.4–1.5 µm in size (Figure 1c). Meanwhile, in the case of AuNi, the spherical
particles tend to agglomerate into ca. 1.0–1.7 µm-sized particles (Figure 1d). The elemental
composition of those porous structures can be clearly revealed by the corresponded EDX
spectra of the elements (Figure 1e,f) and ICP-OES analysis (Table 1). The data obtained
confirm the presence of Au, Mo, and Ni in the above-mentioned catalysts coatings.
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Figure 2. SEM images of NiMo/Ti-1 (a), NiMo/Ti-2 (b), NiMo/Ti-3 (c), Au(NiMo)/Ti-1 (d),
Au(NiMo)/Ti-2 (e), and Au(NiMo)/Ti-3 (f) coatings.

Table 1. The composition of coatings by ICP-OES.

Catalyst Ni, Loadings
µgNi cm−2

Mo, Loadings
µgMo cm−2

Au, Loadings
µgAu cm−2

Total Metal
Loading

(µg cm−2)

Ni/Ti 96.5 - - 96.5
Mo/Ti - 6.5 - 6.5

NiMo/Ti-1 13.5 2.1 - 15.6
NiMo/Ti-2 35.7 4.3 - 40.0
NiMo/Ti-3 39.3 5.7 - 45.0
Au(Ni)/Ti 59.9 - 4.1 64.0
Au(Mo)/Ti - 4.1 1.2 5.3

Au(NiMo)/Ti-1 11.7 1.9 1.8 15.4
Au(NiMo)/Ti-2 32.9 3.8 2.3 39.0
Au(NiMo)/Ti-3 34.1 4.5 3.9 42.5

Figure 2a–c show the SEM images of the NiMo layer electrodeposited on the Ti
surface as a function of the Ni2+/Mo6+ ratio of the plating solutions listed in Table 4 (in
Sections 3 and 3.2, Fabrication of catalysts), which was varied by changing the concentration



Catalysts 2022, 12, 892 5 of 20

of NiSO4, while the concentration of Na2MoO4 was kept constant. Compositions of the
analyzed coatings as a function of the Ni2+/Mo6+ ratio are presented in Table 1. Figure 2a
shows randomly distributed spherical particles of 215–460 nm in size for the Ni2+/Mo6+

ratio of 1, generating ca. 6.8 times higher Ni loading compared to that of Mo ((NiMo)/Ti-1).
Increasing the Ni2+/Mo6+ ratio to 10 or 5 produces 8.3 and 6.9 times higher Ni loadings
compared with that of Mo, respectively, resulting in the development of Ni-Mo layers
on the Ti surface ((NiMo)/Ti-2 and (NiMo)/Ti-3) with a well-defined porous structure
(Figure 2b,c). It is obvious that the concentration of Ni2+ ions determines the formation of
porous coatings with only a tiny contribution from Mo.

Modification of the above-mentioned (NiMo)/Ti-1, (NiMo)/Ti-2, and (NiMo)/Ti-3
catalysts with low Au loadings ranging from 1.8 to 3.9 µgAu cm−2 gives quite similar but
more densely packed SEM views (Figure 2e,f), indicating that more pronounced porous
structures are obtained when higher concentrations of Ni2+ ions are used for the preparation
of the catalysts. Nevertheless, the diameters of the fibers observed in both Au(NiMo)/Ti-2
and Au(NiMo)/Ti-3 catalysts vary considerably. However, they are still neatly joined
together to form a series of macroporous channels that are responsible for more facile ion
transportation. At the same time, they produce coatings with a very large surface area
for electrochemical reactions. The elemental composition of these porous structures is
presented by an elemental mapping in Figure 3a–c. Au, Ni, Mo, and Ti elemental signals are
detected, clearly indicating their presence in the porous architecture of Au(NiMo)/Ti catalysts.
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Figure 3. EDX spectra of Au(NiMo)/Ti-1 (a), Au(NiMo)/Ti-2 (b), and Au(NiMo)/Ti-3 (c) catalysts.



Catalysts 2022, 12, 892 6 of 20

2.2. Electrocatalytic Activity of Catalysts for GOR

The activity of the as-prepared Ni/Ti, Mo/Ti, NiMo/Ti-1, NiMo/Ti-2, and NiMo/Ti-3
catalysts for the oxidation of glucose in an alkaline medium was evaluated using cyclic
voltammetry. These synthesized catalysts were compared to that of the bare Au, Au(Ni)/Ti,
Au(Mo)/Ti, Au(NiMo)/Ti-1, Au(NiMo)/Ti-2, and Au(NiMo)/Ti-3 catalysts. Figure 4 shows
CVs characteristics of the bare Au electrode recorded in the 0.1 M NaOH solution (solid
line) and in that containing 0.1 M glucose (dashed line) at a scan rate of 50 mV s−1 at a
temperature of 25 ◦C. The potential range was from −0.9 to 0.9 V (Ag/AgCl).
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that containing 0.1 M glucose (dashed line) at 25 ◦C at an electrode potential scan rate of 50 mV s−1.

As we can see from the curves shown in Figure 4 in a 0.1 M NaOH solution, a broad
oxidation peak labeled as b begins at ca. 0.25 V during the positive scan and a reduction
peak labeled as b1 during the cathodic scan at ca. 0.13 V, which have corresponded to
the formation of gold oxide on the surface of the bare Au electrode and its reduction,
respectively. Additionally, minor redox peaks a and a1 were observed at−0.10 and−0.16 V,
respectively. They are assigned to AuOH active sites formed by the chemisorption of OH−

anions in an alkaline medium [5]. The observed redox peaks indicate the continuation of
uninterrupted redox reactions, which can be represented by the following continuance: Au
(bare)↔ Au (hydroxide)↔ Au (oxide). Adsorbed AuOHads formed by chemisorption of
OH− anions is considered to play a crucial role in the oxidation of glucose, especially in
alkaline media where the chemisorption process is more pronounced [52–57]. It should be
noted, however, that the high activity and selectivity of the 4-electron ORR pathway in the
potential region starting already at low potential, around 0.00 V at the Au surface in alkaline
media, cannot be excluded [58]. This is attributed to the densely packed OHads layer, which
can serve as a template for ORR. At even more negative potentials, correspondingly lower
OHads coverages should contribute increasingly to the 2-electron ORR pathway.

In CVs of the bare Au electrode recorded in the 0.1 M NaOH solution containing
0.1 M glucose (Figure 4, dashed line), two well-noticeable anodic oxidation peaks I, II,
and barely visible peak III are observed in the positive direction. Peak I is observed at
more negative potential values located at ca. −0.22 V, and peak II is observed at more
positive potential values at ca. 0.25 V. Based on literature sources, those two peaks are
ascribed to the oxidation of adsorbed glucose to gluconolactone [52,53,56,59,60] followed
by oxidation of gluconolactone to gluconate [53,55,60,61], respectively. The barely visible
peak III is observed at more positive potential values at ca. 0.45 V, the intensity of which
depends on the preferential Au crystallographic plane, with the most pronounced peak
value in the case of the preferential (200) plane [60]. This peak is related to the formation
of a compact gold oxide layer, which results in a decrease in the amount of AuOHads,
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leading to a decrease in current density. It is, therefore, reasonable to assume that AuOHads
influences the oxidation process of adsorbed glucose. The other two well-noticeable anodic
peaks on the reverse scan, denoted as IV and V, observed at potential values of ca. 0.17 V
and −0.08 V, respectively, may be ascribed to the oxidation of glucose on the renewed
gold surface after gold oxide layer reduction and to the oxidation of intermediate species
formed during the oxidation of glucose, respectively [53,55,56]. A comparison of the peak
current densities of anodic peaks I and II shows that they are nearly equal in magnitude,
supporting the probability that the gold surface is almost equally active in the oxidation of
both glucose and gluconolactone. This is likely due to the presence of a sufficient amount
of active AuOHads available for the oxidation process in the appropriate potential regions.

The GOR was also investigated on Mo/Ti and Ni/Ti catalysts. Electrochemical be-
havior of as-prepared Mo/Ti (Figure 5a) and Ni/Ti (Figure 5c) catalysts was evaluated in
the background of 0.1 M NaOH aqueous solution (solid line) and in 0.1 M NaOH solution
in the presence of 0.1 M glucose (dashed line) at 25 ◦C at a scan rate of 50 mV s−1. From
the CVs recorded in 0.1 M NaOH solution on the as-prepared Mo/Ti and Ni/Ti catalysts,
well-defined anodic peaks b of ca. 0.77 V and 0.59 V, respectively, can be observed in the
positive scan, whereas during the negative scan, only in the case of the Ni/Ti catalyst, a
cathodic peak b1 of ca. 0.37 V can be noticed (Figure 5a,c). During the following cycles,
both cathodic and anodic peaks remain stable in the case of the Ni/Ti catalyst and a typical
current response for reversible conversion of Ni(II)/Ni(III) in alkaline media is observed.
For the Mo/Ti catalyst, during the successive cycles current drops sharply and peaks
disappear. Based on the Pourbaix et al. diagram [62], Mo thermodynamically is expected
to dissolve in the form of highly soluble molybdate ions in alkaline media. A number of
intermediate oxidation states of Mo are known to occur in the overall oxidation reaction to
the final (+VI) state, but their nature is still a matter of debate [62–69].

Three different molybdenum oxide films may be identified in alkaline media be-
tween the open-circuit rest potential and the onset of steady-state oxygen evolution [64].
In the lowest potential region, MoO3/Mo(OH)3 species are generated, which transform
into higher valence oxidation Mo species—MoO2—in the intermediate potential region,
converting to the final (+VI) oxidation state molybdenum species in the form of MoO3
in the highest potential region. Therefore, the potential region from ca. −0.9 V to 0.2 V
in CVs (Figure 5a) can be attributed to MoO2 formation, which undergoes further elec-
trochemical oxidation to MoO3 species with a peak formation, mainly via the following
reactions [64,65,67,68]:

Mo + 4OH− →MoO2 + 2H2O + 4 e− (1)

MoO2 + 2OH− →MoO3 + H2O + 2 e− (2)

It should be noted that electrochemically formed MoO3 tends to dissolve to molyb-
datum species in alkaline media that are released in solution by the following reac-
tion [64,66,67]:

MoO3 + 2OH− → HMoO4
− + H2O + e− (3)

MoO3 + 2OH− →MoO4
2− + H2O (4)

In addition, MoO2 species are known to be unstable in aqueous solution and a parallel
disproportionation reaction can proceed via the following reaction [64]:

3MoO2 + 4OH− → 2MoO4
2−+Mo + 2H2O (5)

The Above-mentioned reactions significantly contribute to the current decrease in the
following cycles.
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C6H12O6 on Ni/Ti (solid line) and Mo/Ti (dashed line) catalysts (e), and on Au(Ni)/Ti (solid line)
and Au(Mo)/Ti (dashed line) catalysts (f) for the same conditions as in (a–d). The insert in (e) shows
CVs recorded in 0.1 M NaOH on Ni/Ti and Mo/Ti catalysts.

Adding 0.1 M glucose to the 0.1 M NaOH solution results in higher anodic currents at
more negative potential values on Ni/Ti and Mo/Ti, as compared with those obtained in
the background 0.1 M NaOH solution. Broad glucose oxidation peaks start at ca. −0.49
and −0.25 V at Ni/Ti and Mo/Ti, respectively (Figure 5a,c, dashed lines). The first scans
recorded on Ni/Ti and Mo/Ti catalysts (Figure 5e) clearly show that Ni/Ti outperformed
the Mo/Ti catalyst. Glucose oxidation at Ni/Ti starts at more negative potential and
measured current densities are higher than those at Mo/Ti. Notably, at potentials more
positive than 0.4 V, significantly higher glucose oxidation current densities are observed on
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the oxidized Ni surface in contrast to Mo/Ti. It should be noted that the glucose oxidation
peak I on Mo/Ti and Ni/Ti catalysts was observed only in the first potential scan. During
subsequent anodic scans, no appreciable increase in anodic current and no anodic peaks
were observed on the Mo/Ti catalyst in the broad potential region from −0.9 to 0.9 V
(Figure 5a). This indicates that the Mo/Ti catalyst is not active for GOR, mainly due to the
dissolution of electrochemically formed active MoO3 species from the substrate, since they
are prone to convert into soluble molybdatum species, which are released into solution
during the reaction according to Equations (3) and (4). Surface poisoning by adsorbed
intermediate species generated during the oxidation of glucose cannot be excluded either.
In the Ni/Ti catalyst case, during subsequent anodic scans, high glucose oxidation current
densities are observed at positive potentials higher than 0.4 V (Figure 5c, dashed line).
Notably, at potentials higher than 0.4 V, the Ni/Ti surface is oxidized to NiOOH, whereas
the clear cathodic response from this reaction was not observed on the backward scan
analogous as in Reference [70]. Hence, successive cycles show that the oxidized Ni surface
still enhances the oxidation of glucose and gluconolactone at more positive potential values
(Figure 5c, dashed lines). Processes occurring at the Ni/Ti catalyst both in the 0.1 M NaOH
solution (Figure 5c) and in that containing 0.1 M glucose (Figure 5c) are attributed to the
reversible transformation of Ni(II)/Ni(III) in an alkaline media and glucose oxidation to
gluconolactone by NiOOH, given that Ni(OH)2/NiOOH acts as an electron transfer [71–74].
The overall process of glucose oxidation on the Ni/Ti catalyst can be presented by the
Equations (6) and (7):

Ni(OH)2 + OH− ↔ NiOOH + e− (6)

NiOOH + glucose→ Ni(OH)2 + gluconolactone (7)

Figure 5b,d show CV curves of Mo/Ti and Ni/Ti catalysts, decorated with Au nanopar-
ticles recorded in an aqueous solution of 0.1 M NaOH (solid line) and in that containing
0.1 M glucose (dashed line) at 25 ◦C with a scan rate of 50 mV s−1. The modification of both
catalysts with Au results in the formation of typical glucose oxidation peaks similar to those
found on bare Au electrodes and can be characterized by the same processes occurring on
bare Au catalysts. However, the CVs determined on both catalysts differ considerably not
only in the values of peak currents and onset potentials but also in the ratio (I/II) of peak I
to peak II of the glucose and gluconolactone oxidation currents, respectively.

The first scans of CVs on Au(Ni)/Ti and Au(Mo)/Ti electrodes presented in Figure 5f
clearly indicate that glucose electrooxidation onset potential on the Au(Ni)/Ti catalyst ap-
pears at a considerably lower potential of ca. −0.688 V (Eonset is ca. −0.43 V on Au(Mo)/Ti)
and gives significantly higher current density values compared to those obtained on the
Au(Mo)/Ti catalyst. They are also much higher than the oxidation currents determined on
Au-unmodified Mo/Ti and Ni/Ti catalysts (Figure 5e). The increase in current densities
on Au-modified Ni/Ti and Mo/Ti catalysts can be attributed not only to the synergistic
effect between mentioned elements but also to the number of AuOHads active sites formed
by chemisorption of OH- anions in an alkaline medium. Analogous to glucose oxidation
on the bare Au catalyst, glucose oxidation on Au(Ni)/Ti and Au(Mo)/Ti highly depends
on the number of available OHads to form active sites. A limited number of Au-OHads
sites results in the accumulation of intermediate products that block the active sites of the
catalyst surface and lead to a current decrease. The values of the glucose oxidation current
peaks I and II on the Au(Ni)/Ti catalyst are equal to ca 3.60 and 4.14 mA cm2 and are ca.
20.5 and 4.8 times higher than those found on the Au(Mo)/Ti catalyst, which equal to 0.18
and 0.86 mA cm−2, respectively. Furthermore, the current peak I/II ratios of the Au(Ni)/Ti
and Au(Mo)/Ti catalysts are 0.87 and 0.21, correspondingly indicating that the processes in
the potential regions of these peaks, i.e., the electrooxidation of glucose and gluconolactone,
occur at a relatively similar rate on the Au(Ni)/Ti catalyst, while the oxidation of glucono-
lactone is predominant on the Au(Mo)/Ti catalyst. Notably, the Au(Ni)/Ti favors glucose
oxidation, pointing to the fact that possibly higher Au loading of 4.1 µgAu cm−2 in the
catalyst composition compared to that of 1.2 µgAu cm−2 in Au(Mo)/Ti is responsible for the
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higher availability of AuOHads active sites formed on the catalyst surface that are required
for glucose oxidation. The increase in Au loading results in higher current densities at both
peaks and more negative values for the onset potential of the Au(Ni)/Ti catalyst compared
to those at Au(Mo)/Ti. Such findings are additionally supported by the CVs of the above
catalysts recorded in 0.1 M NaOH, which show almost no current density response on
the Au(Mo)/Ti catalyst, whereas on the Au(Ni)/Ti catalyst, the typical peaks on Au- and
Ni-based electrodes in alkaline solutions are observed (Figure 5b,d). The proposed glucose
oxidation on the Au(Ni)/Ti catalyst consists of its electrooxidation by Ni(III) according to
Equations (6) and (7) and by Au(I) according to Equations (8) and (9) [75] as follows:

Au + OH− → AuOH + e− (8)

AuOH + glucose→ Au + gluconolactone (9)

In addition, it should be noted that the CV curves for both Au-modified catalysts
show an increase in current with the number of cycles and reach stable values quite quickly
(Figure 5b,d), in contrast to the current values observed on the Au-unmodified Mo/Ti and
Ni/Ti catalysts (Figure 5a,c), indicating relatively good electrocatalytic stability and activity
of both Au(Mo)/Ti and Au(Ni)/Ti catalysts in the electrooxidation of glucose.

The electrocatalytic activity towards GOR of the coupled NiMo/Ti catalysts with
different total metal loadings of 15.6, 40.0, and 45.0 µg cm−2 for NiMo/Ti-1, NiMo/Ti-
2, and NiMo/Ti-3, respectively, was investigated for GOR also. Their electrocatalytic
activities were compared with those of Au-modified catalysts having almost similar total
metal loadings of 15.4, 39.0, and 42.5 µg cm−2 and similarly denoted as Au(NiMo)/Ti-1,
Au(NiMo)/Ti-2, and Au(NiMo)/Ti-3, respectively. The detailed loadings of the relevant
metals in the catalysts are given in Table 1, which demonstrates that the separate metal
loadings of the correspondingly labeled Au-modified and Au-unmodified catalysts are
very close. The analysis of CVs for the electrooxidation of glucose on the NiMo/Ti-1,
NiMo/Ti-2, and NiMo/Ti-3 catalysts presented in Figure 6a,c,e shows that the peak current
density values during the first cycle are rather close and are in the ranges from ca.0.60 to ca.
0.69 mA cm−2, regardless of the increase in the total catalyst loading. Meanwhile, the onset
potential for the same catalysts shifts to more negative potential values from ca. −0.42 V to
−0.50 V, with an increase in total catalyst loading from 15.4 to 42.5 µg cm−2. At the same
time, a hardly pronounced current hump develops, which is more clearly visible on these
catalysts in the positive potential scans recorded in a solution of 0.1 M NaOH containing
0.1 M glucose (Figure 7a, 1st cycles). The values of the current density on the NiMo/Ti-1,
NiMo/Ti-2, and NiMo/Ti-3 catalysts are higher than those on the Mo/Ti catalyst and lower
than those on the Ni/Ti catalyst, indicating that the electrooxidation of glucose on these
catalysts is dependent on the increase in the total catalyst loading, which is mainly related
to the increase in Ni amount (Table 1). The Ni loadings in the NiMo/Ti-1, NiMo/Ti-2,
and NiMo/Ti-3 catalysts are 13.5, 35.7, and 39.3 µgNi cm−2, respectively, whereas the Mo
loadings are only 2.4, 4.3, and 5.7 µgMocm−2. The low loading of Ni of ca. 13.5 µgNi cm−2

in the NiMo/Ti-1 catalyst can be related to an insufficient number of active sites formed for
glucose oxidation leading to the accumulation of reaction intermediates, which results in
the disappearance of the current hump and lower current values obtained with a shift of the
onset potential towards more negative values. These assumptions are in line with the CVs
recorded in the background solution of 0.1 M NaOH on the NiMo/Ti-1 catalyst, confirming
the absence of the typical red/ox peaks required for the transformation of Ni(II)/Ni(III) in
an alkaline medium to produce the Ni(III) species necessary for glucose electrooxidation
(Figure 6a).
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Figure 6. Cyclic voltammograms recorded on NiMo/Ti (a,c,e) and Au(NiMo)/Ti (b,d,f) catalysts in
the 0.1 M NaOH solution (solid line) and that containing 0.1 M glucose (dashed line) at 25 ◦C at an
electrode potential scan rate of 50 mV s−1.

Notably, successive cycles for glucose electrooxidation lead to a sharp decrease in
current, indicating that the NiMo/Ti-1 catalyst becomes inactive towards glucose electroox-
idation. These findings are further supported by the SEM analysis (Figure 2a), which shows
that a porous structure was not formed on the NiMo/Ti-1 catalyst. Due to insufficient Ni
loading, only randomly distributed spherical particles were observed on the surface of the
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NiMo/Ti-1 catalyst. It is evident that forming a porous structure is an additional factor
significantly contributing to faster GOR.
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Figure 7. Positive-going potential scans (1st cycles) of: (a) Ni/Ti, Mo/Ti, NiMo/Ti-1, NiMo/Ti-2,
and NiMo/Ti-3; (b) Au(Ni)/Ti, Au(Mo)/Ti, Au(NiMo)/Ti-1, Au(NiMo)/Ti-2, and Au(NiMo)/Ti-3
catalysts in 0.1 M C6H12O6 + 0.1 M NaOH at 25 ◦C at an electrode potential scan rate of 50 mV s−1.

In contrast, all Au-modified NiMo/Ti catalysts showed good activity for glucose
electrooxidation, with a relatively stable CV already after the second cycle (Figure 6b,d,f).
The presence of Au in the NiMo/Ti catalyst obviously improves the stability of the catalyst.
A strong increase in current is also observed with the formation of two gold-specific peaks
with different peak ratios (I/II), which depend on the catalyst loading used. A summary
of electrochemical measurements of CVs at different catalysts in 0.1 M NaOH + 0.1 M
C6H12O6 at 25 ◦C and a potential scan rate of 50 mV s−1 is presented in Table 2.

Table 2. Summary of electrochemical measurements (1st cycle of CV) at different catalysts in 0.1 M
NaOH +0.1 M C6H12O6 at 25 ◦C and a potential scan rate of 50 mV s−1.

Catalyst Eonset/V
Peak I Peak II

Peak Ratio
(I/II)E/V j/mA

cm−2 E/V j/mA
cm−2

Au(MoTi)/Ti-1 −0.537 −0.099 0.68 0.349 2.21 0.31
Au(MoTi)/Ti-2 −0.619 0.362 8.30 0.660 8.17 1.02
Au(MoTi)/Ti-3 −0.684 0.197 11.73 0.650 10.42 1.13

AuNi/Ti −0.430 0.001 3.60 0.474 4.14 0.87
AuMo/Ti −0.688 −0.171 0.18 0.322 0.86 0.21

For stabilized CVs recorded on Au(NiMo)/Ti-1, Au(NiMo)/Ti-2, and Au(NiMo)/Ti-3
with total metal loadings of 15.4, 39.0, and 42.5 µg cm−2, the (I/II) ratios are 0.31, 1.02, and
1.13, respectively. It should be noted that the increase in the current peak ratio (I/II) value
correlates with an increase in Au loadings that are ca. 1.8, 2.3, and 4.5 µgAu cm−2 for the
above-mentioned catalysts. The increasing character of the current peak ratio (I/II) clearly
shows that the electrooxidation of glucose and gluconolactone proceeds at a relatively
similar rate on the Au(NiMo)/Ti-2 catalyst, suggesting that the surface of the catalyst seems
to be equally active for the electrooxidation of glucose and gluconolactone. Moreover, the
electrooxidation of glucose on the Au(NiMo)/Ti-3 catalyst proceeds slightly faster due to
the higher Au loading (ca. 4.5 µgAu cm−2), indicating a presence of a sufficient number of
active sites required for GOR.
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A comparison of 1st cycles of positive-going potential scans characterizing the activity
of the catalyst for GOR is presented in Figure 7.

They demonstrate that the highest current values and the lowest onset potential are
observed at the Au(NiMo)/Ti-3 catalyst as compared to those of Au(Mo)/Ti, Au(Ni)/Ti,
Au(NiMo)/Ti-1, and Au(NiMo)/Ti-2 with total catalyst loadings of ca. 5.3, 64.0, 15.4, and
39.0, respectively. The Au(NiMo)/Ti-3 catalyst gives 65.2, 3.3, 17.5, and 1.4 times higher
current density values in the potential region of peak I and 12.2, 2.5, 4.7, and 1.3 times,
respectively, higher current density values for the potential region of peak II as compared to
those values obtained at the Au(Mo)/Ti, Au(Ni)/Ti, Au(NiMo)/Ti-1, and Au(NiMo)/Ti-2
catalysts, respectively.

The highest activity and stability of all Au-modified NiMo/Ti catalysts for GOR can be
attributed to the modification of the NiMo/Ti catalyst by Au, which stabilizes the catalyst
considerably as well as to the synergy between the Au and porous NiMo coating deposited
on the Ti surface. The developed porous surface with open spaces containing a large
number of active sites and the relatively wide flow channels within the porous structure
allow easy diffusion of the electrolyte, and easy electron transfer, which all contribute to
facilitating GOR.

In order to evaluate the electrocatalytic activity of the investigated catalysts towards
GOR, the current density values were normalized in reference to Au loadings for each
catalyst in alkaline media (Figure 8). The specific mass-current density of the Au(NiMo)/Ti-
2 catalyst was found to be 6.6 and 1.1 times higher than that of the Au(NiMo)/Ti-1 and
Au(NiMo)/Ti-3 catalysts for peak I, respectively. Meanwhile, in the case of peak II, the
specific mass-current density of the Au(NiMo)/Ti-2 catalyst was 2.5 and 1.2 times higher
than the catalysts mentioned above, respectively.
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Figure 8. Au loading-normalized stabilized anodic scans recorded on Au(NiMo)/Ti-1, Au(NiMo)/Ti-
2, and Au(NiMo)/Ti-3 catalysts in 0.1 M C6H12O6 + 0.1 M NaOH at 25 ◦C at an electrode potential
scan rate of 50 mV s−1.

2.3. Direct Alkaline C6H12O6-H2O2 Single Fuel Cell Tests

Direct alkaline C6H12O6-H2O2 single fuel cell tests were carried out by employing
the prepared NiMo/Ti and Au(NiMo)/Ti coatings (with a geometric area of 2 cm2) as the
anode and a Pt plate as the cathode (Figures 9 and 10).
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Figure 9. Cell polarization and power density curves for the C6H12O6-H2O2 fuel cell using NiMo/Ti-
1 and Au(NiMo)/Ti-1 anode coatings with anolyte consisted of 0.1 M C6H12O6 + 1 M NaOH and 5 M
H2O2 + 1.5 M HCl catholyte at 25 ◦C.
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Figure 10. Cell polarization and power density curves for the C6H12O6-H2O2 fuel cell using NiMo/Ti-
2 (a), NiMo/Ti-3 (b), Au(NiMo)/Ti-2 (a), and Au(NiMo)/Ti-3 (b) anode coating with anolyte consisted
of 0.1 M C6H12O6 + 1 M NaOH and 5 M H2O2 + 1.5 M HCl catholyte at 25 ◦C.
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The anolyte was composed of an alkaline mixture of 0.1 M C6H12O6 + 1 M NaOH
and the catholyte contained 5 M H2O2 + 1.5 M HCl at a temperature of 25 ◦C. The perfor-
mance of the fuel cell was evaluated by recording the cell polarization and obtaining the
corresponding power density curves. Figures 9 and 10 present the fuel cell polarization
curves and the corresponding power densities against the current density by employing
the NiMo/Ti and Au(NiMo)/Ti catalysts at 25 ◦C. Notably, peak power density values
were from 1.4 to 1.9 times higher when using the Au(NiMo)/Ti catalyst as an anode ma-
terial than NiMo/Ti (Table 3). It was found that the highest peak power densities up to
8.75 mW cm−2 were attained at 25 ◦C using the Au(NiMo)/Ti-3 catalyst, with the Au
loading of 3.9 µg cm−2. The peak power density values were 7.8 times higher when using
the Au(NiMo)/Ti-3 catalyst as an anode material than Au(NiMo)/Ti-1. The highest specific
peak power densities of 2.24 mW µgAu

−1 at 25 ◦C were attained using the Au(NiMo)/Ti-3
anode with the Au loading of 3.9 µg cm−2. The specific peak power density achieved
using the Au(NiMo)/Ti-3 anode was 1.4 and 3.6 times higher than the specific peak power
density obtained using Au(NiMo)/Ti-2 and Au(NiMo)/Ti-1 anodes, respectively.

Table 3. Electrochemical parameters of C6H12O6-H2O2 using different NiMo/Ti and Au(NiMo)/Ti
anode catalysts.

Catalyst E at Peak Power
Density (V)

j at Peak Power
Density (mA

cm−2)

Peak Power
Density (mW

cm−2)

Specific Peak
Power Density
(mW µgAu

−1)

NiMo/Ti-1 0.65 1.25 0.81 -
Au(NiMo)/Ti-1 0.70 1.60 1.12 0.62

NiMo/Ti-2 0.30 7.49 2.25 -
Au(NiMo)/Ti-2 0.35 10.76 3.77 1.64

NiMo/Ti-3 0.25 18.10 4.53 -
Au(NiMo)/Ti-3 0.35 24.97 8.75 2.24

3. Materials and Methods
3.1. Chemicals

Titanium (Ti) plate (99.7% pure, Sigma-Aldrich, Saint Louis, MO, USA), HAuCl4·
(99.99%, ≥49,0 % Au, Sigma-Aldrich, Saint Louis, MO, USA), C6H12O6 (D-(+)-glucose,
99.5%, Sigma-Aldrich, Saint Louis, MO, USA); NaOH (98.8%, Chempur, Karlsruhe, Ger-
many), H2SO4 (96%, Eurochemicals, Vilnius, Lithuania), HCl (Chempur, 35–38 %, Karl-
sruhe, Germany), HNO3 (67%, Eurochemicals, Vilnius, Lithuania), NiSO4 (99%, Sigma-
Aldrich, Saint Louis, MO, USA) and Na2MoO4 (98%, Sigma-Aldrich, Saint Louis, MO,
USA), H2O2 (Merck, 35 wt.%, Rahway, NJ, USA), were used as received and all solutions
were prepared using deionized (Elix 3 Millipore, Merck, Rahway, NJ, USA) water. All
chemicals were of analytical grade. A Nafion® N117 membrane was purchased from
DuPont (Wilmington, DE, USA).

3.2. Fabrication of Catalysts

The catalysts were prepared by a two-step process that involved electrodeposition
of Ni, Mo, and NiMo coatings on the surface of the Ti plates (1 × 1 cm) followed by a
spontaneous Au displacement from the Au(III)-containing solution. Prior to the deposition
of the 3D NiMo, Ni, and Mo coatings, the Ti plates were pretreated in H2SO4 (1:1 vol)
solution at 70 ◦C for 3 s. The composition of plating baths and parameters for the deposition
of Ni, Mo, and NiMo coatings on Ti are given in Table 4. For the deposition of different NiMo
coatings, the concentration of Na2MoO4 was kept constant, whereas the concentration of
NiSO4 was varied (Table 4). The coatings were plated at the current of 0.1 A followed by the
current of 1 A for 3 min at each current. The obtained coatings were named as Ni/Ti, Mo/Ti,
NiMo/Ti-1, NiMo/Ti-2, and NiMo/Ti-3. After that, the prepared coatings were decorated
with Au crystallites by their immersion into a 1 mM HAuCl4 + 0.1 M HCl solution for 10 s
at a temperature of 25 ◦C. After plating, the samples were taken out, thoroughly rinsed
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with deionized water, and air-dried at room temperature. Then, the prepared Au(Ni)/Ti,
Au(Mo)/Ti, Au(NiMo)/Ti-1, Au(NiMo)/Ti-2, and Au(NiMo)/Ti-3 catalysts were used
for measurements of the electrooxidation of glucose in an alkaline medium without any
further treatment.

Table 4. The composition of plating baths and parameters for the deposition of Ni, Mo, and NiMo
coatings.

Catalyst
Plating Bath Composition Plating Parameters

NiSO4, M Na2MoO4, M H2SO4, M HCl, M I1, A t1, min I2, A t2, min T, ◦C

Ni/Ti 0.5 -

1.5 1.0 0.1 3 1.0 3 25
Mo/Ti - 0.01

NiMo/Ti-1 0.01 0.01
NiMo/Ti-2 0.1 0.01
NiMo/Ti-3 0.5 0.01

3.3. Characterization of Catalysts

The morphology and composition of the fabricated catalysts were characterized using a
SEM workstation SEM TM 4000 Plus (HITACHI, Tokyo, Japan) with an energy dispersive X-
ray (EDX) spectrometer (HITACHI, Tokyo, Japan). The Au loading in the prepared catalysts
was estimated using an ICP optical emission spectrometer Optima 7000DV (Perkin Elmer,
Waltham, MA, USA). The electrocatalytic activity of the as-prepared Ni/Ti, Au(Ni)/Ti,
Mo/Ti, Au(Mo)/Ti, NiMo/Ti, and Au(NiMo)/Ti catalysts for GOR was investigated using
the method of cyclic voltammetry. A standard thermostatic three-electrode electrochemical
cell with a working volume of about 100 ml was used for electrochemical measurements.
The Pt plate (1.0 × 1.0 cm) was used as a counter electrode. The Ag/AgCl in 3 M KCl
was used as a reference electrode. The electrocatalytic activity of the designed Ni/Ti,
Au(Ni)/Ti, Mo/Ti, Au(Mo)/Ti, NiMo/Ti, and Au(NiMo)/Ti catalysts was evaluated for
GOR by recording cyclic voltammograms (CVs) in a 0.1 M C6H12O6 + 0.1 M NaOH solution
in the potential range from −0.9 to 0.9 V vs. Ag/AgCl at an electrode potential scan
rate of 50 mV s−1. The bulk Au electrode with a geometric area of 0.13 cm2 was used
for the comparison. All solutions were deaerated with argon (Ar) for 15 minutes before
electrochemical measurements.

3.4. Fuel Cell Test Experiments

C6H12O6-H2O2 tests were carried out by employing the NiMo/Ti and Au(NiMo)/Ti
coatings with a geometric area of 2 cm2 as the anode and a Pt plate with a geometric area of
3 cm2 as the cathode. Each compartment of the cell contained 100 mL of the corresponding
aqueous electrolyte. The anolyte was composed of an alkaline mixture of 0.1 M C6H12O6 +
1 M NaOH and the catholyte contained 5 M H2O2 + 1.5 M HCl. A Nafion® N117 membrane
was used to separate the anodic and cathodic compartments of the single direct C6H12O6-
H2O2 fuel cell. The membrane active area was ca. 30 cm2. Cell measurements were
conducted using a Zennium electrochemical workstation (ZAHNER-Elektrik GmbH & Co.
KG, Kronach, Germany). The performance of the fuel cell was evaluated by recording the
cell polarization curves. The load was applied in steps of 50 mV. Each step lasted 30 s (one
point per second) and the cell voltage was continuously applied from one value to the next
without disconnecting the cell. Power density values were calculated from the applied cell
voltage and steady-state current. The presented current and peak power densities were
normalized with respect to the geometric area of catalysts.

4. Conclusions

NiMo/Ti and Au(NiMo)/Ti catalysts with well-defined open-porous network struc-
tures were successfully prepared using electrodeposition and galvanic displacement tech-
niques. The modification of NiMo/Ti catalysts with small amounts of Au (i.e., 1.8, 2.3, and
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3.9 µgAu cm−2) improved the stability of the catalysts and led to significant enhancement
of the catalysts’ performance in terms of the lower onset potential and higher anodic peak
currents in the electrooxidation of glucose. The excellent electrochemical properties of all
as-prepared Au(NiMo)/Ti catalysts for glucose oxidation reaction are attributed to the
synergy between the Au and the porous NiMo coating deposited on the Ti surface, as
well as to the development of a porous surface structure with multiple open channels
containing a large number of active sites facilitating the diffusion of the electrolyte and the
transfer of electrons. The Au(NiMo)/Ti-3 anode with Au loading of 3.9 µgAu cm−2 in a con-
structed direct glucose-hydrogen peroxide (C6H12O6-H2O2) single fuel cell demonstrated
the highest electrocatalytic activity for glucose oxidation. It was found that the highest
peak power density up to 8.75 mW cm−2 and the highest specific peak power density of
2.24 mW µgAu

−1 were attained at 25 ◦C using the Au(NiMo)/Ti-3 catalyst with the Au
loading of 3.9 µg cm−2. The as-prepared porous Au(NiMo)/Ti catalyst appears to be a
promising anode material for application in direct glucose fuel cells.
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