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Nanoscale science and technology dealing with materials synthesis, nanofabrication,
nanoprobes, nanostructures, nanoelectronics, nano-optics, nanomechanics, nanodevices,
nanobiotechnology, and nanomedicine is an exciting field of research and development
in Europe, the United States, and other countries around the world [1-4]. Over the past
two decades, considerable progress has been made with countless discoveries advancing
the understanding of the nanoscale and enabling applications from advanced electronic,
magnetic, and electrochemical devices, energy, and defense to life-saving medicines [5-10].
At the heart of these fields are specific complexes of solid units that possess sizes between
one and hundred nanometers (1-100 nm), which we call “nanomaterials” [11,12]. These
materials have a very large surface area to volume ratio when compared with bulk material
and can be produced using chemical or physical methods. They are small enough to
confine their electrons and produce quantum effects, thus leading to unexpected chemical,
mechanical, magnetic, electronic, electrochemical, and optical properties. They are classi-
fied into three major categories—namely, nanoparticles, nanoclays, and nanoemulsions.
Nanoparticles can exist as nanostructures or as composites. All nanostructures can be
built from elementary units or blocks having low dimensionality. It could either be zero
dimension, one dimension, two dimensions, or three dimensions. If only one dimension of
a three-dimensional nanostructure is of nanoscale, the structure is referred to as a quantum
well; if two dimensions are of nanometer scale, the structure is referred to as a quantum
wire; and if all three dimensions are of nanometer scale, the structure is referred to as a
quantum dot. Hence, a quantum dot has all three dimensions in the nanorange and is
the ultimate example of nanomaterials. The word quantum is associated with these three
types of nanostructures because changes in properties arise from the physics of quantum
mechanics. Nanoparticles are either organic or inorganic. Inorganic nanoparticles are
more stable than organic nanoparticles but are limited by their stability in terms of either
mechanical or chemical properties. Nanoclays are prepared using ion-exchange reactions,
and usually, their chemical composition is characterized by FTIR. Nanoemulsions can be
synthesized by high (e.g., ultrasonification, microfluidization) or low energy emulsification
(e.g., solvent displacement, phase inversion composition). In parallel to the development of
applications, considerable worldwide attention has focused on the potential implications of
nanomaterials and vastly improved our understanding of nanosafety and other emerging
nanosciences. Early focus areas of nanoscience, such as nanophotonics, have grown into
their own fields. New suites of tools are now available to fabricate and characterize nano-
materials and enable their integration into devices and systems. Additionally, a vibrant,
interdisciplinary, and international nanotechnology community has developed [13-23].

With this in mind, and considering that, as a chemical engineer with a doctoral
thesis in material science, I have been working for many years in applied domains of
electrochemistry in which metallic, bimetallic, trimetallic and other nanoalloys find several
applications in the areas of partial oxidation/reduction of fuel cells, catalysis of methane
and synthetic ammonia, energy storage, water electrolyzers, electrochemical detectors,
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contaminant degradation in water and wastewater, electronic devices, nanomedicine, cell-
phones, biosensing, drug delivery, electric cars, electrochemical sensors, electrodegradation
devices, hydrogen peroxide producers, etc., I was encouraged by the Nanomaterials Coor-
dination Office to advance a Special Issue providing examples of ongoing nanotechnology
research, current applications, and an overview of new elements of nanoalloy electrocata-
lysts, reporting their synthesis, characterization, modeling, unique properties and low cost
for electrochemical devices.

Many techniques have been developed to synthesize and fabricate nanomaterials
and, in particular, metallic nanoparticles, with controlled shape, size, dimensionality,
and structure. The performance of these materials depends on their properties. The
properties, in turn, depend on the atomic structure, composition, microstructure, defects,
and interfaces, which are controlled by thermodynamics and kinetics of the synthesis. There
are two technical approaches for the synthesis of metallic nanoparticles—namely, top-down
and bottom-up processes. The former involves the breaking down of the bulk material into
nanosized structures or particles. It is inherently simpler and depends either on the removal
or division of bulk material or on miniaturization of bulk fabrication processes to produce
the desired structure with appropriate properties. Usually, the prepared surface structure
contains many impurities and structural defects. Examples of top-down techniques are
high-energy wet ball milling, electron beam lithography, atomic force manipulation, gas-
phase condensation, aerosol spray, etc. The latter approach refers to the build-up of
material from the bottom: atom by atom, molecule by molecule, or cluster by cluster.
The organometallic chemical route, reversed micellar route, sol-gel synthesis, colloidal
precipitation, hydrothermal synthesis, template-assisted sol-gel, electrodeposition, etc.,
are some of the well-known bottom-up techniques reported for the preparation of diverse
nanoparticles. It has been found that the Gibbs free energy, the thermodynamic equilibrium,
and the kinetic methods are the main strategies for the synthesis of nanoparticles by the
bottom-up approach.

Many of the bottom-up techniques (or molecular nanotechnology) are still under
development or are just beginning to be used for commercial production, belonging to the
process intensification philosophy, whose peculiar operative conditions intend to maximize
the mass/heat/momentum transfer inside the processing unit itself [2,24,25]. The objective
of process intensification is not so as to “increase the efficiency and reduce the plant size”,
but also to enhance the production efficiency and process safety, to lower the cost, and to
minimize the waste at source for reducing the environmental pollution [2].

The spinning disk reactor is a promising process intensification technology for heat and
mass transfer rate enhancement. The hydrothermal route is another relevant technique that,
according to Chen et al. [25] allowed the synthesis of well-dispersed zinc oxide and carbon
co-modified LiFePOy spherical particles (promising cathode materials for lithium-ion batter-
ies). Green and bio-based technologies permit also to achieve reproducible nanomaterials
applied in biomedical, medical, and electrochemical fields. In this context, electrochemical
devices that address rising energy demands with the corresponding disadvantages are
experiencing a change in this situation by process intensification. For example, Carmo
et al. [5] reported Pts7 5 Cuys7 Nis 3 Py 5 bulk metallic glass (Pt-BMG) nanowires, which
circumvent the performance problems of electrochemical devices. Pt-BMG nanowires cata-
lysts were fabricated by a nanoimprinting approach, with high conductivity and activity for
methanol and ethanol oxidation. After 1000 cycles, these nanowires, maintain 96% of their
performance—2.4 times as much as conventional Pt/C catalysts. Their properties make
them ideal candidates for energy conversion/storage and sensors. Using a contemporary
PtCu-alloy electrocatalyst as a model system, a unique approach caused by the process of
dealloying was presented by Ruiz-Zepeda et al. [11]. Observing detailed structures of the
same nanoparticle at different stages of electrochemical treatment, they found new insights
on properties such as size, faceting, strain, and porosity development. Furthermore, based
on microscopy data and Kinetic Monte Carlo (KMC) simulations, they provided further
feedback into the physical parameters governing electrochemically induced structural dy-
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namics. This unique approach paves the way for an understanding of the structure-stability
relationship.

In the area of alkaline polymer electrolyte fuel cells (APEFCs), a series of Ni-Cu
binary alloy films were prepared using a combinatorial magnetron computing method,
and their corresponding electrocatalytic performances toward HOR in alkaline media were
systematically studied [19]. A volcano-type correlation between HOR activity and Cu
doping content was revealed. The impart of Cu addition on the HOR catalytic activity (and
antioxidation property) of Ni was deeply understood.

Allowing two kinds of metal, such as platinum group metals with 3d transition metals,
has a great interest in advanced technological applications due to enhanced chemical stabil-
ity and catalytic activities via increased active surface area [20,22]. In particular, loading
Pt-based nanoparticles with ferromagnetic Fe, Co, and Ni atoms result in a reduction in
the production cost, while the catalytic activities increase, such as hydrogen evolution
and oxygen reduction reactions, the magnetic properties controlled, such as coercivity and
saturation magnetization, for practical applications [6]. While Pt Fe alloy nanoparticles are
widely used for permanent magnets (uniaxial magnetocrystalline anisotropy) and good
chemical stability, PtNi nanoparticles is a promising material for magnetoresistive sensors,
ultra-high density data recording technologies, and magnetic resonance imaging (MRI)
applications, and exhibits better performance and durability for catalytic activities than
commercially available Pt/C [26].

Electrodeposition is one of the practical methods to make nanocrystalline (NC) ma-
terials. There are two classes of deposition methods—electrodeposition and electroless
deposition; both are inexpensive methods to manufacture relatively ductile metallic bulk
materials or films/coatings. Electrodeposition is usually used for making thicker films
(with higher deposition rates), while electroless deposition is typically employed for mak-
ing high-quality thin coatings. The grain size and microstructure of electrodeposited films
are controlled by tuning deposition parameters. Furthermore, these deposition parameters
can be changed continuously or discontinuously to make functionally graded materials.
The density, thickness, grain orientation of the deposited films can also be affected by the
substrate conditions. To date, electrodeposition methods have been used to make various
NC-materials (<100 nm in grain size) including Ni, Co, Pd, Cu, Zn, Ni-P, Ni-Fe, Ni-W,
Zn-Ni, Ni-Fe-Cr, Ni-SiC, etc. The hardness, wear resistance, and electrical resistivity of
most of these NCs are strongly dependent on grain size, surface morphology, and pre-
ferred orientation, and these effects are better exhibited by pulse than by direct current
electrodeposition.

The corrosion behavior of NC alloys has been assessed by several techniques in various
environments [27-31]. First results on the corrosion of crystallized melt-spun materials
were obtained in Fe-Ni-Cr-P-B alloys in chloride-sulfate and sulfuric acid solutions [27,28].
It was determined that the corrosion resistance of the NC made of Fe3;-Nigg-Cri4-P12-Bg
was significantly greater than that of the amorphous counterpart. This improved corrosion
resistance was attributed to the observed enrichment of Cr in the passive layer due to
rapid interface boundary diffusion. Zeiger et al. [29] studied NCs made of Fe8Al in sodium
sulfate solution. At the earlier stage of the formation of oxide film, this region becomes
impoverished in Al. Diffusion of Al occurs due to a gradient in the Al content between the
region beneath the Al oxide and the bulk alloy. The diffusion preferentially occurs through
the grain boundaries and is enhanced in NC alloy due to its higher density of intergranular
paths. As in NC alloy, the protective Al oxide is formed rapidly, and the uniformity and
the compactness of passive film are enhanced. This film constitutes an effective barrier
and protects the alloy against corrosion. Thus, it is possible to apply Fe8Al alloy films on
carbon steel surfaces as protective measures. Barbucci et al. [30] investigated the corrosion
behavior of CuggNij alloy in neutral media containing chlorides. They reported a decrease
in the protective properties of the passive layer in the nanostructured alloy that was found
to depend on the oxygen concentration. The increased amount of grain boundary in the
nanostructured alloy could justify the loss of oxide compactness as a result of its irregular
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growth on the surface. Alves et al. [31] found that NC alloys made of (Nizp Mosg)9oB1o are
less sensitive to corrosion in alkaline solutions than the coarse-grained material.

Engineering alloys for high-temperature applications rely on the formation of pro-
tective oxide films such as Al,O3 and Cr;Oj3 to resist high temperature and corrosive
environments. The high density of grain boundaries in an NC material provides fast diffu-
sion paths, promoting selective oxidation of protective oxide scales with better adhesion
to the substrate. Consequently, the percentage of passivating elements (such as Al and
Cr) in the alloy/composite that is required to form a complete protective oxide scale can
be substantially reduced. Experimental results indicate that when the grain size of the
NC comprising Ni-20Cr-Al coatings was ~ 60 nm, alloys containing ~ 2 wt% Al could
form a complete a-Al,O3 scale at 1000 °C in air. This concentration is only one-third of the
required Al% for Ni-20Cr alloys with normal grain size [8].

The interest in Ti alloys and TiAl intermetallic alloys is growing in recent years because
of their excellent ratio between mechanical properties and density [32]. However, for the
last 15 years, the application was restricted at temperatures up to 873-973 K by the resistance
to oxidation. For this reason, it was of great importance to study protective coatings able
to raise its temperature of performance above 1073 K. A TiAlz layer was obtained on
the surface of TiAl intermetallic samples, depositing an Al coating by arc physical vapor
deposition, followed by a thermal treatment. The mechanical behavior of the thermally
treated layer was investigated by means of scratch tests and nanoindentation. Oxidations
at 1123 K were carried out on coated and uncoated samples, in order to study the effect
of the coating on the oxidation resistance of the samples. The aluminide coating provides
protection against oxidation in air at the considered temperatures due to its ability to form
a continuous Al, O3 scale on the surface. Thus, these nano- or submicro-alloy coatings
provide powerful tools for TiAl intermetallics to be used as high-temperature structural
materials [8].

Many of the latest contributions on the possibilities and challenges to overcome
the drawbacks that nanotechnology still exhibits and that prevent its large-scale devel-
opment have been collected above, emphasizing nanoalloys for electrochemical devices.
This Special Issue deals with these multimetallic nanoparticles and their theoretical and
computational studies, as well as their synthesis, characterization, chemical and physical
properties, and recent electrochemical application-driven research. The Guest Editor is
very satisfied with the contributions received and finally published.
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Abstract: The direct use of ethanol in fuel cells presents unprecedented economic, technical, and
environmental opportunities in energy conversion. However, complex challenges need to be resolved.
For instance, ethanol oxidation reaction (EOR) requires breaking the rigid C—C bond and results in
the generation of poisoning carbonaceous species. Therefore, new designs of the catalyst electrode
are necessary. In this work, two trimetallic PdxAgyNi, /C samples are prepared using a facile borohy-
dride reduction route. The catalysts are characterized by X-ray diffraction (XRD), Energy-Dispersive
X-ray spectroscopy (EDX), X-ray photoelectron Spectroscopy (XPS), and Transmission Electron
Microscopy (TEM) and evaluated for EOR through cyclic voltammetry (CV), chronoamperometry (CA),
and electrochemical impedance spectroscopy (EIS). The XRD patterns have shown a weak alloying
potential between Pd, and Ag prepared through co-reduction technique. The catalysts prepared
have generally shown enhanced performance compared to previously reported ones, suggesting
that the applied synthesis may be suitable for catalyst mass production. Moreover, the addition
of Ag and Ni has improved the Pd physiochemical properties and electrocatalytic performance
towards EOR in addition to reducing cell fabrication costs. In addition to containing less Pd, The
PdAgNi/C is the higher performing of the two trimetallic samples presenting a 2.7 A/mgpq oxidation
current peak. The Pd4Ag,Ni; /C is higher performing in terms of its steady-state current density and
electrochemical active surface area.

Keywords: intermetallic XRD patterns; alloy formation; ethanol electrooxidation; metal segregation;
borohydride reduction; fuel cells

1. Introduction

Fuel cells are electrochemical energy conversion devices capable of converting the fuel
chemical energy into electricity [1,2]. They possess multiple technical and environmental
advantages considering the decaying fossil fuel resources and growing energy needs. Their
operation is theoretically 100% efficient because they are not restricted by the Carnot
thermal /mechanical energy conversion limitation of conventional heat engines [3]. Direct
ethanol fuel cells (DEFCs) are fed with liquid ethanol instead of hydrogen. DEFCs are
friendly to the environment and present high flexibility to supply diverse energy needs.
As a liquid, ethanol is easy to store and transport and presents a high energy density
(8 kWh/kg) [4-7]. Furthermore, it can be produced from biomass resources such as sugar
cane, corn, and, more recently, from diverse agricultural and biomass wastes and residues
which means it is sustainable and carbon-neutral [5]. Despite these advantages, the full
commercialization of DEFCs is far from being realized. There are difficult-to-overcome
challenges mainly in the form of cell fabrication costs. All low-temperature fuel cells need
active noble metal (Pt) catalysts to push the fuel oxidation and oxidant reduction reactions
forward. Another challenge is that most C-containing fuels generate CO-species during
their oxidation. These poison catalytic sites and prevent further reaction, even if present
only in low concentrations, e.g., 50 ppm [8,9]. Additionally, ethanol contains a strong C-C
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bond thereby favoring its incomplete oxidation to acetate instead of CO, and releasing
only 4 electrons instead of 12 [10,11]. Pt is very active for fuel cell electrocatalysis but is
very expensive and scarce at the same time. Its expense can account for half of the cell
fabrication [12]. There is, therefore, a need to find a Pt-alternative that presents comparable
activity but also is more abundant to decrease the cell fabrication cost. Pd is more abundant
than Pt and has shown a comparable performance for fuel cell electrocatalysis in alkaline
electrolyte [13-15]. The fluctuating Pd and Pt prices are a complex phenomenon that
involves technological, economic, and political contributions [16,17]. South Africa, Russia,
Zimbabwe, Canada, and USA have Pd and Pt deposits. Prior to 1990, Pd was generally
cheaper than Pt to mine and produce. However, with the advancement of Pd-based
autocatalytic systems by the mid-90s, the demand and cost of Pd soared. By 2000, the price
of Pd was much higher than that of Pt [18]. However, in 2007, the prices of Pt and Pd
were reported $1450/ounce and $450/ounce, respectively [19]. Still, however, Pd is more
attractive for automakers because it is not easy to switch back to Pt-catalytic converters.
Furthermore, the diversity of Pd production by country and region is higher than that of
Pt. South Africa, solely, controls Pt production while Pd mining capabilities are shared
by Russia, South Africa, and North America [18]. This is an important factor due to the
potential of a future shortage of Pt which is less likely in the case of Pd [20]. Another
advantage of Pd over Pt in this particular EOR application is that it is more CO tolerant
than Pt, however, Pt is more CO, selective than Pd [21]. To achieve a high-surface-area,
Pd nanoparticles are dispersed on an inert, conducting, and porous material such as
carbon black.

To further enhance the performance pf Pd and to decrease cell fabrication expenses, it
is recommended to add another metal (or two) during the synthesis. The cocatalyst metal is
expected to activate water and generate OH species to facilitate the oxidation of adsorbed
ethoxy species. Moreover, it would modify the Pd geometry and electronic configuration
and tune in its adsorption characteristics. Ni has been proven a beneficial cocatalyst when
added to Pd because it can generate OH at a lower applied potential and modify the
electronic structure of Pd [22-27]. The coexistence of Ni and Ni(OH), can enhance alcohol
oxidation on transition metals in acidic and basic electrolytes [6,28]. Feng et al. [29] prepared
unsupported porous Pd and PdNi catalysts for ethanol electrooxidation sowing that PdNi
exhibits enhanced electrocatalytic performance when compared to monometallic Pd. This
enhancement is ascribed to the electronic and bifunctional effects of Ni. Zhang et al. [27]
prepared various-proportion PdxNiy /C catalysts for ethanol oxidation reaction. They
found that Ni can generate oxygen species at lower applied potential, recovering Pd active
sites and thus promoting ethanol oxidation, while through the microemulsion syntheis
method it was possible to control PdNi particle size and make efficient contact between Pd
and Ni. You et al. [30] prepared bimetallic PAAg dendrites with various composition and
porous structure and evaluated them towards ethanol oxidation. Alloying between Pd and
Ag shifts up the Pd d-band center leading to more tolerance for intermediates and poisons
during EOR. Elsewhere, Li et al. [31] prepared PdAg nanoparticles supported on reduced
graphene oxide (RGO), noting enhanced ethanol and methanol oxidation on PdAg when
compared to Pd only. Oliveira et al. [32] prepared PdAg alloys and tested their efficacy for
oxygen reduction reaction (ORR) and EOR. The kinetics of both reactions are promoted on
PdAg as compared to Pd only. Additionally, the alloys maintained a higher selectivity for
ORR in presence of ethanol. Similar conclusions on the benefits of adding Ag to Pd have
been reported elsewhere [33,34].

In this work, trimetallic samples of C-supported PdAgNi nanoparticles are prepared,
characterized, and evaluated for ethanol oxidation reaction (EOR) for the first time. Pd-based
bimetallic nanocatalysts have been extensively investigated and reported for fuel cell elec-
trocatalysis and EOR. Yet, a few groups have pursued the synthesis and application of
C-supported trimetallic samples for similar purposes [35-43]. It is postulated that adding
two metals is likely to provide benefits towards ethanol oxidation through altering Pd
geometry, surface configuration, adsorption capacity, and coordination [35,37-39,44,45].
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However, several factors such as the metal chemistry, synthesis method, reducing agent,
and support structure may adversely affect the outcome. The ultimate objective is to design
new electrodes that are cost-effective, EOR-active, CO-tolerant, and CO,-selective.

2. Materials and Methods

The applied borohydride reduction synthesis method follows [46-48]. Table 1 shows
the added precursor quantities of Vulcan carbon (XC72R), PdCl,, NiCly, and AgNOj5 to
prepare the monometallic and trimetallic samples. The theoretical metal loading was
fixed at 12 Wt. %. The metal and carbon precursors were sonicated in a mixture of
2-propanol and water (50/50 v/v) for a few minutes. The theoretical Pd:Ag:Ni molar ratio
is 57:28:15 and 34:33:33 for Pd4Ag,oNi; /C and PdAgNi/C, respectively. The metallic salts
were purchased from Sigma-Aldrich (Gillingham, United Kingdom) and the vulcan carbon
precursor from Cabot Corp (Boston, MA, USA).

Table 1. Stochiometric added quantities of C, PACl,, AgNO3, NiCl, to synthesize Pd/C. PdAgNi/C,
and Pd4Ag2Nil /C

Catalyst C (mg) PdCl;, (mg) NiCl; (mg) AgNO;3; (mg) Metal Wt. %
Pd/C 132 30 12
PdAgNi/C 132 11.7 8.5 11.2 12
Pd4AgyNip /C 132 18.3 34 8.8 12
Ag/C 132 40 12
Ni/C 132 28.3 12

KBr was added as a capping agent following the anion exchange method; the larger
Br~ ion is capable of replacing the smaller C1~ ion in the vicinity of Pd [49,50]. Conse-
quently, Br~ ions can surround the recently reduced metal hindering its coalescence. The
KBr/Metal atomic ratio was adjusted to 1.5. After that, the mixture was stirred for 10 min
followed by adding the NaBHj solution (0.5 M, 15 mL) in one portion. Subsequently, the
whole mixture was vigorously stirred for 30 min. Finally, the wet powder was dried at
80 °C in vacuum oven overnight.

X-ray diffraction (XRD) was undertaken to analyze the catalyst structure. The equip-
ment is a Bruker D2 Phaser (Billerica, MA, USA) using Cu Ko radiation at 30 kV, 10 mA,
and 12° /min scan-rate. The chemical composition of the catalysts was examined through
energy-dispersive X-ray (EDX) spectroscopy conducted on a JEOL JSM 6010LA scanning
electron microscope (SEM) (Akishima, Tokyo, Japan). Each catalyst surface was examined
twice applying two different accelerating voltages: 10 kV and 20 kV. The different accel-
erating voltages change the interaction volume resulting from the electron beam-sample
surface interaction. Thus, applying two different voltages enables the composition at
two different depths to be studied [51]. Transmission electron microscopy (TEM) was
undertaken to examine the catalyst surface morphology using a Phillips C100 microscope
(Hillsboro, OR, USA) operating at 100 kV and equipped with a LaB6 filament. X-ray photo-
electron spectroscopy (XPS) was applied to investigate the metal oxidation state and surface
composition of the prepared electrocatalysts. A Thermo Scientific K-Alpha* spectrometer
(Waltham, MA, USA) equipped with an Al-X ray source (72 W) was used. The pass energy
to record the data was 150 eV for survey scans and 40 eV for high-resolution scans. The
survey scan step size is 1 eV, and that of the high-resolution scans is 0.1 eV. Low-energy
electrons and argon ions were used to neutralize the charge. CasaXPS (Teignmouth, UK)
was used to analyze the data implementing a Shirley-type background and Scofield cross-
sections with an energy dependence of —0.6.

The catalysts were evaluated for EOR via cyclic voltammetry (CV), chronoamperometry
(CA), and electrochemical impedance spectroscopy (EIS). For this, a 3-electrode half-cell
was used in which the working electrode is a glassy carbon electrode (GCE, @ 3mm) coated
with each catalyst ink. The reference and counter electrodes were Ag/AgCl (sat’ KCL) and
Pt wire, respectively. The applied potential is converted to normal hydrogen electrode
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(NHE). A Gamry 600 portable Station from Gamry Instruments Inc. (Warminster, PA, USA)
was used to perform the electrochemical evaluation. The catalyst ink was prepared by
dispersing 5 mg of its powder in 25 uL (Nafion® 117, 5%) and 2000 uL of ethanol (100%).
The mixture was then sonicated for 1 h. Before drop-casting the working electrode with ink,
it was polished with alumina powder (1 and 0.05 um, respectively) to produce a mirror-like
surface. Then, 25 uL of the ink was painted on GCE at 5 uL intervals.

3. Results
3.1. Physical Characterization
X-ray Diffraction (XRD)

Figure 1 shows the XRD patterns of Pd/C, Ni/C, Ag/C, PdAgNi/C, and Pd4Ag,Ni; /C.
The 25° peak present in all patterns is attributed to the semi-crystalline graphitic nature
of Vulcan carbon. For the Ni pattern, the metal peaks are of lower intensity than the
carbon peaks as Ni is present in the form of hydroxide and oxide, indicated by peaks at
34°,60°, and 42.5°, respectively. The Ag pattern, on the other hand, shows the (111), (200),
(231), (220), and (311) reflections at 38°, 44°, 46°, 65°, and 77°, respectively resembling a
face-centered cubic Ag (JCPDS card, File No. 04-0783) [52]. A similar Ag pattern has been
obtained previously [31]. The Pd pattern presents (111), (200), (220), and (311) reflections
located at 39.8°, 46°, 76.7°, and 82.2° indicative of Pd (JCPDS card, File No. 46-1043).
Considering the XRD patterns of both trimetallic samples, it can be noted that a significant
peak overlapping occurs. The high intensity peaks present at lower-angles align well with
the pure Ag peak positions, whereas the lower-intensity, broader, peaks at higher-angles
align with the peak positions of Pd. Monometallic Ni/C shows Ni(OH), and Ni (111) peaks
at 34.5°,60.1°, and 42.7°, respectively.

C(002) Ei//%
g
(111) —— Pd,Ag,Ni,/C
——Pd/C
Ni —— PdAgNi/C

Ni(OH),

(200)
g (220) (311)
S i,
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20°

Figure 1. X-ray diffraction patterns of Pd/C, Ag/C, Ni/C, PdAgNi/C, and Pd4Ag,Ni; /C.

Intensity [au]

3.2. Energy Dispersive X-ray Spectroscopy (EDX)

Table 2 lists the elemental metal molar and weight compositional ratios of PdAgNi/C
and PdyAgyNij /C. While the average total metal loading of Pd4Ag;Ni; /C as measured by
EDX is close to the theoretical loading at ~12 wt. %, it is slightly higher (16 wt. %) in the
case of PdAgNi/C. As EDX is a surface-weighted technique, this indicates the preferential
distribution of metal in the surface region of the catalyst. Furthermore, higher Ni atomic
concentrations are observed at 10 kV than at 20 kV indicating the preference of Ni to be
distributed in the near-surface region.

10
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Table 2. EDX elemental metal composition of PdAgNi/C and Pd;Ag,Ni; /C detected at 20 kV and 10 kV voltages.

catal e, Vol Pd Ni Ag
atalyst cc. Voltage Tot. Metal Wt. %
y 8¢ TWL%* AL %™  WL% AL % Wt. % At. % ot Meta °
. 10 kV 7.89 1.02 1.64 038 1.98 0.25 1151
PdsAg,Niy /C 20 kV 8.28 1.09 1.10 0.26 3.26 0.42 12.46
: 10 kV 6.47 0.88 7.68 1.90 339 0.46 17.54
PdAgNi/C 20 kV 6.92 094 5.04 1.24 410 0.55 16.06

* wt. %: weight percentage %; ** at. %: atomic percentage %.

The PdAgNi/C surface can therefore be considered as relatively rich in Ni, while
for Pd4AgyNi; /C the Ni content in the surface region is comparable to that of Ag even
though the theoretical Ni quantity in the bulk sample is half of that of Ag. Figure 2 shows
the elemental EDX maps of Pd, Ni, Ag, and C in both PdAgNi/C and Pd;Ag,Ni; /C.
Examining the maps of Pd4Ag,>Ni; /C (A-D) shows that the carbon support and metal
species are evenly dispersed across the catalyst surface.

Figure 2. EDS elemental maps of Pd;Ag,Ni; /C (A-D) and PdAgNi/C (E-H) taken at 10 kV.

3.3. Transmission Electron Microscopy (TEM)

Figure 3 shows TEM micrographs (A, C, D) of Pd/C, Pd4AgyNi; /C, and PdAgNi/C.
The respective particle size distribution is, also, shown (B, D, F). From inspection of the

11
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Pd/C micrograph, it can be noted that Pd nanoparticles (average size 6.7 nm) are dispersed
over larger carbon aggregates (40-60 nm). Additionally, some particle agglomeration can
be noted. The particle size distribution was measured by manually selecting the metal
particles through use of Image]J software. The average particle size and standard deviation
of Pd/C are 6.7 and 5 nm, respectively. The high standard deviation value is suggestive
of the high variation in particle size as a consequence of high particle agglomeration. In
contrast, the average particle size of Pd4AgyNi; /C is 5.6 nm and the standard deviation to
2.7 nm. This is possibly due to the contradicting forces that affect the particle aggregation
during both nucleation and growth. It is extensively reported that preparing multi-metallic
samples results in different attraction and repulsion forces and, therefore, smaller particle
sizes [22,24,41,53-56]. The same trend is noted in PAAgNi, which has a smaller total
quantity of Pd; in this case the average particle size and standard deviations are 4.4 nm
and 3 nm, respectively.
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Figure 3. TEM Micrographs and the respective particle size distribution of Pd/C (A,B), Pd4Ag,Ni; /C
(C,D), and PdAgNi/C (EF).
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3.4. X-ray Photoelectron Spectroscopy (XPS)

XPS analysis was undertaken to investigate the metal oxidation state and surface
composition of the samples. Figure 4 shows the XPS full survey scans of Pd/C, PdAgNi/C,
and Pd4Ag,Ni; /C. The Cls, Pd 3d, Ag 3d, Pd 3p (overlapping with O 1s), and Ni 2p are
located approximately at 284, 335, 370, 532, and 856 eV, respectively.

——PdiC =I5
—— Pd,Ag,Ni,/C
—— PdAgNI/C

Pd 3d

Ag 3d

T T T T T T
1400 1200 1000 800 600 400 200 0
B.E/eV
Figure 4. XPS full surveys of Pd/C, Pd;Ag;Ni; /C, and PdAgNi/C.

Figure 5 shows the detailed elemental peaks of Pd 3d, Ag 3d, and Ni 2p in Pd/C,
Pd4AgyNij /C, and PdAgNi/C. The Pd 3d of Pd/C (A) is deconvoluted into a high-energy
band (340.4 eV) of Pd 3d3,,and a low-energy band (335.48 eV) of Pd 3d5/,. Additionally, the
PdO peaks are visible around 342 eV and 337 eV. Table 3 lists the XPS surface concentrations
of C, O, Pd, Ag, and Ni for the three samples. The XPS surface concentration Pd of Pd/C is
1.63 At. % and 0.45% for Pd® and Pd?*, respectively. The presence of Pd oxide is indicative
of Pd air instability which could be improved by adding another metal. PdAgNi/C also
presents a significant fraction of Pd?*—16% of the total Pd present. PdyAg,Ni; /C however,
with a lower overall Pd content, presents only metallic Pd?, as shown in Figure 5D. The
Ag 3d double-peak is located at 374 and 368 eV for 3d3,, and 3ds,, (Figure 5E), respectively.
The Ni 2p peaks of Ni® and Ni*? of Pd4AgoNi; /C are present at 852, 856, and 862 eV
(Figure 5D), respectively, with no visible satellite peaks. The Ni XPS surface concentration
of that sample is 0.05 at. % (for metallic Ni) and 0.73 at. % (for Ni(OH),).

Table 3. XPS surface atomic concentration of C, O, Pd, Ag, and Ni in Pd/C, Pd4Ag,Ni; /C, and PdAgNi/C.

Catalyst Pd at. % Ag at. % Ni at. % Pd:AgNi Rat
CAt. % Oat. % at. % :Ag:Ni Ratio
2 Pd° Pd?* 8 Ni Ni2* &
Pd/C 96.13 1.78 1.63 0.45
PdyAg,Ni; /C 93.91 3.14 1.59 0 04 0.05 0.73 4:1:2
PdAgNi/C 92.15 4.69 0.64 0.12 0.32 0 2.01 2.7:1:6.7
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Figure 5. XPS elemental peaks of Pd 3d in in Pd/C (A), valence band spectra (B) and Pd 3ds, (C) of
Pd/C, Pd4AgyNi; /C, and PdAgNi/C, Pd 3d, Ag 3d, Ni 2p, of Pd;4AgyNi; /C (D) and PdAgNi/C (E).

3.5. Electrochemical Evaluation

Figure 6 shows the cyclic voltammograms of Pd/C, PdAgNi/C, and Pd4Ag,Ni; /C
performed in 1M KOH at 50 mV/s. It is noteworthy that the thinnest profile is ob-
served for Pd/C. This is indicative of a thinner double-layer, and consequently, faster
charging/discharging behavior for Pd/C [42]. As Pd is known to absorb hydrogen within
its bulk, the Hyps/ags peak in the forward scan at ~—600 mV is not present. This peak
is, however, more pronounced on both trimetallic samples, which may be ascribed to
the presence of Ag. Upon increasing the potential, the OH adsorption peak between
—400 and —200 mV is more apparent for monometallic Pd/C than for the trimetallic sam-
ples. OH adsorption can be considered as the onset of surface oxidation, however oxidation
of Pd commences at approximately 0.0 mV vs. NHE. Ag surface oxidation is noted at
~470 mV followed by Ni oxidation up to the scan end at 600 mV. Both Ni and Ag oxidation
peaks are more pronounced for PdAgNi/C than for Pd;Ag,oNi; /C as the former contains
higher quantities of Ni and Ag. In the reverse scan, distinctive reduction peaks for Ni,
Ag, and Pd appear at 450, 220, and —200 mV, respectively. A small shoulder on the Pd
reduction peak is noted for Pd4Ag,Ni; /C and Pd/C which is not clear for PdAgNi/C. This
is likely to be reflective of the reduction of different Pd oxides.
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Figure 6. CV voltammograms of Pd/C, Pd4Ag,Ni; /C, and PdAgNi/C in IM KOH at 50 mV/s.

Figure 7 shows the cyclic voltammograms of the three catalysts in 1M KOH+EtOH at
50 mV. The addition of ethanol suppresses the H,ngs/abs peak as reported elsewhere [55,57].
With the start of OH adsorption, adsorbed ethoxy species undergo oxidation and are
removed from Pd sites, thereby making these sites available for further fuel oxidation.
As the adsorbed OH increases with increasing potential, the free Pd sites increase, and
an increasing current is drawn. While the onset oxidation potential in case of Pd/C is
—390 mV, it is shifted to —500 mV in case of PdAgNi/C and Pd4Ag,Ni; /C which suggests
a reduction in the activation barrier against ethanol oxidation on the surface of both
trimetallic samples. A similar shift in potential is noted for the oxidation peak on PdAgNi
sample compared to Pd. The peak current density in case of PAAgNi/C (2700 mA /mgpq)
is higher than Pd4Ag,Ni; /C (2300 mA /mgpq) and the smallest peak current density is of
Pd/C (1.8 A/mgpg).
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Figure 7. CV Voltammograms of Pd/C, Pd4Ag;Ni; /C, and Pd/C in 1 M KOH+EtOH at 50 mV/s.

When the catalyst surface can no longer adsorb OH, the surface Pd oxides thereby
decreasing the number of Pd active sites as the potential increases. This ultimately decreases
the drawn current up to the end of the forward scan. It is noteworthy that around the
forward current peak, the reactants are depleted much faster than at the beginning of the
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scan [8]. A shoulder peak is noted on PdAgNi/C at 200 mV which may be suggestive of
the oxidation of ethoxy intermediates on Pd. At the end of the PdAgNi forward scan, a
sharp current rise is noted due to the Ni oxidation that also appears in the voltammogram
conducted in the absence of ethanol. The sharp peak in the inverse scan is due to the
removal of the incompletely oxidized intermediates from EOR and recovery of Pd active
sites. It is noteworthy that the forward sweep current peak is higher than the reverse
one on all catalysts which is a positive indication of the ability of the catalyst to tolerate
poisoning species [58,59]. Therefore, CO-like species are less likely to block further EOR on
the catalysts developed in the present work.

Figure 8 shows the chronoamperometric scans of Pd/C, Pd4AgyNi; /C, and PdAgNi/C
performed at fixed potentials of —300 mV and +100 mV vs. NHE. The former was chosen
because it is in the middle of the window in which OH was adsorbed causing the oxidation
and removal of ethoxy species from Pd surface. The latter was chosen because it is greater
than the potential at which the Pd surface oxidation starts. These data show that the CA
current density of PdAgNi/C sample—though higher than that of Pd;Ag,oNi; /C at the
two CA steps—decays much faster at the higher-potential (+0.1 V) to the extent that it
drops below Pd4Ag,Ni; /C towards the end of the CA duration. According to EDX and
XPS, the surface of PdAgNi/C is Ni-rich and correspondingly deficient in Pd and Ag.
PdAgNi/C, therefore, presents fewer accessible Pd surface sites for EOR than Pd/C or
Pd4Ag,Nij /C. During the high-potential CA scan, the number of available Pd sites further
decreases through site poisoning via the strong adsorption of EOR intermediates. The
PdAgNi voltammograms (Figures 6 and 7) show that OH adsorption does not continue at
+0.1 V. Therefore, at high potential, PdAgNi/C is susceptible to poisoning by carbonaceous
species from EOR. In contrast, Pd4Ag,Ni; /C generates a steadier CA current density than
PdAgNi/C at +0.1 V; which is ascribed to the higher concentration of Pd in the surface
region for the former, providing a greater number of available Pd sites and hence greater
resistance to poisoning. Pd/C achieves an intermediate current decay between PdAgNi/C
and Pd4A¢2Ni; /C which could be explained by two factors: the strong adsorption of
CO-like species and the abundance of Pd surface sites.
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Figure 8. Chronoamperometric (CA) scans of Pd/C, Pd4Ag,Ni; /C, PAAgNi/C at —0.3 V and
+0.1 V vs. NHE.

Figure 9 shows the EIS spectra of Pd4AgyNi; /C, and PAAgNi/C recorded at —0.3 V,
0.0V, and +0.3 V vs. NHE between 10,000 Hz and 0.1 Hz while the voltage amplitude
is 5 mV. Each experiment was preceded with a 10-min potentiostatic scan to compensate
for the current perpetuation. EIS spectra at —0.3 V and 0.0 V represent, to some extent, a
semi-circle due to the interchangeable interaction of the double-layer capacitance through
the electrolyte-electrode interface and the charge-transfer resistance. However, at +0.3 'V,
the effect of charge-transfer resistance is such that with further decreasing frequency, the
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arc continues to rise vertically. This is a consequence of more than one factor. For instance,
increasing the applied potential affects the charge-transfer resistance more significantly
than the double-layer capacitance. Moreover, at +0.3 V no further EOR occurs due to the
Pd surface oxidation and current decrease (Figure 7). It is noteworthy the arc size at —0.3 V
and 0.0 V of Pd4Ag,Ni; /C is slightly smaller than their counterparts of PAAgNi/C.
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Figure 9. Electrochemical impedance spectroscopy (EIS) of Pd4AgyNi; /C (A) and PdAgNi/C (B) at —0.3V, 0.0 V, and

0.3 V vs. NHE.

Gamry Echem Analyst software was used to construct an electrical model (Figure 10)
that represents the physical phenomena contributing to the impedance. Rs represents the solution
resistance measured at the intersection point with the x-axis (—Z"”= 0, frequency = 10 kHz) and
for both catalysts, it is approximately 14 () and does not change with the applied poten-
tial. The constant-phase element () represents the double-layer capacitance effect due
to opposite-charge accumulation at the electrode-electrolyte interface. R represents the
charge-transfer resistance that reflects on the specific activity of each catalyst. Rt values of
PdyAgyNij /C are estimated to be 150 () and 183 () at —0.3 V and 0.0 V vs. NHE, respec-
tively. Larger values of 285 (2 and 290 ()—at the same respective potentials—are obtained
with PdAgNi/C. This further demonstrates the improved performance of Pd4Ag,Ni; /C
towards EOR when compared to PdAgNi/C. It is difficult to estimate the R.; value at
+0.3 V due to the complex phenomena encountered and missing EOR at such high poten-
tial and several EIS models were inaccurate enough to estimate reasonable R values at
that potential.
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Figure 10. EIS electrical model representative of the physical quantities in a half-cell 3-electrode.

4. Discussion

The XRD peak separation of Pd and Ag (Figure 1) implies that there is substantial
separation of Pd and Ag in the nanoparticles and therefore that it is less likely a nanoalloy
has been formed. Separate Ag and Pd peaks were also reported by other researchers [31,60],
while other groups have found singular peaks that resemble both Pd and Ag [30,39,61].
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Olivera et al. [32] annealed electrolessly deposited Pd and Ag films on steel discs to
produce Pd-Ag alloy films. Before annealing, distinctive Pd and Ag phases were detected
by XRD, with a single peak observed after annealing. The Ni(OH), individual peak
disappearance in the XRD patterns of both trimetallic samples is suggestive of a high
degree of mixing between Pd and Ni whose atoms could be assumed incorporated into the
Pd lattice. The separate peaks of Ni(OH), are commonly seen when synthesizing bimetallic
and trimetallic Ni-containing catalysts [22,29,53-55,62,63]. The surface metal loading of
PdAgNi/C (16 wt. %), as measured by ESX, is 4 wt. % higher than the nominal bulk
loading (Table 1), with Ni segregating to the surface. The opposite trend is noted for Ag
which segregates into the catalyst core. The Pd: Ag: Ni molar ratio at 10 kV is 4:1:2 while it
is 4:1.6:1 at 20 kV which shows the Pd concentration does not change significantly with
analysis depth, but the Ag and Ni ones do. A similar observation is noted for PdAgNi/C
whose Pd:Ag:Ni at 10 kV is 2:1:4 while it is 1.75:1:2.25 at 20 kV.

According to the XPS measurements (Table 3), Ag is present exclusively in the metallic
state with a concentration of 0.4 at. % and 0.32 at. % for Pd;Ag,Ni; /C and PdAgNi/C,
respectively. This is despite the theoretical Ag loading being lower in Pd4AgyNi; /C
(Table 1). It is noteworthy that XPS atomic Pd:Ag:Ni ratio is 4:1:2 while the ratio from
surface-weighted EDX spectroscopy measurements (Table 2) is 4.4:1.7:1. The higher Ni XPS
proportion signifies its segregation into the top surface unlike Ag. In PAAgNi/C, which
has a lower fraction of Pd than Pd4AgyNi; /C, the Pd air stability is lost and 15% of Pd
exists in an oxidized form (Figure 5E) Figure 5G shows the Ni 2p peak of PdAgNi/C and
two satellite peaks which are potentially due to the multiple Ni excitations. No metallic Ni
was detected for this sample and the Ni surface concentration equals 2.01 at.%. Therefore,
the XPS-derived Pd:Ag:Ni molar ratio is 2.7:1:6.7 while the EDX spectroscopy derived ratio
(Table 2) is 1.7:2.3:1. Once again this is probably due to the Ni tendency to segregate into
the surface and Ag and little Pd tendency to segregate into the core. In case of trimetallic
samples, the Pd 3d peak is shifted 0.05 eV (Figure 5C) to higher binding energy than Pd/C,
which may be suggestive of an electron loss from Pd to either Ag or Ni. Figure 5C shows
the valence band of Pd/C, Pd4Ag,Ni; /C, and PdAgNi/C which indicates the d-band
center of the two trimetallic samples are shifted approximately 1 eV from the Fermi level
compared to their monometallic counterpart. Note that the impact of particle size on
d-band center can be neglected as the particle size is ~5 nm and instead shifts in the d-band
center are the consequence of charge transfer from Pd to other metals [35,64].

As H,ps/des peak is missing in Figure 6, it is more appropriate to estimate electro-
chemical active surface area (ECSA) using the PdO reduction peak in the reverse scan.
The PdO reduction area in the reverse scan is the smallest in case of Pd/C while higher
reduction currents are obtained with PdAAgNi/C and Pd;Ag,;Ni; /C. The PdO reduction
peak is used as a measure of the Pd fraction exposed on the surface, and therefore, available
to undertake redox reactions. The electrochemical active surface area (ECSA, cm?2/ mg) is
calculated according to [26]:

Q

ECSA = 043 < [Pd]

where Q is the charge extracted from PdO reduction peaks in mC, 0.43 mC/ cm? is the
monolayer reduction charge of Pd, and [Pd] is the weight of Pd on GCE in mg. This
indicates ECSA is highest on Pd4AgyNi; /C followed by PdAgNi/C and finally Pd/C
(Table 4). This could be explained by the smaller particle size of both trimetallic samples
compared to the monometallic one according to TEM (Figure 3). The three catalysts
have very significantly larger ECSAs compared to the other materials listed in Table 4.
This is indicative of the high Pd surface fraction; although Ni has a higher tendency to
segregate into the surface as shown by EDX and XPS analyses. The low overall metal
loading (12 wt. %) decreases the overall metal surface energies and aggregation potential
leading to a thicker and rougher catalyst layer, while the KBr capping works against
agglomeration by surrounding the individual nanoparticles during synthesis with Br—!
ions. The ethanol-enhanced CV performance on both trimetallic samples is a reflection of
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the Ag and Ni effects. This indicates that more EOR Pd active sites exist on the trimetallic
sample surfaces than on Pd/C. A similar finding was previously reported regarding
the activity of PAAgNi towards formic acid oxidation [39]. The lower oxidation onset
potentials and higher forward current peak are advantageous for the three samples in this
work compared to many other previously published catalysts [58,65-67]. Table 4 compares
the EOR onset oxidation current density and current peak obtained with this work catalysts
and previously published ones. The reverse current peak of Pd/C, Pd4AgyNi; /C, and
PdAgNi/C are smaller than their forward counterparts. This is indicative of a good Pd
tolerance towards the poisoning species. When o¢/jp, is >1, it implies less incompletely
oxidized ethoxy intermediates on Pd surface which suggests the catalyst is more likely to
recover its surface-active sites and proceed with further EOR. When it is <1, it suggests
there are more incompletely-oxidized carbonaceous species on the catalyst surface that are
strongly bound to active sites. Adding Ni to the Pd-based catalyst has, in some previous
works, resulted in j¢/j, decreasing below 1 [29,43], although other works observe the
opposite trend [42,54,68].

Table 4. Comparison of the ECSA (em?/ mg), Eonset (mV) and j, (A/mgpg) in 1M EtOH of this work
and previously published catalysts.

Catalyst ECSA (cm?/mg) Eonset (mV) vs. NHE  j, (A/mgpq) Ref.
Pd/C 1350 —390 18
PdAgNi/C 1500 —500 27 This work
Pd4Ag,Ni; /C 1618 ~500 23
Pd/C 549 ~150 0.5
[541
Pdg;Niyy 375 250 11
PdNi 209 —260 145
[29]
Pd 135 209 0.8
Pd;Au;/C 1320 ~260 12
68
Pd/C —260 0.75 [68]
Pd,SnyAg; /C 243 —360 0.8
Pd,Sn,Ni; /C 209 —330 0.4 [42]
Pd»Sn,Coy /C 212 ~300 035
PdAgCu 506 360 456 [43]
Pd/C 350 147
[21]
Pt/C —400 0.65

It should be noted the chronoamperometric currents drawn on trimetallic catalysts
(Figure 8) are substantially higher than that on Pd/C which suggests a higher catalyst
capability to recover the Pd active sites by generating OH species which indicates the
addition of Ag and Ni is beneficial for EOR catalytic performance. The catalyst containing
the least Pd (PdAgNi/C) draws the highest current density (—0.3 V). This implies that this
surface is highly active for the generation of oxygen species, facilitating the removal of
adsorbed ethoxy species. Ni surface segregation and Ag core segregation, as determined
through EDX spectroscopy and XPS, may in part explain the enhanced V-j behavior of
PdAgNi/C. A somewhat similar behavior is noted for the other trimetallic sample. Note,
however, that a very high level of OH adsorption on the catalyst surface would negatively
impact the overall catalyst performance as many of the EOR-active surface sites would be
occupied by OH.

The enhanced the performance of the trimetallic catalysts in the present work is likely
due to Ni and Ag generating OH species resulting in the larger ECSA for both samples as
shown in Figure 6. The current density drawn on three catalysts at +0.1 V is higher than at
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—0.3 V due to the increased activation voltage and OH adsorption. It is also noteworthy
that at —0.3 V vs. NHE, the three catalysts exhibit similar behavior in terms of the current
decays as the scan proceeds. However, at —0.1 V vs. NHE, Pd4Ag,Ni; /C shows better
stability (stable current decay) than PdAgNi/C even though the former draws a higher
current for the majority of the 30-min scan. Although the initial current decay at —0.3 V is
similar on both Pd;Ag,Ni; /C and PdAgNi/C, at +0.1 V the current decay rate is higher for
PdAgNi/C than for Pd4AgyNi; /C and the former draws a higher current at the scan end.
Several factors likely contribute to this enhanced performance upon adding both Ag and
Ni. For instance, the activation barrier of EOR on both trimetallic samples less than that
on Pd/C due to the reduction of the bandgap energy, indicated by the smaller activation
overvoltage [8]. Also, the large number of active sites verified by the smaller TEM particle
size in the case of both trimetallic samples, will play a positive role. Another factor that
may contribute to the observed higher ESCA values as compared to previous studies is that
the experiment was performed with the electrolyte being stirred. This may help to ensure
the uniform distribution of reactants/products and reduce the effects of mass transport
and diffusion.

Compared to many reported synthesis methods, the currently applied method is
quicker and easier because it is a room-temperature one-pot synthesis. Furthermore,
it was concluded in a short time (30 min). Many of the previous synthesis protocols
include use of high temperature and/or longer synthesis times [29,42,43,54,68]. Also, the
smaller metal loading in the present work is potentially beneficial for the physical and
electrochemical characteristics of the supported catalyst. Additionally, it is noted that Ni
tends to segregate into the surface while Ag tends to segregate into the bulk of trimetallic
particles. Furthermore, the trimetallic catalysts are cost-effective than those consisting only
of platinum-group metals. The collective characterization and evaluation results suggest
that Pd4Ag,Nij /C is the best performing catalyst and that adding a significant Ni quantity
(>35 At. %) would adversely impact the catalyst physical and electrocatalytic performance

5. Conclusions

C-supported PdAgNi intermetallic catalysts have been successfully prepared through
a straight-forward chemical synthesis method suitable for up-scaling for the first time.
Adding small quantity of Ni in trimetallic catalysts has a beneficial impact but increasing
the Ni content can harm the EOR performance. A relatively low metal loading (12 Wt. %)
and adding KBr as a capping agent are recommended to produce a well-dispersed catalyst
with a high electrochemical surface area (ECSA). However, the followed protocol does
not produce a highly order alloy structure of Pd and Ag as indicated by XRD. Although
the Pd4AgoNi; /C surpassed the PdAgNi/C in terms of ECSA and ethanol oxidation
potential, the latter outperformed it in terms of the oxidation current peak and steady
chronoamperometric current. Adding Ag and Ni to Pd not only improves its catalytic
performance towards EOR, but considerably decreases the catalyst preparation cost. While
Ag tends to segregate to the bulk of the PdAgNi nanoparticle, Ni tends to segregate to its
outer surface layers. Pd4Ag;Nij /C combines both high activity and stability towards EOR.
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Abstract: The synthesis of palladium-based trimetallic catalysts via a facile and scalable synthesis
procedure was shown to yield highly promising materials for borohydride-based fuel cells, which are
attractive for use in compact environments. This, thereby, provides a route to more environmen-
tally friendly energy storage and generation systems. Carbon-supported trimetallic catalysts were
herein prepared by three different routes: using a NaBHy-ethylene glycol complex (PdAuNi/Csggg),
a NaBHy-2-propanol complex (PdAuNi/Cspipa), and a three-step route (PdAuNi/Csstep). Notably,
PdAuNi/Cgpipa yielded highly dispersed trimetallic alloy particles, as determined by XRD, EDX,
ICP-OES, XPS, and TEM. The activity of the catalysts for borohydride oxidation reaction was assessed
by cyclic voltammetry and RDE-based procedures, with results referenced to a Pd/C catalyst. A num-
ber of exchanged electrons close to eight was obtained for PAAuNi/Cs step and PdAuNi/Cspipa
(7.4 and 7.1, respectively), while the others, PdAuNi/Cspgg and Pd/Cspipa, presented lower val-
ues, 2.8 and 1.2, respectively. A direct borohydride-peroxide fuel cell employing PAAuNi/Cgpipa
catalyst in the anode attained a power density of 47.5 mW cm 2 at room temperature, while the
elevation of temperature to 75 °C led to an approximately four-fold increase in power density to
175 mW cm~2. Trimetallic catalysts prepared via this synthesis route have significant potential for
future development.

Keywords: palladium; trimetallic catalysts; nanoparticle; borohydride oxidation; direct borohydride
peroxide fuel cell; kinetic parameters

1. Introduction

Fuel cells (FCs) are electrochemical energy conversion devices with superior perfor-
mance compared to conventional internal combustion engines, as they are not limited by
the Carnot cycle [1]. Additionally, FCs are more environmentally friendly than conventional
energy generation processes since they generally do not generate carbon dioxide (with few
exceptions, such as direct alcohol/formic acid FCs) and do not rely on the consumption of
fossil resources. Consequently, FC research and development has grown linearly with the
worldwide energy demand and is projected to increase as FCs replace conventional heat
engines in various applications [2]. However, many challenges need to be overcome if mass
uptake of fuel cells is to be realized, including issues of safety, fuel source, and ensuring
high efficiencies at low operating temperatures.

Low-temperature FCs targeted for use in portable applications and, particularly,
for use in the transportation area have recently undergone rapid development [3]. They are
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compact, lightweight, and can attain high power densities. Polymer electrolyte membrane
fuel cell (PEMFC), the most developed FC, most commonly comprises an Hp-supplied
anode and an O,-supplied cathode separated by a polymeric membrane. Nevertheless,
employing Hj as fuel presents several challenges to widespread adoption, including safety,
storage, and supply. Furthermore, Hy-stream pretreatment is usually required in order
to remove trace carbon monoxide, which poisons the electrode. To address these issues,
H, /0, PEMFCs can be replaced with direct liquid fuel cells (DLFCs). DLFCs can use
organic and inorganic liquid fuels, which usually incorporate a supporting electrolyte in
their composition [4].

Solutions of complex hydrides (e.g., LiBH,, NaBHy, or KBH,) are examples of hydrogen-
containing compounds that can be used as fuels in DLFCs. Sodium borohydride (NaBHy4)
presents many advantages over other fuels. The open-circuit voltage (OCV) for the direct
borohydride fuel cell (DBFC, 1.64 V) is higher than that of the direct methanol fuel cell
(DMEC, 1.21 V) and the H, /O, PEMFC (1.23 V). While the oxidation of H, and methanol
generates two and six electrons, respectively, per molecule, BH, ™~ direct oxidation generates
eight electrons. Consequently, DBFC possesses specific energy over 50% higher than
that of the DMFC [5]. Indig and Snyder [6] demonstrated in the 1960s that electricity
could be produced via anodic oxidation of borohydride and O, cathodic reduction, as
shown in Equation (1) and Equation (2), respectively, to yield the overall fuel cell reaction
(Equation (3)), where SHE stands for standard hydrogen electrode.

BOR NaBH, +8 OH™ — NaBO, + 6 H,O + 8 e~ E'=—124vs.SHE (1)
ORR 20, +4H,0+8e” — 8OH" E® = 0.40 vs. SHE @)
Overall NaBHj +2 O, — NaBO; + 2 H,O Ey=164V 3)

Many authors have discussed the advantages, disadvantages, and state-of-the-art in
DBFCs, including postulating the replacement of O, by hydrogen peroxide (H,O,) [7-10].
The use of HyO; as an oxidant has become more popular in recent years, in particular
as this results in an entirely liquid FC, thereby facilitating its use in applications where a
compact design is required. When H,O, is used as the oxidant, the catholyte consists of an
acidic solution of H,O; in order to avoid its decomposition into H,O and O,. Consequently,
the DBFC in which the hydrogen peroxide reduction reaction (HPRR) takes place at the
cathode and the BOR at the anode is known as the direct borohydride-peroxide fuel cell
(DBPEC). It can generate electricity through Equations (1) and (4), with Equation (5) being
the overall FC reaction.

HPRR H,0, +2e~ +2H* — 2 H,0 E%=1.78 V vs. SHE ()

Overall NaBH; + 4H,0, — NaBO, + 6H,0 E° =3.01 Vvs. SHE (5)

The majority of published research on DBFCs discusses the need for effective and
low-cost anode and cathode materials in order to facilitate the commercialization of DBFCs.
This is a result of the high operating costs of the DBFC, which is correlated with the per-
formance, efficiency, and cost of the electrocatalysts [5,8-11]. In fact, anodic catalysts for
DBFCs must have high catalytic activity for BOR and be inert towards BHs~ hydrolysis,
a chemical side reaction where BHy ™ is consumed, generating Hy and BO,™. In addi-
tion, DBFC anodes need to exhibit chemical stability in a basic solution. Common anodic
catalysts for DBFCs include noble metal catalysts such as Au [12-16], Pt [17-20], and
their corresponding alloy materials [21-24], as well as some nonprecious metal catalysts,
e.g., Ni [25,26], Zn [27], and Co [28-30]. In particular, Au has been extensively studied,
as it was originally thought to be capable of inhibiting borohydride hydrolysis; however,
it exhibits rather slow kinetics for borohydride oxidation [31,32]. Studies involving Au, Pd,
and Pt bulk electrodes for BOR revealed that surface poisoning by reaction intermediates,
including BH,q4s or BH3, was significantly different for the three noble metals. Results
have shown that this effect was more severe for Pt and also that the Au surface was the
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least affected by poisoning [33]. Despite this observation, Pt-based catalysts typically
demonstrate faster electrode kinetics in BOR [24,34,35]; however, limited resources hinder
their application as DBFC anodic catalysts. Pd is a promising alternative to Pt, presenting
similar chemical properties and reactivity. Pd is considerably more abundant in the Earth’s
crust than Pt (ca. fifty times) and hence presents fewer challenges regarding resource
scarcity [36-38]. Therefore, Pd has been tested in FCs both as a cocatalyst with Pt and
as a Pt-free catalyst [37,39-41]. Decreasing the required quantity of Pd by mixing it with
non-noble metals in a well-designed catalytic structure capable of efficient borohydride
oxidation can decrease the cost of membrane electrode assemblies (MEAs) and boost the
commercialization of DBFCs. It was previously found that co-doping can improve the
catalytic performance of noble metal catalysts [42-44]. For example, a Pd-Co/C nanocata-
lyst has been demonstrated as an electrocatalyst for formic acid oxidation and methanol
oxidation [45,46].

Previous studies reported Pd nanocatalysts and Pd nanoalloys as anodic catalysts for
BOR in DBFCs [47,48]. Furthermore, Simoes et al. [49] analyzed how Pd, Au, and Pd-Au
carbon-supported nanoparticles with different compositions performed during BOR in
alkaline media. PdxAuj.y/C electrocatalyst exhibited an open circuit potential (OCP) lower
than Pd and Au did. Merino-Jimenez et al. [50] evaluated a titanium-supported and carbon
nanofiber-covered Pd-Ir alloy for BOR. The authors concluded that alloying Pd with Ir
improves Pd electroactivity towards BOR. This enhancement was associated with the
favoring of BOR (direct oxidation) and suppression of hydrogen evolution reaction (HER).
Furthermore, Grimmer et al. [51] studied BOR at Pd/C by cyclic voltammetry, rotating disc
electrode (RDE) measurements, chronoamperometry coupled to NMR spectrometry, and
in situ Fourier transform infrared spectroscopy (FTIR). RDE results yielded n =4 (at 0.4 V
vs. reversible hydrogen electrode (RHE)) and n = 8 (at 0.8 V vs. RHE). Thus, at 0.8 V vs.
RHE, BOR is 100% direct, while at 0.4 V, two different pathways are proposed to operate:
(i) the total oxidation of BH;~ to BO,™ and two H,; molecules and (ii) a four-electron
electrooxidation with the production of BH, ™ species. The authors also suggested that
at low potentials, Pd-BH,OH species block surface sites, while at higher potentials, this
intermediate is fully oxidized (n = 8). Additionally, Pd has been shown to be relatively
unharmed by surface poisoning, preserving good BOR kinetics even in highly concentrated
BH,4 ™ solutions relevant for DBPFC operation [33]. Recently, by screening selected metal
combinations (e.g., Pd with Co, Au, Ti) over a wide range of compositions, bimetallic and
trimetallic Pd-based materials with optimum compositions that exhibited good activity for
BOR were identified [51-56]. According to multiple published reports, Ni presents several
benefits when added as a cocatalyst to C-supported Pd. First, it is an Earth-abundant metal,
and therefore its use tackles issues of resource scarcity and reduces cost. Secondly, it is
oxyphilic and capable of generating the oxygen species necessary for the redox reaction.
Finally, the presence of Ni can exert an electronic effect over Pd, altering and potentially
enhancing the catalytic properties of the latter [57-59].

In this work, investigations on the oxidation of BH; ™ in alkaline media at different
working conditions are presented for a selection of trimetallic carbon-supported catalysts
based on Pd (PdAuNi/C), prepared by a facile and scalable synthetic route. There is a
consensus that adding a second metal as a cocatalyst to Pd is beneficial for its electrocat-
alytic performance. This is due to the electronic, geometric, and bifunctional effects that the
second metal can provide. Previous works have considered multiplying the catalytic bene-
fits by adding two metals to Pd instead of one [56,60-66]. It is hypothesized that adding
two metals, such as Au and Ni, each of which is known to be a beneficial addition to Pd
individually [67-69], would significantly enhance Pd electrocatalytic performance. A small
number of previous studies have previously investigated PdAuNi electrocatalysts [67-72].
Au [12,73-77] and Ni [25,78-80], like Pd, have been proven to possess good catalytic ac-
tivity towards BOR, which makes their incorporation in a catalyst additionally attractive.
Specifically, in the case of Ni electrodes, the formation of 3-NiOOH has been pointed out
as essential for the oxidation of BH, ™ [26]. Furthermore, to maximize the potential for
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BOR, a high-surface inert, mesoporous, and conductive support material is necessary to
anchor the trimetallic nanoparticles and prevent their coalescence. Vulcan carbon (XC-72R)
is commonly applied for this application due to its high surface area, mesoporous structure,
and affordable cost. It was therefore chosen to support the PAAuNi and Pd nanoparticles.
There are various chemical and physical synthetic routes in the literature to prepare dis-
persed metal nanoparticles [81]. The synthesis protocol is thought to play a crucial role and
contribute to the catalyst physicochemical and catalytic characteristics. Any chosen method
should balance between fine-tuned catalytic properties and ease of preparation, leading
potentially to facile mass production [82]. NaBH4 metal reduction is a very common means
to prepare C-supported catalysts due to its easy procedure and quality-produced catalysts.
Moreover, there is more than one NaBH, protocol to prepare Pd-supported nanoparticles.
This work aims to synthesize three carbon-based trimetallic catalysts based on different
borohydride reduction protocols. The physicochemical and morphological properties of
those materials were determined and compared. Their performance as electrocatalysts for
BOR was analyzed and discussed considering the different synthesis routes employed and
the final properties obtained for each material.

2. Materials and Methods
2.1. Chemicals

Metallic precursors (PdCly, NiCl,, and AuCls) to synthesize PdAuNi/C electrocata-
lysts were purchased from Sigma-Aldrich (St. Louis, MO, USA). Vulcan carbon (XC-72R),
purchased from Cabot Corp (Boston, MA, USA), was used to support the synthesized metal
nanoparticles. NaBHy (SB, 96 wt.%), ethylene glycol (EG, 99.5 wt.%), 2-propanol (IPA,
99 wt.%), NaOH (85 wt.%), and ethanol (100%) were purchased from Sigma-Aldrich. For
the electrochemical measurements, NaBHy (98 wt.%, Scharlau, Barcelona, Spain) and H,O,
(30 vol.%, Carlo Erba, Barcelona, Spain) were used. All chemicals were used as received
without further purification.

2.2. Catalyst Preparation

Three borohydride reduction protocols using (i) a NaBHy-ethylene glycol complex,
(ii) a NaBHy-2-propanol complex, and (iii) a three-step route were deployed to synthesize
carbon-supported PdAuNi catalysts denoted herein as PAAuNi/Cspgg, PAAuNi/Cspipa,
and PdAuNi/Cj gep, respectively. The theoretical metal loading based on the quantity of
metal salts used in the synthesis was 12 wt.% for PdAuNi/Cgpipa and 20 wt.% for both
PdAuNi/Cspgg and PAAUNi/Csgtep- Although electrocatalysts for laboratory studies
usually load the carbon support with 20 to 40 wt.% of metal, the use of lower loadings is
more representative of industrial catalyst loadings which are typically ~5 wt.% [83].

The SBEG synthesis protocol uses a NaBHj-ethylene glycol complex, following previ-
ous work [36,84,85]. Vulcan carbon (202 mg) was first dispersed in ethylene glycol (10 mL).
The metallic precursor solution containing PdCl, (28 mg mL™!), AuCl; (55 mg mL™'),
and NiCl, (36.7 mg mL~!) was then suspended in ethylene glycol (10 mL). The two sus-
pensions were subsequently mixed. Next, a solution of NaBHy4 (20 mL) was slowly added
to the metal and carbon mixture under magnetic stirring. The mixture was heated to 35 °C
and kept at that temperature for 3.5 h. The mixture was then left to cool and washed
copiously with deionized water until neutralization. Following this, it was dried in a
vacuum oven at 80 °C for 2 h.

The second reduction protocol (SBIPA) applied NaBH4 following methods described
in previous reports [86-89]. The Vulcan carbon and metal precursors were sonicated in a
mixture of 2-propanol/water (50 vol.%). KBr was added to stabilize the metal nanoparticles.
The mechanism of this is that the larger Br~ ions substitute for C1~ ions in solution,
stabilizing Pd particles and preventing further particle agglomeration [90]. Unlike an
organic surfactant such as PVP, KBr can be washed off easily after synthesis from the
particle surface. The KBr/metal atomic ratio was 1.5. The mixture was stirred for 10 min,
followed by the addition of NaBH, solution (0.5 M, 15 mL). Stirring then continued for
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another 30 min. Following this, the sample was washed under vacuum filtration. Finally,
the wet powder was dried at 80 °C in a vacuum oven overnight.

The third protocol to prepare PAAuNi/C (three-step) aimed to compare the stepwise
reduction of metals on the carbon surface to the co-reduction procedure practiced in the
first two protocols. Consecutive reduction of different metals can lead to the formation of
core@shell structures, such as Ru@Pd/C [91], Au@Pd [92,93], and Cu@Pd [94]. The NaBHy4-
2-propanol reduction mixture was once more used to prepare this catalyst. The proce-
dure started with sonicating Vulcan carbon (202.4 mg) in a mixture of 2-propanol/water
(50 vol.%). Then, NiCl, was added and kept in the solution under stirring for 1 h. This was
longer than the reduction time required for Au and Pd reduction time, as Ni is more
oxyphilic and less reducible [95,96]. Subsequently, AuCl; was added with stirring for
30 min. Finally, PdCl, was added with stirring for 30 min. To illustrate the impact of
adding both Au and Ni onto Pd, a monometallic C-supported Pd catalyst (Pd/Cspipa) was
synthesized using the SBIPA procedure.

2.3. Physical Characterization

The crystal structure of the prepared catalysts was investigated using X-ray diffraction
(XRD) with a Bruker D2 Phaser operating using Cu K radiation at 30 kV, 10 mA, and
12° min~! scan rate. To evaluate the crystallite size, the Scherrer equation was applied
using the Pd (111) peak details. To quantify the metallic species in each catalyst powder,
inductively coupled plasma optical emission spectrometry (ICP-OES) was applied using a
Spectro Ciros Vision spectrometer by Spectro Analytical Instruments Inc. (Kleve, Germany).
The samples were first digested in HNOj3 (2%), followed by 10-fold dilution in aqua-
regia (8%). The surface-weighted chemical composition of the catalysts was examined
through energy-dispersive X-ray spectroscopy (EDX) attached to a JEOL JSM 6010LA
scanning electron microscope (SEM) by JEOL Ltd. (Tokyo, Japan). Each catalyst surface
was examined twice applying two different accelerating voltages: 10 kV and 20 kV [97]
enabling studying the composition at two different depths. The catalyst morphology
was examined by transmission electron microscopy (TEM) employing a Phillips C100
microscope (Hillsboro, OR, USA) operating at 100 kV applying LaBg filament. The TEM
samples were prepared by suspending 5 mg of each sample powder in 2 mL of ethanol.
Then, the mixture was sonicated for 1 h. A spray atomizer was then used to take 10 uL of
the suspension to paint the holey carbon-coated Cu grid. The grid was left to dry for 24 h.
The surface chemistry of the prepared electrocatalysts was studied by X-ray photoelectron
spectroscopy (XPS) employing a Thermo Scientific K-Alpha+ spectrometer (Waltham, MA,
USA). An Al-X ray source (72 W) and 400-um? were applied. The pass energy to record the
data was 150 eV for survey scans and 40 eV for high-resolution ones. The survey scan step
size was 1 eV, but that of the high-resolution was 0.1 eV. Low-energy electrons and argon
ions were used to neutralize the charge. CasaXPS from Casa Software Ltd. (Teignmouth,
UK) was used to analyze the data and employed a Shirley-type background and Scofield
cross-sections with an energy dependence of —0.6.

2.4. Working Electrode Preparation

Catalytic inks were prepared by ultrasonically dispersing 5 mg of each catalyst in 2 mL
of ethanol and 25 pL of 5 wt.% Nafion suspension for 30 min. Subsequently, 5 uL of the
prepared ink was deposited onto a glassy carbon electrode (GC, A = 0.0707 cm?, inactive for
BOR [98]) and left to dry at room temperature for 1 h. Catalyst loading was 0.175 mg cm 2
for all catalysts. The total metal loadings (calculated based on the ICP-OES results) were
0.021, 0.027, 0.039, and 0.015 mg cm~2 for Pd/Cspipa, PAAuNi/Csprg, PAAUNi/ Cs gtep
and PdAuNi/Cgpipa, respectively. Pd loadings were 2.51, 2.41, 4.77, and 5.77 ug cm 2 for
Pd/CSBIPAr PdAuNi/CSBEG, PdAuNi/C3_Step, and PdAuNi/CSBIpA, respectively.
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2.5. Electrochemical Evaluation

Electrochemical characterization was carried out in a conventional three-electrode
setup of 125 mL. An ALS 2325 bipotentiostat (ALS Co., Ltd, Japan) combined with an RRDE-
3A apparatus was used for fundamental experiments. Pt served as a counter electrode,
and a saturated calomel electrode (SCE) as a reference electrode. All potential values within
this paper were converted and are presented relative to RHE.

BOR measurements were carried out using cyclic and linear scan voltammetry. A 2 M
NaOH solution was employed as the supporting electrolyte for all fundamental experi-
ments. Cyclic voltammetry (CV) measurements were carried out in the potential range
from OCP to 1.2 V applying scan rates from 5 to 1000 mV s~ 1. Furthermore, the temper-
ature effect was analyzed in the 25-65 °C temperature range. The BH;~ concentration
influence was studied in the 0.01-0.12 M range. Studies on the effect of temperature and
concentration were conducted at a scan rate of 50 mV s~!. RDE studies were carried
out by linear scan voltammetry (LSV) at 10 mV 51 by applying different rotation rates
(02400 rpm). Apart from the concentration study, all experiments were conducted in a
0.03 M NaBH4 in 2 M NaOH solution. Experiments were run at 25 °C and 0 rpm unless
otherwise stated.

2.6. Fuel Cell Testing

A laboratory-scale direct borohydride peroxide fuel cell (DBPFC, V = 100 mL for both
anodic and cathodic compartments) was assembled and tested. The two compartments
were separated by a Nafion®117 (DuPont, Wilmington, DE, USA) cation-exchange mem-
brane. A PAR 273A (Princeton Applied Research, Inc., Oak Ridge, TN, USA) potentiostat
using PowerSuite software (PowerCV+ PowerSTEP) was employed for control of the ex-
periments. The anolyte and catholyte were 1 M NaBH, in 4 M NaOH and 5 M H,O; in
1.5 M HCl solutions, respectively. The chosen compositions are proven to be optimal in
previous studies [99,100]. PAAuNi/Cggipa was employed as the anodic catalyst (1 cm?,
0.100 mg cm ™2 catalyst loading, 0.012 mg cm 2 metal loading). The catalytic ink used for
the anode was prepared as described in Section 2.4, with a GC tip used as substrate elec-
trode. The cathode was a Pt mesh with a high surface area (Johnson Matthey, A = 50 cm?)
to ensure that fuel cell performance was not limited by the cathodic process. Interelectrode
distance was the lowest possible to minimize ohmic resistance. DBPFC performance was
analyzed in the 25-65 °C temperature range. Cell polarization curves were recorded, and
the corresponding power density curves were plotted.

3. Results and Discussion
3.1. Physical Characterization Results

Figure 1 shows the XRD patterns of Pd/C and the three trimetallic catalysts. All cata-
lysts showed one broad peak at 25°, typical of graphitic Vulcan carbon. For the monometal-
lic Pd/C, the pattern showed four peaks that are characteristic of Pd (111), (200), (220),
and (311) faces at 39.8°, 46.5°, 68.3°, and 82.1°, respectively (PDF#46-1043). However, for
both trimetallic catalysts prepared by co-reduction (SBEG and SBIPA), there was a small
shift in the peak positions to lower diffraction angles. This shift is ascribed to alloying
among the three metals. Pd and Au, in particular, are well-known to exhibit remarkable
alloying behavior [95,101-108]. Although Pd and Ni are known to form a solid solution
for their bulk alloys, their potential for formulating a nanoalloy is lower [96,107-109]. It is
not uncommon to see distinctive Ni(OH), peaks at 60.1°, which is indicative of bulk Ni
species segregation. In the present study, the shift in the two co-reduced trimetallic samples
was suggestive of a nanoalloy formation among the metals. However, the appearance of
Ni(OH); peaks at 33.4° and 60.1° in the case of PdAuNi/Cspgg implied there was some
Ni segregation in the bulk of that catalyst. Additionally, these Ni(OH), peaks were also
present in the three-step catalyst, although smaller than that of Pd AuNi/Cgpgg.
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Figure 1. (A) XRD patterns of PdAuNi/Cspgg, PAAuNi/Cspipa, Pd/Cspipa, and PAAUNi/Cs step and (B) the enlarged (111)

facet for the four catalysts.

In contrast to PAAUN/Cs step and PdAuNi/Cgpgg, the catalyst synthesized via the
SBIPA protocol did not show any individual Ni peaks. This indicated a higher potential
of mixing of the three metals when the SBIPA protocol was used. KBr addition may
also have contributed due to the replacement of the smaller CI~ anion with Br~ during
synthesis [110].

Unlike the SBEG and SBIPA catalysts, the XRD peaks of PAAuNi/Csgtep were closer
to pure Au (PDF#04-0784) than pure Pd (PDF#46-1043). This suggested the formation
of Au@Pd (core@shell) structure as a consequence of the stepwise reduction process as
previously reported [92,93]. Another important observation is that the XRD peak shift to
lower diffraction angles was suggestive of the expansion of the Pd crystal lattice by the
incorporation of the larger Au atoms into the Pd lattice. Ni is, theoretically, expected to
contract the lattice, not to expand it. However, previous studies have found that adding
Ni to Pd does not seem to displace the Pd diffraction peaks and therefore Ni does not
necessarily contract the Pd lattice [59,111,112]. The peak shift in the case of PdAuNi/Csprg
and PdAuNi/Csgipa is therefore consistent with lattice expansion and tensile strain that
could upshift the d-band center and decrease the adsorbate-Pd bond strength [105].

The XRD Pd(111) peak of the four catalysts was analyzed to extract the peak broad-
ening and diffraction angle values of each sample, and subsequently to determine their
structural parameters: particle size, interplanar distance, and lattice constants (Table 1). The
detailed analysis is explained in section “1. XRD calculation” of supplementary informa-
tion (SI). While the interplanar distance and lattice constant were the same for Pd/Cgpipa,
PdAuNi/Cggipa, PAAuNi/Csprg (2.26 and 3.92 A, respectively), it has increased in the case
of PAAuNi/Cjgtep to 2.33 and 4.03 A, respectively. It is noteworthy that the smallest parti-
cle size and highest broadening (FWHM) were those of PdAAuNi/Cggipa, followed by the
monometallic Pd/Csppa, PAAuNi/Cspgg, and, finally, PAAuNi/Cs gtep- Factors other than
crystallite size can also contribute to peak broadening, e.g., the instrument employed and
the lattice strain. However, the Scherrer equation (Equation (S3)) is known to provide a re-
liable approximation of the crystallite size. The large particle size of PdAuNi/Cj gtep could
be attributed to its Au-like structure, which presents larger lattice and interplanar distances.

Table 1. Structural and morphological parameters of Pd/Cspipa, PAAuNi/Cgpipa, PdAAuNi/Cspgg,
and PdAuNi/Cs step-

Catalyst 26° FWHM"* d-Space (A) a(A) TxrD (Nm)
Pd/Csprpa 39.8 2.19 2.26 3.92 43
PdAuNi/Cgprpa 394 2.47 2.26 3.92 3.8
PdAuNi/Cgprg 39.6 232 226 3.92 49
PdAuNi/Cs.siep 385 111 233 403 89
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The bulk elemental composition of the synthesized catalysts was investigated by ICP-
OES, as illustrated in Table 2. For Pd/Csgipa, the identified Pd loading was 12 wt.%, equiv-
alent to the theoretical value. For PdAuNi/Cgpipa, PAAuNi/Cspgg, and PAAuNi/ Csstep,
Pd loadings of 9 wt.%, 16 wt.%, and 22 wt.% were identified, respectively.

Table 2. ICP-OES metal composition of Pd/Cgpipa, PAAuNi/Csppa, PAAuNi/Cspgg, and PAAUNi/Cy gtep-

Catalyst Pd/wt.% Au/wt.% Ni/wt.%
PdAuNi/Csprpa 5.1 2.6 0.7
PdAuNi/CSBEG 4.8 0.8 9.9
PAAuNi/Csstep 7.5 5.5 9.3

While ICP-OES determines the whole composition of the catalysts, the catalytically
active sites are not dispersed throughout the bulk of the material. Instead, interaction with
reactants takes place at surface sites. Therefore, the surface-weighted technique of EDX
was used to gain insights into the composition of the catalysts in the catalytically relevant
surface region. Figure 2 shows EDX metal elemental maps of PAAuNi/Cspgg.

Figure 2. Elemental maps of (A) Pd, (B) Au, (C) Ni, (D) C, and (E) O obtained by EDX spectroscopy
of PAAuNi/Cspgg at 10 kV.

While the Pd (A) and Au (B) maps show similar and relatively even distribution of
both metals, the Ni map (C) shows three areas that were more densely populated with Ni
species, indicating that Ni was not homogeneously distributed at the surface. The regions
of high Ni density correspond to regions of low density in the C map (D) and in the O map
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(E). This may suggest that some bulk segregation of Ni(OH), had occurred, as supported
by XRD data where a Ni(OH), peak was observed, Figure 1.

Table 3 shows the quantitative composition data extracted from EDX in both weight
and atomic percent for the three trimetallic catalysts investigated. This aimed to highlight
the different surface metal segregation by applying two accelerating voltages: 10 kV and
20 KV, the latter providing greater surface penetration. Unlike Pd and Au, the atomic
concentration of Ni at 10 kV was larger than that at 20 kV. This further confirms that
Ni segregation to the catalyst surface occurred. EDX analyses revealed higher metal
loading than either ICP-OES or the theoretical compositions, as the synthesis resulted in
a heterogeneous composition throughout the carbon support, with metal preferentially
located towards the surface, beneficial for catalysis.

Table 3. Quantitative EDX analysis of PdAuNi/Cspgg, PAAuNi/Cj step, and PAAuNi/Cgprpa at
10 kV and 20 kV.

PdAuNi/CSBEG PdAl.lNi/C3.5tep PdAUNi/CSBIPA
10kV 20 kV 10kV 20 kV 10kV 20 kV
wt% at%. wt% at% wt% at%. wt% at.% wt% at%. wt% at%

C 639 827 623 806 626 845 618 828 601 8.6 593 815
o 6.67 648 848 825 444 450 542 546 463 484 656 6.77
Ni 134 354 123 325 851 235 674 18 102 290 897 252
Pd 6.03 08 623 091 104 158 107 162 115 180 113 175
Au 382 030 393 031 796 066 817 067 792 067 756 0.63

Figure 3 shows the EDX maps of PAAuNi/Cgppa. Unlike PAAuNi/Cgpgg, the Au
(A), Pd (B), and Ni (C) maps show that the three metals were co-located with high-density
regions of one metal corresponding to high-density regions of the others. Areas of low
metal density corresponded to density regions in the C map (D). This is anticipated, as at
regions of low metal density, the bare C support was exposed at the surface. Although
to a lesser extent than PdAuNi/Cgpgg, the quantitative data for PAAuNi/Cspipa (Table 3)
indicated a slightly higher concentration of Ni at 10 kV (2.90 at.%) as compared to that at
20kV (2.52 at.%), perhaps indicating some surface segregation of Ni for this material as well.
Overall, PdAuNi/Csppa showed relatively homogeneous metal distribution throughout
the surface region, indicative of good mixing characteristics of the three metals in this case.
This was further supported by the absence of any distinctive Ni peaks in this catalyst XRD
pattern. Similar to PdAuNi/Cspjpa, the EDX analysis of PAAuNi/Cj.sep revealed that Pd,
Au, Ni, and C were co-located with each other (Figure S1), suggesting good mixing and
little Ni segregation in this material.

Figure 4 shows representative TEM micrographs obtained for the Pd/Csgipa,
PdAuNi/Cspipa, PdAuNi/Cspgg, and PAAuNi/Cs gtep electrocatalysts, with additional
TEM images being included in SI (Figures S2-S5). Examining the micrographs, the pres-
ence of highly dispersed metal nanoparticles on the carbon surface could be inferred.
The very small particles indicated metal nanoparticles, while the large grey particles
(40-60 nm) indicated the carbon aggregates. However, some particle aggregation and
agglomeration could also be seen. This could be due to the synthesis method and/or being
a monometallic system, which can promote particle growth and agglomeration more than
a bimetallic or trimetallic one [56]. Comparing the trimetallic PdAuNi/Cgpipa catalyst
with the monometallic one prepared by applying the same protocol suggests that the latter
explanation may apply in this case.

33



Nanomaterials 2021, 11, 1441

Figure 3. Elemental maps of (A) Pd, (B) Au, (C) Ni, and (D) C of PdAuNi/Cgpgipa obtained by EDX
spectroscopy at 10 kV.

Figure 4. TEM micrographs and corresponding particle size distribution histograms of (A) Pd/Cspipa,
(B) PAAuNi/Cgpipa, (C) PAAuNi/Cgpgg, and (D) PAAuNi/Csstep-
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PdAuNi/Cgpipa particles (1-6 nm, consistent with XRD analysis, Table 1) were very
well dispersed, and less particle aggregation could be seen as compared to Pd/C. The re-
verse situation was noted for the PdAuNi/Cgggg, which showed significant particle ag-
gregation. Above those few carbon particles, high metal particle aggregation could be
seen. This could be promoted by the NaBHy-ethylene glycol reduction complex at 40 °C.
Additionally, as discussed above with reference to the EDX map (Figure 3C), the high Ni
content in this catalyst might contribute to this agglomeration, noting that Ni exists only in
the form of Ni(OH), (Figure 5).

3ds, == -Pd/Cggps
’. .
3d3/2 I~ \' ............ PdAuNl/CSBIPA
7 I\ ——PdAuNi/C,
PN !
. L, .
i \ -\ = = = PdAuNi/Cygr

Intensity / a.u.

344 340 336 332 328
Binding energy / eV

Figure 5. XPS spectra of Pd 3d in PdAuNi/Cspipa, Pd/Cspipa, PdAuNi/Csprg, and PdAuNi/ Cs.step,
showing Pd 3dj3,, and Pd 3d5,, peaks.

The preparation method may also play a role in the promotion of agglomeration.
For PdAuNi/Csggg, the metal precursors were initially mixed in ethylene glycol, followed
by the slow addition of NaBHy. Once the NaBH,4 addition commenced, the orange /brown
solution turned black instantly, alongside the formation of bubbles. PdAuNi particles
had most likely been reduced and segregated before the carbon support was added. For
PdAuNi/Cs.step, on the other hand, Ni was initially reduced on the carbon surface (for
30 min), followed by Au (for 30 min), and finally Pd (for 30 min). As is clear from the XRD
and EDX measurements, Ni segregation occurred once again, further verified by the obser-
vation of Ni(OH), peaks, albeit in lower intensity than for PdAuNi/Cgspgg. Additionally,
Au had most likely formed a core@shell structure with Pd, since the XRD pattern was more
representative of Au than of Pd. Although to a lesser degree than PdAuNi/Csggg, signifi-
cant particle aggregation was observed, and particle size was the largest in comparison
to the other catalysts. Following PdAuNi/Csstep, PdAuNi/Cspgg particle size was larger
than that of both Pd/Cgppa and PAAuNi/Cgppa. The PAAuNi particle sizes obtained
were slightly smaller than previously reported for trimetallic systems [68,69].

Figure 5 shows the XPS measured data for the Pd 3d peak positions of the four
catalysts. The molar Pd:Au:Ni ratio of PAAuNi/Cspipa equaled 64:17:19, while it was
5:1:94 and 58:6:36 for PAAuNi/Cspgg and PAAuNi/Cs.sep, respectively. This showed the
abundant Pd presence on the surface of PAAuNi/Csgtep and PdAuNi/Cgpipa samples,
while PdAuNi/Cgpgg contained mainly Ni (94 at.%) and only 6 at.% Pd and Au com-
bined. Furthermore, it is noteworthy that the highest oxygen content (5.19 at.%) existed in
PdAuNi/Cgggg, likely a consequence of the presence of significant Ni(OH); (2.19 at.%).
The Pd 3d peak of Pd/Cspipa (Table S1 in SI) could be deconvoluted into a high-energy
band corresponding to Pd 3d3,, (340.73 eV) and a low-energy band corresponding to Pd
3ds,7 (335.43 eV). Those bands were shifted approximately 0.40 eV to higher binding en-
ergy compared to pure Pd, due to the interaction with the C support. Moreover, the Pd 3d
binding energies of PdAuNi/Cgspgg and PAAuNi/Cgpipa samples were shifted ~0.5 eV and
0.15 eV, respectively, to lower binding energies. On the contrary, Pd 3d of PAAuNi/Cj.step
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was shifted 0.05 eV to binding energy higher than that of the Pd/Cgppa sample. Pd 3d
peak positions are shown in Figure 5. Ni 2p and Au 4f were also shifted in the three
trimetallic samples compared to pure Au and Ni, the binding energies of which were 84 eV
and 855.6 eV (Ni(OH),), respectively. While the Ni peaks shifted towards higher binding
energy compared to pure Ni, the reverse trend was observed for Au. The Ni 2p shift
was estimated to be +0.3 eV, +0.7 eV, and +0.8 eV for PdAuNi/Csgpa, PAAuNi/Csgrg,
and PdAuNi/Cs.step, respectively. The Au 4f shift was —0.3 eV, —0.4 eV, and —0.2 eV
for PdAuNi/Cspipa, PdAuNi/Cspgg, and PdAuNi/ Cs gep, respectively. The shift in the
binding energy was indicative of a change in the adsorption behavior of the respective
catalysts. The presence of Au and Ni potentially explains why PdO was not detected
in the trimetallic sample, unlike in the monometallic one, which contained 20 wt.% of
Pd as PdO. Adding both Au and Ni enhanced Pd air stability. The full XPS surveys are
illustrated in Figure S6. The individual elemental (Pd 3d, Au 4f, and Ni 2p) XPS peaks
are available in Table S1, which confirms that Pd and Au existed in the metallic state in
the trimetallic samples, Pd existed in metallic and oxide form in the monometallic sample,
and Ni predominantly existed as Ni(OH),. The Ni 2p peak in the PAAuNi/Cgspipa sample
contained some Ni metal alongside Ni(OH),, unlike PdAuNi/Cspgg and PdAuNi/Cj step-
This further exemplifies the good mixing of the three metals obtained by the SBIPA protocol,
which was corroborated by the XRD and EDX data.

PdAuNi/Cspgg has furthermore achieved the highest shift of Pd 3d to the left,
which was also the broadest from the four-sample Pd 3d peaks as reported for the addition
of Ni to Pd [108]. Examining the Ni 2p peaks of the three trimetallic samples, two high-
binding-energy satellite peaks were adjoined to the main peaks of Ni, which indicates
Ni multi-electron excitations [59,96,111,112]. Additionally, in the case of PAAuNi/Cspgg
and PdAuNi/Cj.step samples, the single pattern of two Ni 2p peaks suggests the presence
of only one oxide species, Ni(OH),, in contrast to the findings of Ramulifho et al. [113].
In terms of co-reduction, Au is the easiest of the three metals to reduce, followed by Pd.
On the contrary, Ni is the slowest to reduce [95,114]. Therefore, it may not be incorrect
to assume that the surface of the trimetallic catalysts (especially PdAuNi/Cgspgg) was
richest in Ni and poor in Au, which was evident from the XPS and EDX measurements.
On the other hand, the core would be highly populated with Au and lacking a substantial
Ni proportion.

3.2. Borohydride Oxidation Reaction Studies

The catalytic performance of the three PAAuNi/C electrocatalysts towards the BOR
was initially investigated by scanning comparative CVs in 2 M NaOH with 0.03 M NaBH,
and in pure 2 M NaOH. Along with evaluating the activity of the synthesized trimetallic
catalysts, the response of monometallic Pd/C was also evaluated in order to better under-
stand the role played by Au and Ni. The CVs of three catalysts as well as of monometallic
Pd/C depicted in Figure 6A—C show the absence of any relevant anodic peaks in the
BOR potential region in NaOH solution, implying that the current generated during CVs
recorded in the presence of BHy ™~ originated from its oxidation. Based on the shape of
the CVs and similar OCP values of ca. —0.12 V, it could be assumed that the studied
catalysts promoted similar reaction mechanisms. Similar OCP values were reported in
other recent studies on BOR at Pd-containing materials [53,54]. Within the scanned po-
tential range, CVs of three different catalysts showed two oxidation peaks in the positive
scan, while an additional sharp oxidation peak was evident in the reverse scan. The first
oxidation peak appeared as a wide oxidation hump at ca. 0.29 V for the PdAuNi/Csgrg
and PdAuNi/Cgpipa catalysts, while in the case of PdAAuNi/Cs_gep, this peak was more
pronounced and positioned at more positive potential (0.38 V). It is believed that this
peak can be attributed to H, oxidation, which originates from the borohydride hydrolysis
reaction, and to the initial oxidation of adsorbed BH3OH™ [54]. The second anodic peak
at ~0.8 V for all examined samples can be considered to originate from electrooxidation
of BHy ™ as well as BH3;OH™ [48,54]. PdAuNi/Csgpa gave the best catalytic response,
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reaching the peak current density of 46 mA cm~2 at 50 mV s~ a value considerably
higher than those reached employing carbon-supported Pd-Cu [115], Pd-Au [116], and
Au-Ni [117] alloy nanoparticles. Additionally, the oxidation peak on the cathodic scan in
the potential window from 0.5 to 0.8 V for all three studied samples was most likely related
to the oxidation of BH3OH ™ [118], which was formed during the anodic scan and stayed
adsorbed on the oxidized electrode surface until it was reactivated by reduction of the
surface oxides.

401 PdAuNi/Cgypq (A) | PAAuNI/Csprps B)
o
'S 30{ — 0.03M NaBH,
R - - -absence of NaBH,
é 20+
~
o—
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Figure 6. CVs (third cycle) in the absence (2 M NaOH) and presence (2 M NaOH + 0.03 M NaBHy) of
BH, ™ for (A) PdAuNi/Cgpgg, (B) PdAuNi/Cspipa, and (C) PAAuNi/Cs gtep electrocatalysts, and (D)
comparative CVs of trimetallic and Pd/Cspipa monometallic catalysts in the presence of BH; ™. CVs
ran at 50 mV s~ and 25 °C.

0.0 0.5 1.0
Evs.RHE/V

The catalytic performance of the synthesized materials was further compared with
the response obtained for monometallic Pd/Cgpgipa. Figure 6D reveals the inferior catalytic
activity of Pd/Csppa. Introducing Au and Ni into Pd provided more active sites where
BH4~ adsorption could take place and as such, trimetallic catalysts were expected to
exhibit higher activity towards BOR. Improved catalytic properties can be explained by the
produced synergistic effect of combining Pd with Au, a metal that is relatively inert towards
hydrolysis, and Ni, a 3d transition metal, and the resultant electronic effect. In terms of
electronic interaction, as XPS results suggest, the addition of Ni may have influenced
the atomic band structure of the other two metals. This can further lead to the reduced
adsorption energy of BOR intermediates, thus preserving those active sites for BHy ™~
adsorption and further encouraging BOR activity [119].

The PdAuNi/Cgpipa highest catalytic activity most likely resulted from the absence
of segregation of Ni. This enabled an improved degree of alloying in comparison with
the other two studied catalysts, as confirmed by XRD results. Additionally, the enhanced
catalytic activity of PAAuNi/Csgpa could also be associated with the better dispersed
multi-metallic particles of smaller average size, confirmed by TEM analysis and the re-
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spective EDX elemental maps. Smaller particle size and interparticle distance produced
larger surface area and, therefore, were deemed beneficial for catalytic reactions. However,
caution must be practiced as Antolini et al. [120] reviewed that decreasing the particle size
below 5 nm and interparticle distance below 20 nm adversely impacts the reduction of
oxygen, as well as reactions of ethanol and methanol oxidation on Pt surfaces. The situa-
tion would be worse for a highly aggregated particle system due to exceedingly smaller
interparticle distance. That is a likely reason for the lower PdAuNi/Cspgg performance in
the present study. The CVs shown in Figure 6 are also available in specific current density
(MA mgeta 1) in SI (Figure S7).
BOR kinetic parameters are summarized in Table 4 for each catalyst.

Table 4. Kinetic parameters for BOR at the four studied catalysts.

Catalyst o« n B Ea/k] mol—1
PdAuNi/Cspgg 0.60 2.8 0.91 34.0
PdAuNi/Caprpa 0.75 7.1 1.00 16.7
PAAUNI/Cs,tep 0.73 7.4 112 29.9

Pd/Cspipa 0.70 1.2 0.94 28.9

For all samples, an upward trend of current density with increasing polarization rate,
as well as a small shift in the position of the characteristic BH;~ oxidation peak to more
positive potentials were observed. Figure 7A illustrates this behavior for PdAuNi/Cgpipa
as the best material. This allowed for the determination of the charge transfer coefficient
(x) values using the expression describing the peak potential dependence on the logarithm
of polarization rate (Ep, vs. In v) for irreversible processes [12,121]. The values were found
to be relatively similar for all studied catalysts (Table 4), with PdAuNi/Cgpipa showing
the highest « value. High values indicate that BOR at examined electrocatalysts was an
irreversible and diffusion-controlled process. The obtained values are comparable to the
ones reported for catalysts containing Pd, Au, and Ni [12,25,47,79,100,121].

In the case of PdAAuNi/Csgpipa (Figure 7B), a significant increase in anodic current
densities when recording the CVs starting from 0.01 M to 0.12 M NaBH, concentration was
evident. The CVs revealed that the anodic current density value amounted to 8.5 mA cm ™2
for the lowest concentration (0.01 M), while a value nine times higher was achieved for
the highest NaBH4 concentration. The observed trend corresponded to enhanced mass
transfer, and this behavior agrees with previous reports employing Au-, Pd-, and/or
Ni-based electrocatalysts [48,78,79,122,123]. In addition, the oxidation process started at
lower potentials but reached its maximum at more positive potential values. The order
of reaction (3) values was obtained using In j vs. In ¢ plot slope and ranged from 0.91 for
PdAuNi/Cgggg to 1.12 for PdAuNi/Cg,,step.

CVs obtained at elevated temperatures also exhibited higher current densities for all
studied electrocatalysts. This behavior was expected, since higher temperatures lead simul-
taneously to a decrease in solution viscosity, resulting in a higher BH, ™ diffusion coefficient,
and faster electron transfer kinetics. By constructing the Arrhenius plots [121], depicted in
the inset of Figure 7C, and applying the Arrhenius equation, the values of the apparent
activation energy, E,°PP, were estimated. PdAuNi/Cspipa showed the lowest value of
16.7 k] mol~1, while the highest value of this parameter was observed for PdAuNi/Cgsprg
(34 k] mol ). Similar values were reported for mono- and bimetallic noble metal or/and
transition metal-containing materials. For instance, BOR at carbon-supported Pd catalyst
(prepared using different synthesis methods and types of carbon support) [53,124] has been
shown to proceed with activation energy ranging from as low as 10 kJ mol ™~ to 26 k] mol 1.
Moreover, E,?PP of BOR at a commercially available Pt/C [22] catalyst was reported to
have a value of 34 k] mol !, while alloying with transition metals (Co and Ni) resulted in
lower values (25 and 20 k] mol ™!, respectively).
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Figure 7. CVs of PdAuNi/Cgppa at (A) different scan rates, v, and the derived E;, vs. In v plots (inset), (B) different NaBH,
concentrations and the derived In j vs. In ¢ plots (inset), (C) different temperatures and the derived Arrhenius plots (inset),
and (D) LSVs of PdAuNi/Cgppa at 10 mV s~! and different rotation rates and the derived Koutecky-Levich plot (inset).
The electrolyte solution used was 0.03 M NaBH, + 2 M NaOH, polarization rate was 50 mV s~ 1, with room temperature
(25 °C), unless otherwise noted.

The reaction kinetics were additionally examined using RDE LSVs, and polarization
curves were obtained; the corresponding j~* vs. w~1/2 plot for the currents taken at 0.9 V
(inset) is shown in Figure 7D. From the slope of j =1 vs. w™'/2 plots and using the Koutecky-
Levich equation, n values were obtained [125]. The shift of half-wave potential with an
increase of the electrode rotation speed confirmed the irreversibility of the reaction.

The n values for PdAuNi/Csgtep and PAAuNi/Cgpipa electrocatalysts (7.4 and 7.1,
respectively) were determined to nearly match the theoretical value of 8, while significantly
lower values were obtained for the other two materials (2.8 and 1.2 for PdAAuNi/Csgrg
and Pd/Cgppa, respectively). Although in terms of current densities, PAAuUNi/Cs.step
showed significantly lower values than PdAAuNi/Csgipa, the highest n value could be
explained by Au@Pd (core@shell) structure formation previously identified in the XRD
analysis. Such a structure makes the behavior of the catalyst more Au-like due to the
core position of those nanoparticles and as such, less active toward the BH4~ hydrolysis
reaction [12,100,126]. The lower faradaic efficiency of PAAuNi/Cspgg and Pd/Cspipa was
most likely a consequence of the higher hydrolysis rates at those two electrocatalysts.
Obtained n values for PdAAuNi/Cgggg and Pd/Cspipa are similar to the ones obtained
for other Pd-containing materials reported in previous studies. For instance, Martins
et al. [54] reported n values of 2 and 5.6 during BOR at Pd nanoparticles with two different
types of biobased carbon supports. For other Pd-based catalysts, depending on NaBH,
concentration, n values between 2 and 6 [53,118] were obtained, indicating hydrolysis
occurrence in parallel with the oxidation of BH; ™. Song et al. [127] recently reported high
BOR current densities for a ternary CuPdNi electrode, but at high overpotentials and an n
value of 4.9, far from those obtained for the two best catalysts in this work. Alloying Pd
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with Au resulted in n ~6, as reported by Simoes et al. [57], also lower than values than
obtained herein for PAAuNi/Cgpgg and Pd/Cgpipa. Figure 7 is also available in specific
current density (Figure S8 of SI).

3.3. Fuel Cell Testing

Figure 8 (available in SI in specific current density, Figure S9) depicts the polarization
and power density curves of a single cell with PdAuNi/Cgpipa anode operating at two
different temperatures, 25 and 75 °C, along with anode and cathode potentials measured
during the cell operation and experimentally measured cell voltage. The cathode potential
measured in zero current regime (open-circuit conditions) at 25 °C was almost identical
to the equilibrium potential of H,O, reduction given in Equation (4) (E° =178 V), sug-
gesting direct HO, reduction. As for the cell operating at elevated temperature (75 °C),
this value was slightly less positive, as expected, implying H,O, disproportionation was
followed by O, reduction to a certain extent [18,21]. On the other hand, the anode potential
measured during the experiment was significantly higher than the equilibrium potential
for BOR described by Equation (1), implying that the anodic process also involved side
reactions, such as oxidation of H and BH30OH ™~ generated during spontaneous hydrolysis
of BH4 ™ [128]. Moreover, from Figure 8B,C, a small difference between cell voltage, Ej;,
and the calculated potential difference of the half-reactions, E.—E,, could be observed,
which revealed minor resistance of system components.
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Figure 8. (A) Polarization and power density curves at 25 and 75 °C for a DBPFC using a PdAuNi/Cggpa anode and a
Pt cathode. The cathode and anode potentials, their potential difference, and Ej are also represented at (B) 25 °C and

(C) 75 °C.

Considering the pH values of electrolytes, the theoretical voltage value of such fuel
cells was expected to be close to 3 V. However, the cell polarization curves show an OCV
value of ~1.9 V at both temperatures. This fluctuation in OCV value was mainly triggered
by the mixed potential occurrence on the anodic side and it agrees with the reports from
the literature for DBPFCs studies performed under conditions similar to the ones reported
herein [18,125,128]. After the initial voltage decay due to activation losses, cell voltage
continued to decrease linearly with current density, while mass transport effects were not
evident. The power density value reached its maximum of 47.5 mW cm~2 at 0.6 V and
78 mA cm 2. As expected, at an elevated temperature of 75 °C, the kinetics of both fuel cell
reactions (BOR and HPRR) was faster, and a significant improvement in cell performance
was displayed. The maximum value of power density that was obtained at this temperature
was almost four times higher than that at 25 °C, amounting to 175 mW cm~2. This value
was exhibited at a cell voltage value of 0.7 V, while current density reached 247 mA cm 2.
The comparison of the DBPFC results obtained herein with the ones from the literature is
shown in Table 5.
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PdAuNi/Cgpipa exhibited the best performance among the presented electrocata-
lysts, even when compared with the typical (and expensive) electrocatalysts exclusively
composed of noble metals (e.g., Pd [128], Au/C [129]). It shows that the alloying effect,
especially between noble and low-cost metals, is one of the best ways to decrease the price
of electrocatalysts while increasing their catalytic activity. In fact, the highest activity of
PdAuNi/Cgsgipa towards BOR, i.e., the most pronounced synergistic effect, might be due to
the complete mixing of three metals by the SBIPA procedure, as indicated by XRD analysis.
Furthermore, XRD and XPS analysis indicated the decrease of adsorbate-Pd bond strength
that could lead to faster release and subsequent oxidation of the reaction intermediates.
Thus, PAAuNi/Cggipa was demonstrated to be 1.5 and 1.6 times more active (in terms of
current density) for BOR than Ni@Pd/PANI [130] and PtNi/C [131] electrocatalysts, which
reflects the advantage of using a trimetallic alloy, probably due to the mentioned synergic
effect. Carbon-supported AuxNiyCu, trimetallic electrocatalysts [119] exhibited better
results than PdAAuNi/Cgpjpa at high Au amounts (Aup;NiCu). For the other compositions,
PdAuNi/Cgsppa was demonstrated to be a more effective anode, showing that the affinity
between the metals is crucial to promote a notable alloying effect.

4. Conclusions

PdAuNi carbon-supported trimetallic catalysts were successfully synthesized by three
different routes. A PAAuNi/Cspjpa catalyst, synthesized via reduction using a NaBHjy-
2-propanol complex, presented the best alloying effect, while the other two materials
showed the presence of segregated Ni species, as confirmed by XRD, TEM, and XPS
analyses. The results obtained from CV and LSV measurements revealed that the catalysts
performed well towards BOR. The PdAuNi/Cgpipa catalyst exhibited the highest activity,
evidenced by the high number of exchanged electrons amounting to 7.1, and the lowest
apparent activation energy (ca. 16.7 k] mol~!). Furthermore, DBPFC operating at two
different temperatures (25 and 75 °C) employing a PdAuNi/Cgppa anode showed a
maximum power density of 47.5 mW cm~2 at 25 °C, with a significant improvement with
a temperature increase and peak power density of 175 mW cm ™2 at 75 °C. Considering the
economic benefits of alloying and using support materials, and the results obtained herein,
it can be concluded that PdAAuNi/Cgpipa is an interesting candidate for the application in
DBPFC as anode material.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/nano11061441/s1, Figure S1: (A) Pd, (B) Au, and (C) Ni elemental maps of PAAuNi/Cs.gtep 0b-
tained by EDX spectroscopy at 20 kV, Figure S2: TEM images of Pd/Cgpipa electrocatalyst, Figure S3:
TEM image of PdAuNi/Cgpgpa electrocatalyst, Figure S4: TEM image of PdAuNi/Cspgg electrocat-
alyst, Figure S5: TEM images of PAAuNi/Cs.step electrocatalyst, Figure S6: XPS survey spectra of
Pd/Cspipa, PAAuNi/Csppa, PAAUuNi/Cspgg, and PAAuNi/Cs step, Figure S7: CVs (third cycle) in
2 M NaOH + 0.03 M NaBHj for (A) PAAuNi/Csggg, (B) PAAuNi/Csprpa, and (C) PAAUNi/Ca.step
electrocatalysts and (D) comparative CVs of trimetallic and Pd/Cgpipa monometallic catalysts. CVs
run at 50 mV s~ ! and 25 °C, Figure S8: CVs of PAAuNi/Cgpipa at (A) different scan rates, v, and
the derived Ep, vs. In v plots (inset), (B) different NaBHy concentrations and the derived Inj vs. In
c plots (inset), (C) different temperatures and the derived Arrhenius plots (inset), and (D) LSVs of
PdAuNi/Cggpa at 10 mV s~ and different rotation rates and the derived Koutecky-Levich plot (in-
set). The electrolyte solution used was 0.03 M NaBH, + 2 M NaOH, polarization rate was 50 mV s L
and room temperature (25 °C), unless otherwise noted, Figure S9: (A) Polarization and power density
curves at 25 and 75 °C for a DBPFC using a PdAuNi/Cspipa anode and a Pt cathode. The cathode
and anode potentials, their potential difference, and E; are also represented at (B) 25 °C and (C)
75 °C., Table S1: XPS elemental peaks of Pd 3d, Au 4f, and Ni 2p in Pd/Cgpipa, PAAuNi/Cspipa,
PdAuNi/Cgsggg, and PdAuNi/ C3_Step.
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Abstract: A comparative experimental study between advanced carbon nanostructured electrodes, in
similar hydrogen uptake/desorption conditions, is investigated making use of the recent molecular
beam-thermal desorption spectrometry. This technique is used for monitoring hydrogen uptake
and release from different carbon electrocatalysts: 3D-graphene, single-walled carbon nanotube
networks, multi-walled carbon nanotube networks, and carbon nanotube thread. It allows an
accurate determination of the hydrogen mass absorbed in electrodes made from these materials, with
significant enhancement in the signal-to-noise ratio for trace hydrogen avoiding recourse to ultra-high
vacuum procedures. The hydrogen mass spectra account for the enhanced surface capability for
hydrogen adsorption in the different types of electrode in similar uptake conditions, and confirm
their enhanced hydrogen storage capacity, pointing to a great potential of carbon nanotube threads
in replacing the heavier metals or metal alloys as hydrogen storage media.

Keywords: hydrogen storage; nanometrology; carbon nanotubes; graphene; nanotubes thread;
desorption spectrometry

1. Introduction

The development of a sustainable energy system is one of the most important chal-
lenges today and electrocatalytic hydrogen evolution is one of the most important ways
to develop a sustainable energy system based on hydrogen technologies [1]. Together
with suitable safe storage methods, this will pave the way for making this light fuel gas a
sustainable energy source. Among electrochemical energy conversion advances, hydrogen
energy is considered the most powerful candidate to alternate fossil energy due to its clean,
renewable, and environmentally friendly properties and high energy density [2-4]. Despite
the fact that in electrocatalytic water splitting the Pt cathode with near-zero overpotential
is considered the most effective catalytic cathode, it has a high cost and platinum is a scarce
resource [5]. With the purpose of seeking a low-cost and efficient catalytic cathode, many
materials have been extensively explored by several authors.

Currently, many studies have been devoted to the use of hydrogen storage solids as
active materials for application in fuel cells, and as a means of intermittency mitigation
in energy supplies, with the aim of carbonic neutrality and renewable clean energy as
urgent objectives. Activated carbons are ineffective in hydrogen storage systems because
only a small fraction of pores in their pore-size distributions are small enough to interact
strongly with hydrogen molecules at the gas phase. For small-sized systems, surface- or
interface-related sites assume crucial importance and can change the overall solubility of
hydrogen. Thus, for improving the kinetic characteristics of hydrogen storage in materials,

Nanomaterials 2021, 11, 1079. https:/ /doi.org/10.3390 /nano11051079 49

https:/ /www.mdpi.com/journal/nanomaterials



Nanomaterials 2021, 11, 1079

great attention has been paid to thermal desorption studies and calibration [6-8]. Thermal
desorption spectrometry (TDS) assures a good accuracy in monitoring hydrogen absorbed
in solid materials [9], and it is suitable for monitoring hydrogen evolution following the
application of a thermal ramp, in contrast to the determination of static sorption isotherms.
The use of a mass spectrometer allows evolved gas species to be identified, whereas the
other methods are non-selective. The binding energy of adsorbed molecules varies with the
nature of the adsorbate/surface materials, and desorption temperature gives information
on the binding energy [10,11].

An additional goal consists of looking for low weight and high performance hydro-
gen active storage media made from carbon nanomaterial assemblies. Several carbon
nanomaterial assembly-based electrodes are used in this work for comparing their relative
performance. With this purpose in mind, the recent molecular-beam thermal desorption
spectrometry (MB-TDS) is used in this work [12]. This technique is a variant of thermal
desorption spectrometry which has been developed to detect the hydrogen release by the
lowest amounts of solid samples, with several advantages [12-16].

2. Materials and Methods

A tuned desorption spectrum for hydrogen typically displays peaks caused by des-
orption with an origin on different adsorbed phases, and the total desorbed quantity of
hydrogen is determined from the integral of the mass spectrometer signal, providing it can
be adequately calibrated [12]:

t
nr = 1n(t)dt (1)
to

where nt represents the number of moles of desorbed hydrogen and n(t) the molar hydro-

gen desorption rate as a function of time.

Within the range of temperatures used in this work (below 400 K) hydrogen desorption
from chemisorbed sites in the material is not detected and so one can simplify the non-
equilibrium kinetics of the global desorption process by the following three elementary
steps:

() (C-H)ags — H(lat)

(i) Hdat) — H(s)

(iii) H(s) + H(s) — Hy(g) where H(s) are hydrogen atoms on the surface of the material
grains or nano-regions of the material, H(lat) are hydrogen atoms inside the material
lattice but outside the chemisorption centers, and (C-H),4s are the physisorbed
hydrogen atoms on active sites. The second stage is diffusion-limited, and from the
condition of maximum desorption at T = T}, one gets:

2 dif
In <T—’”) ~ Lo )
B kgT(Twm)

where E,% is the diffusion activation energy, kz the Boltzmann constant, and  the

heating rate.

The activation energy of desorption E; can then be determined from the linear depen-
dence of In(B/ Tmz) on 1/T,, and from these considerations, it is then possible to confirm or
not, if desorption is a diffusion-controlled process [17,18].

Pumping out the heated oven (with the sample inside), and considering that desorp-

tion activation energy, E; it is possible to show that desorption activation energy can be
obtained from the experimental MB-TDS desorption curves making use of the equation [19]:

BY__Ea  ,RB
ln(Trzn = RT, +1In E, 3)

where B stands for the Arrhenius pre-exponential factor, and R is the universal gas constant.
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Molecular-beam thermal desorption mass spectrometry is applied to the determination
of electrochemical hydrogen uptake and release by the samples. The MB-TDS apparatus has
already been described elsewhere [12] and is merely schematically displayed in Figure 1,
where a composite molecular beam of known intensity is produced from the degassing
solid sample at a certain temperature inside the oven.

Vacuum
Chamber

Connection
Flange

mMB saurce\

Molecular
Beam (MB)

Figure 1. Top view of the molecular-beam thermal desorption spectrometry (MB-TDS) configuration.

By tuning the mass spectrometer to the hydrogen gas, one can monitor its evolution
in time, thus measuring the amount of hydrogen desorbed from the sample. The effusion
beam can be geometrically defined as well as its fraction detected by the quadrupole mass
spectrometer (QMS) located in the forward direction (Figure 1).

Values of the order of 1 °C min~! have typically been used for the heating rate of
each sample. The hydrogen partial pressure background variation can be described by a
temporal decay [12,13].

By subtracting the residual hydrogen gas background (measured without the beam)
from the total amount of hydrogen impinging in the quadrupole spectrometer, one can
compute the real amount of hydrogen coming from the sample [12,13]. The ratio of the
hydrogen background partial pressure variations, for the situations of heating-on and
heating-off, lead to the simple following expression [12]:

No+Ny _ A

No o )

N and A stand, respectively, for the number of hydrogen molecules and the area under
the desorption curve, with the subscripts “0” and “b” assigned respectively to the situations
“without the beam” and “with the beam”.

Before introducing a sample in the oven of the MB-TDS apparatus, it needs to be
submitted to hydrogen uptake, and this is done by electrochemical hydrogen charging.
This procedure requires a previously experimental preparation of cathodes, which is
summarized here for different carbon nanomaterials.

(i) Graphene

Graphene structures have received considerable interest due to their outstanding
properties such as interconnected porous structures, enormous specific surface area, good
mechanical stability, and flexibility to tailor their surface chemistry [20-22].

A 3D-graphene in the form of a pellet, possesses a monolithic structure with high
electrical conductivity (148 S cm™1), well-controlled mesopore size (~2 nm), and good
electromechanical properties. Details about the synthesis and characterization of 3D
graphene have been published by our group elsewhere [23-26]. In brief, 3D graphene
pellet is synthesized by chemical vapor deposition (CVD), using nickel powder as a catalyst,
and it can be further processed into a graphene paper by pressing. It possesses electrical
conductivity of above 1100 S cm~! and exhibits breaking stress of about 20 MPa.
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Since Ni is catalytic, the etching with HCI was active for one hour, which is believed
to be time enough to assure a complete depletion of Ni contamination. There was no
determination of the Ni that remained.

The morphology of graphene with high surface roughness could contribute to a good
adhesion with any substrate of practical interest due to the existence of van der Waals
forces. Figure 2a displays a scanning electron microscopy (SEM) image of the 3D graphene
pellet and Figure 2b shows Raman spectra of the same sample conducted at different spots.

:! D ‘k Few layers
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Figure 2. (a) Scanning electron microscope (SEM) of 3D graphene pellet; (b) Raman spectroscopy
of 3D graphene pellet conducted at altered spots on the sample, revealing a different number of
graphene layers within the probed flakes.

After etching the Ni catalyst with HCl acid, the graphene pellet obtained was trans-
ferred onto a Kapton (polyimide) film and dried at 40 °C. A good adhesion between
graphene and Kapton substrate was created due to van der Waals forces and the unique
morphology of the 3D graphene. The graphene pellet with the dimension 5 mm x 5 mm
was connected to a silver wire using silver conductive epoxy, which was then coated with
non-conductive epoxy. After drying overnight at room temperature, the working electrode
was ready for use.

(i) Single-walled carbon nanotube networks

Uniform thin films of single-walled carbon nanotube (SWCNT) networks of varying
densities have been fabricated at room temperature by vacuum filtration. A dilute sus-
pension of purified rice nanotubes in chloroform is sonicated, and then vacuum filtered
through an alumina membrane (Whatman, Maidstone, UK, 20 nm pore size) in a short
time (few seconds). As the solvent passes through the pores, the nanotubes are trapped
on the surface of the filter, forming an interconnected mesh. Its density (nanotubes/area)
can be selected by controlling the volume of the dilute suspension filtered through the
membrane. The fast vacuum filtering process prevents tube flocculation, and then one
proceeds with the transfer of the film to another surface by membrane dissolution. The film
can be made free-standing over an aperture (25 mm?) by making the transfer to a Teflon
substrate with a hole, over which the film is laid before membrane dissolution in sodium
hydroxide aqueous solution. Measurements of the sheet conductance have shown that it
increases with the network density. This is expected since through percolation a significant
number of both metallic and semiconducting nanotubes operate as electrical conducting
pathways. For an SWNT (single-walled carbon nanotube) sheet made from 20 mL of
a solution of carbon nanotubes in chloroform with the concentration of 0.2 mg L~! the
measured DC electrical conductance was about 7 x 1076 S cm 2. Finally, the free-standing
film obtained is transferred on to a Kapton film and dried which is put in adhesion contact
with it through the hole. Its atomic force microscopic topographical image is shown in
Figure 3. The SWNTs network with the dimension 5 mm x 5 mm was connected to a silver
wire using silver conductive epoxy, which was then coated with non-conductive epoxy.
After drying at room temperature, the electrode was ready for use.
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Figure 3. Atomic force microscopy (AFM) image of SWCNT network transferred to a film surface.

(iii) Multi-walled carbon nanotube networks

Vertically aligned multi-walled carbon nanotube (MWCNT) arrays were synthesized
using CVD and were then removed from the catalyst substrate in a procedure described
elsewhere [27] and transferred to a glass substrate. With a small roller of Teflon, the carbon
nanotube (CNT) carpet is smashed against the substrate surface and converted into a
free-standing film which is then submitted to the analogous previous procedures (i and ii)
to build the electrode.

(iv) Carbon nanotube thread

MWNTs (multiple-walled carbon nanotubes) thread dry spinning starts with the
synthesis of vertically aligned CNTs which have the ability to assemble themselves into
films or ribbons, and subsequent threads [28]. Catalyst film thickness and CNT synthesis
parameters have been studied [27]. The as-synthesized CNT arrays are completely detached
from their substrates during synthesis and they are fully spinnable which allows monitoring
the diameter of CNT threads [28]. Different twist angles from the same array width were
obtained by varying the draw and rotational speed allowing a thread to be prepared by
this method [29]. Figure 4 displays SEM images of the material.

Figure 4. SEM images of carbon nanotube thread.
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A CNT pristine thread with 35 um diameter and 2 cm long was connected to a copper
wire using silver conductive epoxy. After that, it was coated with a polystyrene solution
(15 wt% in toluene) and air-dried at 50 °C. Following, the CNT thread was aspirated into a
glass capillary and the end of the glass capillary was sealed with a hot glue gun. Last, the
polystyrene-coated CNT thread electrode was cut off at the end with a sharp blade. In this
way, only the end of the CNT thread was exposed.

Usually, electrochemical hydrogen charging and discharging curves are recorded
(by galvanostatic or voltammetry techniques) in order to estimate the electrochemical
hydrogen storage capacity [30]. In this work, the hydrogen uptake in the nanostructured
carbon electrodes was undertaken in a galvanostatic way, and the release of hydrogen was
measured with the MB-TDS technique.

During electro-reduction (i.e., the process of insertion into nanoporous carbon), hy-
drogen could be stored by cathodic decomposition of water in both NaOH and H,SO,
aqueous solutions. Applying a negative polarization to the carbon electrode, hydrated Na*
and H3O" cations are adsorbed, respectively, in the alkaline and acidic medium, forming
the well-known electric double layer. Once the electrode potential becomes lower than
the equilibrium redox potential, hydrogen in the zero-oxidation state is formed by the
reduction of water in the case of alkaline solution (or of hydronium ions H3O" in the acidic
medium). In the next step, hydrogen is expected to be physically adsorbed onto the carbon
surface giving rise to Hyq [31].

It is worth noting that typical impurities of NaOH and H»SOj are catalytic, and so we
used, respectively, NaOH reagent grade, >98%, pellets (anhydrous), and H,SO4 99.999%.

The total amount of hydrogen adsorbed, (i.e., storage capacity), depends essentially
on the kinetics of hydrogen diffusion and incorporation into the nanopores. At low
overvoltage, the diffusion of H,4 proceeds slower than the reduction step of water or H;O*,
then H,q4 participated in chemical (Tafel) or electrochemical (Heyrovsky) recombination
reactions, which result in the evolution of di-hydrogen. This latter case takes place with an
H,S04 medium, and it has been shown that hydrogen is poorly adsorbed, easily giving
rise to molecular hydrogen evolution. In contrast, with the NaOH electrolyte, due to the
high value of polarization, carbon demonstrates a noticeable hydrogen capacity. Hence,
the electro-reduction of water in the basic medium allows higher hydrogen pressure to
be reached than in the conventional gas phase technique [31]. Hydrogen produced from
electrolysis during charging of the cell partly entered the working electrode and the rest
was released as gas. The operation is interrupted after a rapid generation of hydrogen gas
bubbles is observed, suggesting that storage was complete [30].

Electrolysis can be used practically to charge the material. Electrochemical hydrogen
charging and discharging curves are recorded (by galvanostatic or voltammetry techniques)
in order to estimate the electrochemical hydrogen storage capacity. In this work, the
hydrogen uptake in the nanostructured carbon electrodes was done in a galvanostatic way,
and the release of hydrogen was measured with the MB-TDS technique. A pure platinum
anode was used for charging (at room temperature and atmospheric pressure) the working
cathodes (already mentioned) of the electrolytic cell, through one molar NaOH electrolyte
solution. All the samples were submitted to an identical constant applied voltage of 1.0 V
in one hour. This was done at a constant applied voltage only after a significant increase in
the electrolyte resistance had occurred. The cell contained an aqueous electrolyte of NaOH
at a concentration of 1 M, and an electric current of 133 mA was imposed for 60 min.

This galvanostatic procedure is common to the following four cathodes: graphene,
single-walled and multi-walled carbon nanotube networks, and carbon nanotube thread.
After the electrochemical charging, each sample was dried in a desiccator under a vacuum
(Figure S1).

Regarding sample (iv), coaxial cylindrical stainless steel was used as the anode in a
similar electrolyte solution and similar hydrogen electrochemical charging conditions.

The samples were weighed in a Kern ABT-101 analytical balance before and after the
electrochemical hydrogen uptake. The relative weight increases were: 9% for the MWNT
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thread; 8% for Pd; 6% for graphene; 4% for the SWNTs network and 2% for the MWNTs
network. The differences in weight are in the order of a few units of milligrams.

Each of the hydrogenated samples was then submitted to the already described
MB-TDS procedure, allowing interpretation of desorption spectra in a similar way to the
well-known temperature programmed desorption spectroscopy [9,32-34]. By subtracting
the residual hydrogen background pressure, measured without beam taken in similar
experimental conditions, one can compute the total amount of hydrogen contained in the
samples, from the area of the respective MB-TDS experimental curves (Figure 5) [34].

10°
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® MWNTs networks
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® SWNTs networks
® Graphene pellet
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100 200 300
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Figure 5. MB-TDS spectra were taken at a heating rate of 1 °C/min.

This way one can obtain the ratio E;/R and from that by subtracting the corresponding
background pressure, one can obtain the area A; below them. This area is related to the
number of hydrogen molecules N}, detected with the QMS, by the expression [34]

NyS

No+Np = (Ao + Ap) 1 5)

where S is the pumping speed and N, the Avogadro number.

To estimate the total amount of hydrogen desorbed from the samples, the number
of hydrogen molecules still needs to be corrected with the geometrical fraction of the
hydrogen beam effectively “seen” by the QMS detector and the ionization efficiency of
this detector as well [34]. An efficiency of about 70% is expected, given the QMS catalog
technical specifications [12]. Also, from the geometrical configuration, one can estimate
a fraction of 20% of the beam that effectively impinges on the QMS detector. From the
combination of these two attenuation effects, a reduction factor in the order of 10 in the
molecular flux impinging the detector is expected [12]. The hydrogen masses detected can
then be computed, and not surprisingly, they are only in agreement with the relative weight
increased values (previously recorded in the experimental part), if they are multiplied by a
factor of 10, which is exactly the experimental attenuation factor already mentioned. The
total amount of hydrogen content for each of the samples could then be computed from
the MB-TDS spectrum, which offers an alternative way to avoid misleading weight results
in the case of minimal amounts of hydrogen uptake [34].
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3. Results and Discussion

From the relative corrected area of the spectra given in Figure 5, it is found that they
reasonably agree with the expected relative weight increases already mentioned in the
experimental part:

MWNT thread = 9% — Graphene = 6% — SWNT network = 4% — MWNT network = 2%

The wt% of hydrogen absorbed in carbon nanostructures is likely to be proportional to
their respective specific surface areas [35], and in fact, the above sequential order seems to
be explained by this argument, as from all the carbonaceous samples, the carbon nanotube
thread and the graphene pellet have the higher values of specific surface areas. This has
been observed for materials with a surface area lower than 1000 m?/ g [35]. However, for
adsorbents with high surface area, some theoretical studies point to a relevant influence of
the pore size distribution [36].

These advanced carbon nanostructures are very promising for hydrogen storage
technological applications since they are much lighter than alternative metals (as palladium)
or metal hydrides in metal alloys.

Recording MB-TDS spectra with different scan rates (0.5 K min—?!, 1.0 K min—! and
2.0 K min~'), and fitting linear plots to the experimental points (8;, T,,;;), one could find the
corresponding desorption energies [32-34]:

Graphene = 5.4 k]/mol — MWNT network = 18.3 k] /mol — SWNT network = 20.2 k]/mol — MWNT thread = 22.1 k] /mol

Figures 6 and 7, respectively, display, those spectra and corresponding plots, for the
case of the MWNT thread. Carbon materials usually display a high cycle life of hydrogen
uptake/release and are lighter and mostly environmentally friendly, in comparison with
pure metals or metal hydrides. The electrochemical hydrogen storage capacity of carbon
materials exceeding 1.5 wt% at ambient conditions allows them to be viewed as a potential
anode material in replacement of some pure metals or metallic alloys [37].
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Figure 6. MB-TDS spectra of hydrogenated MWNT thread, taken at three different heating rates.
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Figure 7. Fitting of a linear plot to the experimental points (B;,T,,;) obtained for hydrogenated
MWNT thread.

The hydrogen storage in CNTs is the result of the combined action of physisorption
and chemisorption. The hydrogen storage capacity of carbon materials mainly depends
upon surface area, which is affected by micropore size distribution that counts for the
presence of narrow micropores. Based on theoretical studies, some authors have found a
strong structural dependence on hydrogen adsorption in carbon-based materials (especially
CNT), and defects affect their adsorption capacity.

Many researchers have carried out experimental research and theoretical analysis on
hydrogen storage in carbon nanotubes (CNTs), but the results are very inconsistent [38].
Hydrogen electro-sorption on carbon materials is a complex process, involving the over-
lapping of hydrogen ad-atoms formation and storage. If carried out under the same
electrochemical conditions, this combined process depends on the porous structure and
surface chemistry of the sorbent material as well as its electrical properties. The highest
efficiency is achieved if the carbon materials are very amorphous and have a hierarchical
micro/mesopore structure [39]. One can assume that electrochemical charging consists of
two steps: (1) basic charging, which proceeds with increased H,q coverage of the outer
surface of the porous material; and (2) a surcharge, consisting in continuous saturation of
less accessible narrow micropores with hydrogen when H coverage of the outer surface is
high enough [37].

The electrochemical charge-discharge mechanism in SWCNT paper electrodes is
known to be controlled by a proton diffusion process, and somewhere in between a
physical process (as in pure carbon nanotubes) and a chemical process (as in metal hydride
electrodes). It consists of a charge transfer reaction (reduction/oxidation) and a diffusion
step (diffusion) [40].

Electrochemical studies have also revealed that oriented mesoporous carbon shows
better electrochemical storage of hydrogen compared to ordinary activated carbon [41]. For
large diameter single-walled carbon nanotubes (SWCNTs), a hydrogen storage capacity
of 4.2% weight (i.e., hydrogen to carbon atom ratio of 0.52), has been achieved (at room
temperature and under the pressure of 10 MPa), and 3.3% by weight could be released at
ambient pressure and room temperature, while the release of the residual stored hydrogen
(0.9 wt%) required some heating of the sample [42]. The following experimentally measured
hydrogen storage capacities of carbon nanotubes have been reported: SWCNT (8 wt%),
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Li-doped MCWNT (20 wt%), Well-aligned MCWNT (3 wt%). The accuracy of the method
used for the determination of hydrogen electrosorption ability is limited mainly by the
accuracy of sample mass determination [43].

Temperature programmed desorption data for hydrogen absorbed in SWNTs using
gas-phase loading revealed activated desorption energy of about 19.6 k] mol~! [44]. This
value is close to that obtained in this work for the SWNT network which confirms the
absorption performance of SWNT assemblies by two different techniques.

In the case of physical absorption, the desorption activation energy corresponds to the
heat of adsorption, and such observed highly bound physisorbed di-hydrogen is consistent
with adsorption within the SWNTs cavities, indicating that the inner parts of the tube
become accessible after heating under vacuum [44]. The value of the activated desorption
energy found for the SWNT network sample is very close to the value obtained by using
hydrogenated SWNTs in the gas phase.

Since the hydrogen evolution reaction would have a large overpotential on the basal
plane of graphene, the reaction most likely occurs either on edge functional groups or
on metallic impurities, so it will be necessary to characterize the samples much more
thoroughly, with this thought in mind. Also, as the hydrogen evolution reaction is facile
on Pt it is dangerous to use a Pt anode because, during electrolysis, Pt dissolves and goes
into solution, redepositing on the cathode and possibly enhancing the catalysis. In future
works, it will be recommended to check the effect of using a non-catalytic anode material.

Hydrogen can be physisorbed in carbon nanotubes bundles on various sites such
as external wall surface, grooves, and interstitial channels. Therefore, it can have a large
energy density (as required for mobile applications). It is also known that by tuning the
adsorption conditions hydrogen can be either chemisorbed or physisorbed on carbon
nanotubes. The adsorption of atomic hydrogen is highly unfavorable on the basal plane of
graphene and would require specific sites, probably metallic. However, in the MB-TDS
experiments, our mass spectrometer is unable to distinguish between adsorbed molecular
and atomic hydrogen. For that, a QMS with improved mass resolution will be needed.

4. Conclusions

Results reported here stand for the analytical determination of absorbed /adsorbed
hydrogen using a specific type of thermal desorption spectroscopy in conjunction with
mass spectrometry (MB-TDS). This technique is revealed to be a powerful procedure for
monitoring, in real-time and in situ, the hydrogen release from different advanced carbon
nano-electrocatalysts, and for a comparative quantitative analysis of this trace element
among them (the amounts are below the detection limit of a microbalance).

The hydrogen storage in CNTs is the result of the combined action of physisorption
and chemisorption. It has been demonstrated that the maximal degree of nanotube hydro-
genation depends on the nanotube diameter, and for the diameter values around 2.0 nm,
nanotube-hydrogen complexes with close to 100% hydrogenation exist and are stable at
room temperature. This means that specific carbon nanotubes can have a hydrogen storage
capacity of more than 7 wt% through the formation of reversible C—H bonds.

The results point to the use of inter-tube sites in carbon nanostructures for storing
hydrogen by a physisorption mechanism. Temperatures of hydrogen desorption as high as
about 350 K has been achieved, possibly due to the availability of ‘sub-nanometer” sized
spaces [45].

This study is one step further in comparing advanced carbon nanostructured elec-
trodes for similar hydrogen uptake/desorption conditions and confirms the expectations
about their enhanced hydrogen storage capacity.

The MWNT thread displays the largest desorption energy among them and possesses
a set of suitable properties for making it an excellent candidate for electrocatalyst for
hydrogen evolution.

The results of this investigation on the Hj-storage ability of various carbon-based
nanomaterials indicate that MWNT thread material has the highest wt% of H, absorbed
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as high as 9% compared to 6%, 4%, and 2% for graphene, SWNT network, and MWNT
network, respectively. This confirms that the hydrogen storage capacity of carbon materials
depends on the surface area. As a suggestion for further work to be pursued, it will be
interesting to establish the relationship of the H; capacity against the surface areas as
well as pore volumes of the corresponding materials. The availability of BET data on
surface area and pore volumes for all the studied materials eventually will illustrate such
correlation, albeit the Ny-adsorption-desorption isotherm data are not able to directly
reflect the Hj storage ability of the materials (N, isotherm can provide a positive trend for
the capacity ability toward hydrogen molecules). Future studies on surface modification
and composite structure are expected to be carried out, in the search to improve the
electrocatalytic performance by overcoming the limitations of active sites, intrinsic catalytic
activity, and inter-yard conductivity. In-depth research on these issues can provide a clue
for improvement of the efficiency in electrocatalytic hydrogen evolution and a deep insight
into the catalytic mechanism.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/nano11051079/s1, Figure S1: Galvanostatic charge of hydrogen in the four studied nanostruc-
tured carbon cathodes, in NaOH 1 M solution.
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Abstract: The recent technique of molecular beam-thermal desorption spectrometry was used here
for monitoring hydrogen uptake and release from carbon nanotube networks, after electrochemical
hydrogen uptake. This way, an accurate determination of the hydrogen mass absorbed in electrodes
made from those assemblies can be achieved by significantly improving the signal-to-noise ratio.
The hydrogen desorption mass spectra account for the enhanced surface capability for hydrogen
adsorption in the electrodes and enable a comparison with the performance of a palladium electrode
in similar conditions. A comparative study involving different carbon nanotube electrodes, in
similar hydrogen uptake/desorption conditions, clearly confirmed the expectations about their
enhanced hydrogen storage capacity and points to the great potential of carbon nanotube assemblies
in replacing the heavier metal alloys as electrocatalysts.

Keywords: carbon nanotube networks; electrocatalysis; desorption spectrometry; hydrogen storage

1. Introduction

Hydrogen technology is expected to boost the efficiency of natural resources manage-
ment, with fuel cells as one of the most promising technologies to reduce the emissions of
greenhouse gases. Looking for lighter and cheaper electrodes and safer hydrogen storage
media are relevant requirements to allow a widespread use of hydrogen as fuel, which is a
recognized and promising sustainable energy source. Amongst the various problems that
exist in the successful materialization of a hydrogen fuel-based economy, the formulation
of a safe, economical, and efficient hydrogen storage method poses a relevant challenge.
Keeping hydrogen within solid media assures high safety operation conditions and has sev-
eral other advantages compared with pressurized or liquified techniques of transportation.
To date, many studies have been conducted on the use of hydrogen storage solids as active
materials for use in fuel cells and as a means of periodically mitigating energy supplies to
achieve the urgent goals of carbon neutrality and clean renewable energy. An optimum
hydrogen storage sponge material must display high hydrogen capacity per unit mass and
unit volume (determining the amount of available energy), low dissociation temperature,
low heat of formation (minimizing the energy necessary for hydrogen release), low heat
dissipation during hydrogen uptake, reversibility, fast kinetics, high stability, material
cost, and weightlessness. Carbon nanotubes appear to meet most of these criteria, and
in this experimental work, they were studied alongside palladium, which is a proven
reference material due to its superior hydrogen storage performance at room temperature
and pressure conditions.

One desire to pursue is improving the kinetic properties of the hydrogen storage
of materials; this way, special focus is given to studies on thermal desorption as well as
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calibration [1-3]. Appropriate experimental techniques to study the basic physical pro-
cesses involved in desorption are crucial. Of these, TDS (thermal desorption spectrometry)
ensures good accuracy in monitoring hydrogen uptake in solids. They have high sensitivity
and selectivity methods in studying the gas desorption of materials [4]. They form a
sufficient means to monitor the evolution of hydrogen after the use of a heat ramp, in
contrast with the methods of obtaining static sorption isotherms.

The binding energy of the molecules to be absorbed varies depending on the nature
of the adsorbate/surface materials, and the desorption temperature provides information
on that energy [5,6]. A relevant improvement when performed by QMS (quadrupole
mass spectrometry) is the small sizes and weights of the samples that one intends to use.
Additionally, choosing materials with high specific surfaces (which readily absorb different
gases), conventional gravimetric methods can produce misleading measurements, and
therefore the use of mass spectrometry ensures greater selectivity of identifiable evolving
gas species.

An additional goal consists of looking for low-weight and high-performance hydrogen
active storage media made from carbon nanomaterial assemblies. With this purpose in
mind, different carbon nanomaterial assemblies-based electrodes were used in this work
to compare their relative performance with a palladium electrode (as a typical hydrogen
storage reference), in molecular-beam thermal desorption spectrometry (MB-TDS) [7]. As
a variant of thermal desorption spectrometry, MB-TDS has been developed to detect the
hydrogen release by lowermost amounts of solid samples [7,8]. It can be used successfully
to measure amounts of hydrogen below the microbalance detection limit. Furthermore, it
has several advantages over the conventional TDS method: real-time and in situ detection
of trace hydrogen without prior calibration with a chemical standard [7,8] and the use of
more laborious UHV (ultra-high-vacuum) techniques [9-11].

Amongst all of the emerging materials for solid-state hydrogen storage, nanostructure
carbon materials (especially carbon nanotubes) have been receiving special attention.
Single-wall carbon nanotubes can be assumed to form by rolling a single graphene sheet
and due to several unique properties, they are envisaged as a very good medium for solid-
state hydrogen storage. They are inert to surface contaminants and therefore less severe
activation conditions are required. Additionally, in single-walled carbon nanotubes, all
carbon atoms are exposed to the surface, which makes them the material with the highest
surface-to-bulk atom ratio and therefore highly surface active. Furthermore, the densities
of carbon nanotubes are considerably lower than that of metals, intermetallic-alloys and
metal-organic frameworks. These nanomaterials are also known to possess large amounts
of void spaces in the form of pores, which can accommodate large quantities of hydrogen.

The hydrogen storage in CNTs (carbon nanotubes) is the result of the combined action
of physisorption and chemisorption. It has been demonstrated that the maximal degree of
nanotube hydrogenation depends on the nanotube diameter, and for the diameter values
around 2.0 nm nanotube-hydrogen complexes with close to 100% hydrogenation exist
and are stable at room temperature. This means that specific carbon nanotubes can have
a hydrogen storage capacity of more than 7 wt% through the formation of reversible
C-H bonds.

The experiments on hydrogen adsorption in CNTs can, in general, be divided into
two categories, depending on the method of storage: gas-phase hydrogen storage and
electrochemical hydrogen storage. In gas-phase hydrogen storage techniques, a macro-
scopic sample of nanotubes is exposed to pure hydrogen gas under various temperature
and equilibrium pressure conditions. The amount of hydrogen adsorbed by nanotubes is
then measured gravimetrically using a microbalance. A more popular method of deter-
mining the amount of stored hydrogen is by volumetrically using Sieverts type volumetric
apparatus. The latter technique involves the exposure of carbon nanotubes to hydrogen
gas in a known volume and determining the storage capacity from the change in the free
volume of the system upon exposure. With smaller quantities of sample, the gravimetric
storage capacities can also be determined using temperature-programmed desorption or
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thermogravimetric analysis. The second method of storing hydrogen in carbon nanotubes
is electrochemical. To do this, the electrochemical cell is constructed with carbon nanotubes
(CNTs) as the working electrode, Pt as the counter electrode, and an appropriate electrolyte.
In such a system, hydrogen is stored in the CNT electrode by the reduction of water at
a suitable potential. A storage equivalent of a discharge capacity of 110mAh/g can be
obtained when hydrogen is stored electrochemically. Though pristine-carbon nanotubes
exhibit remarkable hydrogen storage capacity at cryogenic temperatures, their storage
capacity diminishes to less than 1.0 wt% at room temperature.

Electrochemical hydrogen storage compared to other methods of hydrogen storage
is very promising since it can be conducted at low temperature and pressure and with
a high degree of reversibility (available hydrogen stored this way in materials can build
supercapacitors with very high specific capacitance: up to 4 x 10° F g~ ).

Porous materials such as carbon materials, zeolites, and metal-organic frameworks,
which physically adsorb H, molecules on the walls of the micropores, are one of the
representative families of hydrogen-storage materials. Due to the weak interaction between
hydrogen and the host materials, such porous materials can store sufficient amounts
of hydrogen mostly at low temperatures and/or under high pressure. Another family
comprises materials that chemically absorb H atoms internally, forming chemical bonds
such as metal-hydrides.

Understanding the principal steps involved in H adsorption on the metal surface,
followed by its interfacial transfer into the metal bulk, is of significance in metal-hydride
science. Basic aspects of hydrogen physisorption and chemisorption under low-pressure
gas-phase conditions, the adsorption sites of the physisorbed H, and the chemisorbed H
as well as surface-chemical and surface-electronic state of chemisorbed H are fairly well
understood. In the case of the H, molecule approaching the metallic surface at higher
temperatures than those characteristics of physisorption, a distinct interaction pattern sets
in. This results in strong (chemical) interactions between the metal surface and the H;
molecule. The chemical interactions with the surface lead to dissociation of the H molecule
into atomic H and practically instantaneous formation of a surface bond with the substrate:

H, — 2 H*

2H*+2M—+2M - H

The Pd-H system is one of the best-known metal-hydrogen systems. Palladium
has a simple face-centered cubic (fcc) structure and can reversibly absorb and desorb
hydrogen at ambient conditions. The Pd-H system has been extensively studied as a
prototypical hydrogen-storage system. When Pd is exposed to hydrogen gas, H, molecules
dissociate into atomic H on the surface of Pd; then the H atoms diffuse into bulk and
occupy the interstitial sites of the (fcc) Pd lattice. The Pd-H system is known to have two
distinct phases at ambient conditions, depending on the temperature and the hydrogen gas
pressure. The hydrogen-absorption process of bulk Pd is divided mainly into three steps.
The first step is the dissociation of hydrogen molecules into atoms on the surface of Pd
(1—2). The second step is the penetration of the dissociated H atoms into the subsurface
(2—3). The third step is a diffusion of H atoms into sites in the Pd lattice to form the
hydride (Pd-H) (3—4). The effect of the dissociation process of hydrogen molecules into
atoms on the Pd surface is negligibly small at 300 K (1—2). Therefore, the diffusion of the
atoms from the surface to the subsurface (2—3) is considered to be the rate-limiting step
for the H-absorption speed.

2. Materials and Methods

In TDS, the temperature of the sample surface is usually controlled linearly (constant
heating rate), and when working at a high enough vacuum pumping speed, the desorption
rate from the sample is proportional to the pressure. Furthermore, during desorption, the
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determination of various adsorption and desorption parameters is based on the analysis of
the hydrogen partial pressure—temperature curves (desorption spectra).

For desorption kinetics of the first order, the rate of desorption (r;) of hydrogen
molecules from an adsorbent surface, is given by:

de E
== kq60 = vGexp(—kB—dT> @

where 0 is the adsorbate coverage; k; is desorption rate constant; v is the pre-exponential
frequency factor (typically of the order of vibrational frequency in the range 1012-1013 s—1);
E; is the activation energy of desorption; and kg the Boltzmann constant.

A desorption spectrum that represents desorption rate versus temperature typically
displays peaks corresponding to desorption of different adsorbed phases. The physisorbed
phases usually give rise to peaks generally below 400 K, while chemisorbed ones desorb
at higher temperatures. Therefore, a TDS spectrum delivers a quick overview at which
temperature the desorption takes place and displays peak(s) centered at value(s) of temper-
ature, Ty, where d2N/dt? = 0; with N representing here the number of hydrogen molecules.
Given that (dN/dt) = (AN/dT) B, where B is the heating rate, then for desorption kinetics of
first order, one gets for T = T);:

Eq _ v, ( Ei
kT2 5”’“( kBTm> @

This allows determining E; from a semi-log linear plot, since f and T, are the measur-
able parameters. Physical adsorption is a non-activated process, and so E; = Ej, where E,
is the binding energy of the adsorbate to the surface. The constancy of the frequency factor
can be assumed only for small desorbing molecules (as hydrogen).

The number of desorbed hydrogen moles, n7, can be determined from the integral of
the mass spectrometer signal, providing it can be adequately calibrated [7]:

2]
nT:/tO n(t)dt @)

where n(t) represents the molar hydrogen desorption rate as a function of time.

With the range of temperatures used in this work (below 400 K), hydrogen desorption
from chemisorbed sites is not detected and so one can simplify the non-equilibrium kinetics
of the global desorption process by the following three elementary steps:

() (CH)ags — H(lat)
(i) Hdat) — H(s)
(iii) H(s) + H(s) — Ha(g)

where H(s) stands for hydrogen atoms on the surface of the material nano-regions;
H(lat) are hydrogen atoms inside the material lattice (but outside the chemisorption centers);
and (C-H),qs are the physisorbed hydrogen atoms on active sites. The second step is limited
by diffusion, which means that it is the step that determines the rate of the entire process.

In first-order kinetics, the diffusion-controlled desorption rate is given by:

dif
rat) = = N = ksexp(kf;(t)ﬁ(t) @

where N(t) stands for the average amount of the adsorbate in diffusion; E, is the diffusion
activation energy; and k;° is related with the diffusivity pre-exponential factor Dy by:

K=—== 5)
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Here, I and 7( represent, respectively, the diffusion characteristic length and the
relaxation time for hydrogen removal. It can be also shown that:

~ AT DO(Tmux)

I (6)
B
where AT stands for the full width at half maximum of the TDS peak.
From the condition of maximum desorption at T = T, (i.e., 9r;/0T = 0,) one gets:
T E )
B kT (Tw)

This equation shows a similarity with the equation for k;[T(t)], and from these consid-
erations, it is possible to graphically confirm if desorption is a diffusion-controlled process
or not [12-14]. The activation energy of desorption E; can be obtained from the linear
dependence of In( T2/ B) versus 1/Ty,.

Quantitative determination of TDS requires an ulterior signal calibration measurement
of hydrogen, which normally involves measuring the desorption spectrum of a reference
sample (with known hydrogen content), which must maintain chemical stability, be neither
hygroscopic nor vaporizable, over a temperature range (e.g., TiH). An error of £5% in the
weight of desorbed hydrogen between one and six mg in TiH; was estimated [13].

Molecular beam thermal desorption mass spectrometry (MB-TDS) was used here to
determine the electrochemical capture and release of the hydrogen in the samples, and the
apparatus has already been described elsewhere [7] (shown only schematically in Figure 1).
A composite molecular jet of known intensity is produced through a well-defined geometric
hole, with the origin in the solid sample from which degassing takes place at a certain
oven temperature.

Vacuum _
Chamber Connection
Flange i
N Effusion
Chamber
Effusion
J slit
|| : Oven
-— ” Chamber
Hydrogen
MB Source N i
Tl Sample
Molecular
Beam (MB)

Figure 1. Molecular Beam-Thermal Desorption Spectrometry (MB-TDS)configuration (top view).

The recording of the hydrogen partial pressures with the quadrupole mass spectrome-
ter (QMS) tuned to the hydrogen gas as a function of temperature and time allows for the
amount of hydrogen desorbed to be measured. The scanning of temperatures is assured
by a programmable-controlled heated system. Collisions between the molecules within
the beam and those of the residual gas are prevented due to the combination of low pres-
sure (high-vacuum conditions) with the low density of the beam. Due to these operation
conditions, it is possible to define exactly the geometry of the effusion beam as well as the
fraction of it detected by the QMS (which stays in the forward direction).

Normally, the source is maintained at 20 °C above the temperature of the sample oven
(to avoid clogging of the crack) and PID temperature controllers allow the use of different
heating rates; typically values of the order of 1 °C min~! are used. The background change
of the partial pressure of hydrogen can be described by a time decay [7,8].
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By pumping the heated furnace (with the sample inside), the desorption rate of
hydrogen, dX/dt, can be expressed as a function of temperature T [15,16]:

ax

Eq
i =B(1-X) exp<—ﬁ> (8)
and therefore E E
d v d
i —— S 9
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Defining X by the ratio of the amount of hydrogen released from the solid sample and
the total hydrogen intake, then B is the Arrhenius pre-exponential factor, R the universal
gas constant, and C the initial hydrogen concentration. Assuming this, one can obtain
the desorption activation energy, making use of the recorded MB-TDS desorption curves,
through the equation:
T, E, RB
In-2 = —In —
B RT,, E;
In contrast to the conventional TDS technique, where it is not possible to discrimi-
nate the hydrogen contribution coming out of the source inner walls, using our MB-TDS
apparatus, one can indeed quantify such degassing amount by comparing (at a rate of
1/60 K s71) and in the absence of a sample, the normalized pressure hydrogen background
decay behaviors in two different situations: heating-on and heating-off. This reflects the
very high sensitivity of the MB-TDS technique [7,8], which avoids misleading results due
to background variations in the partial pressure of the hydrogen residue. One can then
subtract the residual hydrogen gas background (recorded without jet) from the total hy-
drogen impinged on the QMS, and so the actual amount of hydrogen in the sample can be
calculated [7]:

(10)

No + Ny Ap
UL )
No A

Here, N and A stand respectively for the number of hydrogen molecules and the
area under the desorption curve, with the subscripts “0” and “b” assigned, respectively,
to the situations “beam-off” and “beam-on”. An improvement of the order of 20% in
the signal-to-noise ratio for the trace hydrogen can be estimated through expression (11)
because the role of the operating condition of the real molecular beam is being played by
the “heating-on” curve.

Before introducing each of the samples in the oven of the MB-TDS apparatus, they
need to be submitted to hydrogen uptake, and this was done by electrochemical hydrogen
charging. This procedure requires a previous experimental preparation of cathodes, which
is summarized here for single-walled carbon nanotube (SWNT) networks.

(11

3. Results and Discussion

Uniform thin films of SWNT networks of varying densities were fabricated at room
temperature by vacuum filtration. A dilute suspension of purified Rice nanotubes in chlo-
roform is sonicated and then vacuum filtered through an alumina membrane (Whatman,
Sigma-Aldrich, Darmstadt, Germany) 20 nm pore size) in a short time (few s). As the
solvent passes through the pores, the nanotubes are trapped on the surface of the filter,
forming an interconnected mesh. The film can be made free-standing over an aperture
(25 mm?) by making the transfer to a Teflon substrate with a hole, over which the film is
laid before membrane dissolution in sodium hydroxide aqueous solution. The obtained
free-standing film is transferred onto a Kapton film and dried, which is put in adhesion
contact with it through the hole. Its atomic force microscopic topographical image is shown
in Figure 2. The SWNT network with the dimension 5 mm x 5 mm was connected to a
silver wire using silver conductive epoxy, which was then coated with non-conductive
epoxy. After drying at room temperature, the electrode was ready for use.
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Figure 2. Atomic Force Microscopy image of a Single-walled carbon nanotube transferred film surface.

A pure platinum anode was used to charge the electrodes at one molar of NaOH elec-
trolyte solution. The samples were submitted to the constant applied voltage (10 V during
one h) accompanied by a significant increase in the electrolyte resistance. Additionally, and
for comparison purposes, a cathode of pure palladium was used in the electrochemical cell
together with the pure platinum anode, in the same above conditions.

Before and after the electrochemical hydrogen uptake, we used a Kern ABT-101 (Kern
& Sohn, Balingen, Germany) analytical balance to weigh all the samples. This way, relative
weight increases were recorded: 8% for Pd and 4% for the SWNT network. The MB-TDS
procedure already described was then applied to each of the hydrogenated samples (using
1°C min~! for the heating rate). Figure 3 displays the desorption experimental spectra.
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Figure 3. MB-TDS spectra were taken at a heating rate of 1 °C/min.
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It is possible to compute the total hydrogen contained in each sample from the area of
the respective MB-TDS recorded curve in Figure 3. This is done through the subtraction of
the residual hydrogen background pressure (measured with the “beam-off”) in identical
experimental conditions. This way, each experimental desorption spectrum in Figure 3 can
be fitted (due to the proportionality between X and the measured hydrogen pressure):

—1—exp| CT2xp( =L
P=1 exp[]Texp(Tﬂ (12)
Here, | = E;/R and G = —B/B. This pressure reaches a maximum given by
PMIY =1 —exp {%exp(fZ) + F} (13)

where F = In (1 — Py) — (J/G) Ty? exp(—]/To), with Py and T standing for, respectively, the
hydrogen background pressure and room temperature at the instant just before the trigger-
ing of the heating- up. From this, one obtains the parameter | from the desorption spectra
(Figure 3). Consequently, the area A; below the recorded graphics is obtained through
fitting the MB-TDS curves with Equation (12), and by subtracting the corresponding Py.
The area Aj, mirrors the number of hydrogen molecules N}, detected with the QMS:
NS

No+Np = (Ao + Ap) o (14)
where S represents pumping speed and N4 Avogadro number.

Furthermore, the number of hydrogen molecules still needs to be corrected due to
experimental factors related to the QMS (geometrical fraction of the hydrogen jet effectively
detected and its ionization efficiency). This allows for the subsequent estimation of the
total amount of hydrogen released from each sample. Considering the QMS catalog
technical specifications [7], an efficiency of about 70% is expected. Based on the geometric
configuration conditions, it is possible to estimate 20% of the jet that effectively impinges the
QMS. The combination of these two attenuation effects allowed us to estimate a reduction
factor of the order of 10 in the molecular current that reaches the detector [7]. Thus, the
true masses of hydrogen released from the samples can be calculated, and not surprisingly,
they were in agreement with the relative weight increase values (previously recorded in
the experimental part), only if they were multiplied by a factor of 10 (this is exactly the
experimental attenuation factor already mentioned). In short, the total hydrogen content of
each sample could then be calculated from the corresponding MB-TDS spectrum, providing
an alternative way to avoid misleading weight results if hydrogen uptake is low.

From the relative corrected area of the spectra given in Figure 3, it was found that they
agreed with the expected relative weight increases already mentioned:

Palladium = 8% — SWNT network = 4% — MWNT network = 2%

The wt% of hydrogen absorbed in carbon nanostructures is expected to be proportional
to their respective specific surface areas [17], and in fact, the above experimental sequence
seems likely to be explained by this argument, because the MWNT network had the highest
value of the specific surface area.

By recording TDS spectra with other scan rates (2 K min~! and 3 K min~") for each of
the samples and fitting linear plots given by Equation (10) to the experimental points (8;,
T)yi), one could find the corresponding desorption energies Ej;:

MWNT network = 18 k] /mol — SWNT network = 20 k] /mol — Palladium = 53 kJ /mol
This seems to reinforce the role of inter-tube sites in carbon nanostructures for storing

hydrogen by a physisorption mechanism. Hydrogen desorption temperatures have reached
as high as about 350 K, possibly due to the availability of “sub-nanometer” sized rooms [18].
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The adsorption capacity is positively correlated with specific surface area and microp-
ore volume. The hydrogen adsorption occurs inside and outside the tube, or at the gap
of the array of bundles, and size, geometric, and arrangement of CNTs exert influence
on hydrogen adsorption. Hydrogen can be physisorbed in carbon nanotubes bundles on
various sites such as external wall surface, grooves, and interstitial channels. Therefore, it
can a large energy density (as required for the mobile applications). It is also known that
by tuning the adsorption conditions, hydrogen can either be chemisorbed or physisorbed
on carbon nanotubes.

Usually, there are two hydrogen adsorption pathways in CNTs: the first is the phys-
ical adsorption of hydrogen molecules, which is favored at a high-pressure hydrogen
atmosphere, and the second is electrochemical adsorption of hydrogen. Electrochemi-
cal hydrogen storage provides higher capacity at ambient temperature and atmospheric
pressure than conventional hydrogen storage technology at low temperature and high
pressure. Hydrogen storage takes place during the process of the electrolysis of water while
protons become inserted into the host material. Carbonaceous materials with a mesoporous
structure also demonstrate the capability of up-taking Hy through the insertion of atomic
H, which favors stabilization of the hydrogen absorbed.

For bulk palladium, it is known that a hydrogen molecule chemisorbs on the surface
adsorption sites following dissociation into individual atoms even at low temperatures.
After filling most of the surface sites, hydrogen atoms start to occupy the subsurface region,
where the hydrogen atoms are bound weaker than the adsorbed atoms on the surface.
Thus, hydrogen spontaneously desorbed is measured in TDS, together with hydrogen
coming from activated desorption.

Although there are no catalytic properties ascribed to the allotropic forms of carbon,
it is known to be an active catalyst in some oxidation reactions. Among their many
other interesting properties, carbon nanotubes have been found to act as catalysts for
some important chemical reactions including some that could be used to make cleaner
fuels. Furthermore, the exceptional physical properties of carbon nanotubes such as large
specific surface areas, excellent electron conductivity incorporated with good chemical
inertness, and relatively high oxidation stability make it a promising support material for
heterogeneous catalysis instead of the conventional alumina, silicon, or activated carbon
supports. One or more kinds of catalysts can be loaded on the high surface area of the CNT
nanomaterial, which serves as the support, to form a supported catalyst as a whole system.
In a supported catalyst system, the significance of using the support is to increase the
dispersion of the active phases, to have better control of the porous structure, to improve
mechanical strength, to prevent sintering, and to assist catalysis.

The combination of physisorption in the nanocarbon porous material with chemisorption
in chemical hydrides and the presence of a metal hydride are the key advantages of the
proposed hydrogen sorbents with high stabilities, and high adsorption/desorption kinetics.

Hydrogen spillover arises in hydrogen catalyzed reactions on supported metal cata-
lysts. Dihydrogen molecules dissociate on the metal part of the catalyst. Some hydrogen
atoms remain attached to the metal, whilst others diffuse to the support.

An applicable spillover sorbent should: (a) permit the diffusion of H, or H atoms in
a well-dispersed pore lattice, (b) have most of the interior pore surface area disposable
to encounter with spillover H, or H, and (c) be lightweight to maximize the gravimetric
hydrogen uptake. Thus, the hydrogen uptake in mesoporous carbon, which has a suitable
surface area, and proper porosity and low density can be augmented substantially by
hydrogen spillover.

4. Conclusions

This work reports an effective method for real-time quantitative analysis of hydrogen
in different materials by using the MB-TDS technique. Several advantages such as time-
efficiency and without using the calibration step can provide insight into researchers who
want to quantitatively measure the hydrogen storage capacity. This MB-TDS methodology
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can be used to detect the hydrogen adsorbed at different types of nanomaterials (metal
oxides, layered double hydroxides, or nanoparticles with surface capping agent, i.e., several
types of organic molecules could be adsorbed at the surface of nanomaterials during
the electrocyclic tests), as long as they possess suitable thermal stability at the working
temperatures of desorption.

MB-TDS has been proven to be an effective method for real-time quantitative analysis
and in situ capture of hydrogen with any type of hydrogen storage material, even if the
amount is below the microbalance detection limit. Additionally, to perform a quantita-
tive analysis of hydrogen storage capacity, the device does not need to be calibrated by
introducing a certain number of hydrogen molecules into the vacuum system, unlike in
conventional TDS. Furthermore, it was not needed to work in an ultra-high vacuum, which
would add more time-consuming and unnecessary procedures.

In contrast to activated carbons, carbon nanostructures are promising for hydrogen
storage technological applications, since they are much lighter than alternative metals (as
palladium) or metal hydrides in metal alloys. Activated carbons are not efficient enough as
hydrogen capture systems because only a small fraction of the pores (from their pore size
distribution) are small enough to interact strongly with the gas phase hydrogen molecules.
For small-sized systems, surface- or interface-related sites assume crucial importance and
can change the overall solubility of hydrogen.

Carbon nanotubes, due to their high surface area and chemical durability, have great
potential as hydrogen adsorbents. They can adsorb hydrogen by physisorption and/or
chemisorption mechanisms. Hydrogen can be physisorbed in carbon nanotube bundles on
various sites such as external wall surface, grooves, and interstitial channels. Therefore, it
can have a large energy density (as required for mobile applications). It is also known that
by tuning the adsorption conditions, hydrogen can be either chemisorbed or physisorbed
on carbon nanotubes.

However, in the MB-TDS experiments, our mass spectrometer was unable to distin-
guish between adsorbed molecular and atomic hydrogen. For that, a QMS with improved
mass resolution will be needed.

This methodology offers several advantages, paving the way for future developments
in comparing the intrinsic activity of nanomaterials because it allows for the combination
of the mass of hydrogen monitoring with the electrochemical active surface area (ECSA) of
the electrodes.

Author Contributions: Conceptualization, R.L.; Investigation, R.L., ].R. and F.L; Supervision, R.L.
All authors have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.

Acknowledgments: This work was financed by national funds registered in the budget of FCT—
Foundation for Science and Technology within the scope of the Research Unit CTS—Center for
Technology and Systems, under the reference UIDB/00066/2020. FCT-MCTES Portugal through
SFRH/BSAB/135131/2017 is also gratefully acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.

1. Thornburg, N.; Abdelrehim, I.; Land, D. Kinetics of Propene Desorption from Pd (111) Studied by Thermal Desorption. J. Phys.
Chem. B 1999, 103, 8894-8898. [CrossRef]
2. Zaluska, A.; Zaluski, L.; Strom-Olsen, J. Nanocrystalline magnesium for hydrogen storage. ]. Alloy. Compd. 1999, 288,

217-225. [CrossRef]

3. Castro, E; Meyer, G.; Zampieri, G. Effects of sulfur poisoning on hydrogen desorption from palladium. J. Alloys Compd. 2002, 612,

330-332. [CrossRef]

4. Redhead, P. Thermal desorption of gases. Vacuum 1962, 12, 203-211. [CrossRef]
5. Huot, J; Liang, G.; Schulz, R. Mechanically alloyed metal hydride systems. Appl. Phys. A Mater. Sci. Process. 2001, 72,

187-195. [CrossRef]

72



Nanomaterials 2021, 11, 975

10.

11.

12.

13.

14.

15.

16.

17.
18.

Ballenweg, S.; Gleiter, R.; Kratschmer, W. Hydrogenation of buckminsterfullerene Cgy via Hydrozirconation: A new way to
organofullerenes. Tetrahedron Lett. 1993, 34, 3737-3740. [CrossRef]

Lobo, R.EM.; Berardo, EM.V.; Ribeiro, ].H.F. Molecular beam-thermal hydrogen desorption from palladium. Rev. Sci. Instrum.
2010, 81, 043103. [CrossRef] [PubMed]

Lobo, REM.; Santos, D.M.E,; Sequeira, C.A.C.; Ribeiro, ].H.F. Molecular Beam-Thermal Desorption Spectrometry (MB-TDS)
Monitoring of Hydrogen Desorbed from Storage Fuel Cell Anodes. Materials 2012, 5, 248-257. [CrossRef] [PubMed]

Merzlikin, S.V.; Borodin, S.; Vogel, D.; Rohwerder, M. Ultra high vacuum high precision low background setup with tem-
perature control for thermal desorption mass spectroscopy (TDA-MS) of hydrogen in metals. Talanta 2015, 136, 108-113.
[CrossRef] [PubMed]

Hanna, T.; Hiramatsu, H.; Sakaguchi, I.; Hosono, H. Highly hydrogen-sensitive thermal desorption spectroscopy system for
quantitative analysis of low hydrogen concentration (~1 x 10' atoms/cm?) in thin-film samples. Rev. Sci. Instrum. 2017, 88,
053103. [CrossRef] [PubMed]

Miyase, T.; Watanabe, K.; Sakaguchi, I.; Ohashi, N.; Domen, K.; Nomura, K.; Hiramatsu, H.; Kumomi, H.; Hosono, H.; Kamiya, T.
Roles of Hydrogen in Amorphous Oxide Semiconductor In-Ga-Zn-O: Comparison of Conventional and Ultra-High-Vacuum
Sputtering. ECS ]. Solid State Sci. Technol. 2014, 3, Q3085-Q3090. [CrossRef]

Woodruff, D.P,; Delchar, T.A. Modern Techniques of Surface Science; Cambridge University Press: Cambridge, UK, 1994. [CrossRef]
Zeppelin, F. Untersuchung der Desorptionskinetik von Metallhydriden; Cuvillier Verlag: Gottingen, Germany; Max Planck Institut:
Stuttgart, Germany, 2004.

Yates, . Solid State Physics: Methods of Experimental Physics; Park, R., Lagally, M., Eds.; Academic Press: New York, NY, USA, 1985;
Volume 22, ISBN-13: 978-0124759640.

Beeby, ]. The theory of desorption. In Critical Reviews in Solid State and Materials Sciences; Vanselow, R., Ed.; CRC Press: Boca
Raton, FL, USA, 1977; Volume 7, pp. 153-166. [CrossRef]

Chen, Z.; Ren, W.; Gao, L.; Liu, B.; Pei, S.; Cheng, H.-M. Three-dimensional flexible and conductive interconnected graphene
networks grown by chemical vapour deposition. Nat. Mater. 2011, 10, 424-428. [CrossRef] [PubMed]

Schlapbach, L.; Ziittel, A. Hydrogen-storage materials for mobile applications. Nature 2001, 414, 353-358. [CrossRef] [PubMed]

Shiraishi, M.; Takenobu, T.; Yamada, A.; Ata, M.; Kataura, H. Hydrogen storage in single-walled carbon nanotube bundles and
peapods. Chem. Phys. Lett. 2002, 358, 213-218. [CrossRef]

73






@ nanomaterials

Article

Synthesis of Highly Active Pd@Cu-Pt/C Methanol Oxidation
Electrocatalysts via Continuous, Co-Electroless Deposition

Gregory L. Tate !, Bahareh Alsadat Tavakoli Mehrabadi 12, Wen Xiong !, Adam Kenvin ! and John R. Monnier 1*

Citation: Tate, G.L.; Mehrabadi,
B.A.T,; Xiong, W.; Kenvin, A.;
Monnier, J.R. Synthesis of Highly
Active PdA@Cu-Pt/C Methanol
Oxidation Electrocatalysts via
Continuous, Co-Electroless
Deposition. Nanomaterials 2021, 11,
793. https://doi.org/10.3390/
nano11030793

Academic Editors: Ioannis
V. Yentekakis and César Augusto

Correia de Sequeira

Received: 22 January 2021
Accepted: 15 March 2021
Published: 19 March 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Department of Chemical Engineering, University of South Carolina, Columbia, SC 29208, USA;
gltate@email.sc.edu (G.L.T.); bahareh.mehrabadi@nikolamotors.com (B.A.T.M.); wxiong@email.sc.edu (W.X.);
akenvin@email.sc.edu (A.K.)

2 Research and Development, Nikola Motors, Phoenix, AZ 85040, USA

Correspondence: monnier@cec.sc.edu; Tel.: +1-803-777-6813

Abstract: Controlled deposition of metals is essential for the creation of bimetallic catalysts having
predictable composition and character. Continuous co-electroless deposition (co-ED) permits the
creation of bimetallic catalysts with predictive control over composition. This method was applied
to create a suite of Cu-Pt mixed-metal shell catalysts for use in methanol electrooxidation in direct
methanol fuel cell applications (DMFCs). Enhanced performance of Cu-Pt compositions over Pt
alone was predicted by existing computational studies in the literature. Experimental evidence
from this study supports the bifunctional catalyst explanation for enhanced activity and confirms
the optimum Cu:Pt ratio as CuzPt for this methanol electrooxidation. This ability to control the
composition of a bimetallic shell can be extended to other systems where the ratio of two metals is
critical for catalytic performance.

Keywords: bifunctional catalyst; electroless deposition; fuel cells; heterogeneous catalysis;
preparation

1. Introduction

The move toward more environmentally sound transportation and portable power
devices has been an important focus of research in recent years. Fuel cells have provided
an alternative way to supply power since the 1960s [1]. However, there are bottlenecks,
one being the low-energy density of hydrogen (10.8 MJ/m? at STP) and the challenges
of storing, metering, and transporting a highly compressed and flammable gas [2]. A
promising alternative technology is to replace H, with methanol as a hydrogen source.
Methanol is much more energy-dense (18.1 GJ/m® at STP) than H, and exists as a “drop-in”
fuel [2]. Existing gasoline metering and distribution can be converted to methanol without
much difficulty.

Direct methanol fuel cells (DMFCs), however, also have limitations regarding their
activity. The oxidation of methanol produces CO as an intermediate, and Pt strongly
adsorbs CO. Thus, CO inhibits further MeOH oxidation placing an upper limit on the rate
of MeOH oxidation [3,4].

There are three reactions that take place during methanol electrooxidation. The first
reaction is the adsorption of methanol on Pt, where it decomposes into CO, donating 4e~ to
the electrode and liberating 4H* (Equation (1)). The second reaction is the decomposition of
water on Pt to give OH and H* and one e~ (Equation (2)). The final reaction (Equation (3))
is the oxidation of CO with adsorbed OH to form CO,, which easily desorbs to complete
the catalytic cycle [3-7]:

CH30H + Pt — Pt-CO + 4H" + 4e~ 1)

H,O + Pt — Pt-OH + H* + e~ 2)
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Pt-OH + Pt-CO — CO, + HY + 2Pt + e~ 3)

At most operating conditions, the rate-determining step is generally accepted to be the
oxidation of adsorbed CO. One of the methods to lower the inhibition effect of CO involves
the addition of a second metal proximal to the active Pt component. Proper placement
of the second metal can alter the electronic structure of Pt or provide a different catalytic
site to introduce bifunctionality. It has been experimentally shown that the d-band of Pt
can be altered by either lattice compression or expansion, which changes the adsorption
strength of CO on Pt [8,9]. Bifunctionality involves the addition of a second metal in
close proximity to Pt that functions as an adsorption site for the decomposition of H,O
to give OH,qs, which can react with Pt-CO to form CO, by reaction (3) [5,10-12]. This
bifunctional mechanism is believed to be responsible for the enhanced activity of the Ru-Pt
system for methanol electrooxidation [11]. Indeed, the addition of ruthenium to platinum
supported on carbon using electroless deposition methods has been shown [12,13] to be an
effective method of dramatically increasing DMFC activity, corroborating the bifunctional
mechanism proposed earlier by Watanabe [10-12], among others.

The key is to be able to control the amounts and locations of the two metal compo-
nents to give the optimal effect. Typically, the most common method is co-impregnation,
co-precipitation, or co-reduction of both metal salts on the carbon support [14]. With these
procedures, there is no assurance that bimetallic particles are consistently formed or that
the bimetallic particles have uniform compositions. Thus, analyses and performances
of materials are based on average bulk compositions instead of true metal ratios at the
bimetallic particle scale. To solve this, electroless deposition (ED) has been used to selec-
tively deposit the second metal only on the surface of a pre-existing primary metal by
catalytic activation of a reducing agent on the primary metal surface [10,13,15-20]. This
process ensures that the secondary metal is deposited only on the primary metal and not
on the support [15]. For example, in earlier work [12], bimetallic catalysts with different
monolayer (ML) coverages of Ru on 20 wt % Pt/C were prepared by ED and evaluated for
methanol electrooxidation. The Pt mass activity (425A /gpy) of the sample with 0.5 ML Ru
coverage (1.1 wt % Ru—surface Pt:Ru = 1:1) was seven times higher than a 20 wt % Pt/C
catalyst and 3.5 times higher than a commercial catalyst with a 1:1 Pt: Ru bulk atomic ratio
of 6.8 wt % Ru—13.2 wt % Pt/C. Additionally, the amount of Ru required for the highest
activity was only 1.1 wt % Ru, compared to 6.8 wt % Ru for the commercial catalyst. The
ability of ED to target Ru only on the Pt surface dramatically lowered Ru requirements.

In this study, we use electroless deposition to prepare Cu—Pt catalysts for methanol
electrooxidation. However, rather than depositing Cu on a Pt surface, both Cu and Pt have
been simultaneously co-deposited on a different core metal particle to create a mixed Pt-Cu
shell on a primary metal core. In this process, two metal salts are simultaneously added
along with a reducing agent to an ED bath containing a 5 wt % Pd/C base catalyst. The
relative ratios of metal deposition are controlled by the intrinsic reduction potentials of the
metal salts and the concentrations and pumping rates of the Cu and Pt salts. The reasons
for codeposition are to prepare a more uniformly distributed, bimetallic layer to maximize
bifunctionality and possibly improve stability. Further, it should be possible to use minimal
amounts of each of the two metals to reduce the cost of synthesis. While this is not critical
for Cu, it is clearly an important consideration for the much more expensive Pt component.

Cu-Pt alloys were selected because they have been studied both experimentally and
computationally for MeOH electrooxidation and represent a good case for comparison.
One of the benefits of using ED for the deposition of either single metals or deposition
of two metals is the general versatility of this method. Experimental studies have shown
increased activity for Cu-Pt alloys relative to either Pt or Cu catalysts [5]. It is also known
that Cu dissociates HyO and does not adsorb CO, and should provide a bifunctional site for
OH,gs [21]. Additionally, computational literature has predicted that several Pt-X (X = Cu,
Ru, Sn) alloys could provide lower overpotential for methanol electrooxidation compared
to Pt alone [5]. Rossmeisl and Tritsaris [6] calculated that a CusPt surface moiety offers the
lowest overpotential for MeOH electrooxidation. Since continuous codeposition should
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permit very good control over the shell composition, Cu-Pt shells have been prepared over
a range of Cu and Pt ratios to determine the optimum catalyst composition and whether
experimental results are corroborated with computational predictions.

Any metal with sufficient ability to oxidize a reducing agent can be selected as a
core metal, but for these studies, a commercial 5 wt % Pd/C (dispersion = 21.6%, average
particle diameter = 5.2 nm) was selected as the core metal base catalyst (Engelhard 5 wt %
Pd/CP56). Although the existence of ternary Pt—-Cu-Pd alloys is argued in the literature,
the low-temperature aqueous method of preparation is thought to preclude any bulk
ternary alloy formation [22-25]. There is insufficient thermal energy to force alloying of
the Cu-Pt shell with the bulk Pd core at room temperature. It is presumed that the shell
contains Cu and Pt alone. Furthermore, of importance, palladium is known to be inactive
for methanol electrooxidation under acidic conditions [26-29], ensuring that activity was
only from the Pt—Cu shell and not the Pd core.

2. Materials and Methods
2.1. Catalyst Preparation

A series of Pt-Cu/Pd/C catalysts was prepared by continuous co-ED following the
general procedures discussed in prior work [30]. The core catalyst on which the mixed-
metal shell is deposited is commercial 5 wt % Pd/C (disp = 21.6% D = 5.2 nm) was used as
received. In this case, a master 300 ppm PtCls>~ solution was prepared. To this solution, a
5:1 molar equivalent of ethylenediamine (EN) as stabilizing agent to prevent the unwanted
thermal reduction of PtClg?~ (with the reducing agent) was added to the volume of the
PtClg?~ solution to be loaded into the syringe preceding the ED experiment. A 500 ppm
copper solution was prepared fresh daily from Cu(NO3);-6H>O. No complexing agent
was added to this solution because of the lower reduction potential of Cu** compared to
PtClg?~ (E° = 0.34 V and E° = 0.72 V, respectively). Reducing agent selection was based
on the work of Ohno [31] and Djoki¢ [32]. Dilute aqueous hydrazine was selected as
the reducing agent because of its facile oxidation over Pd, Pt, and Cu at slightly alkaline
conditions and the “clean” nature of oxidation (N,Hy oxidizes into H,O and N;, whereas
other reducing agents can leave decomposition products that can affect the ED process.)
The amount of NyHy was selected to be in excess of the electron requirements for all metal
salts by a factor of 5:1 because the inherent instability of NyHy results in Hy evolution to
give inefficient use during ED. The overall equations for continuous co-ED are listed as
Equations (4)—(6) as proposed by Djoki¢ [32]. N,Hy is initially adsorbed and dissociated on
the Pd core to give four adsorbed H species, which in turn reduce Pt(EN),Clg?~ and Cu?*
leaving PtY and Cu® on the surface (Equations (5) and (6)). As the reaction proceeds, NoHy
can be readily adsorbed and oxidized on deposited Pt? and Cu’, providing additional
locations for Cu or Pt salt reduction. The values of the oxidation and reduction potentials
for each of the reactants indicate ED should readily occur:

N,Hj + Pd? — Nj + 4H,4, (basic) E° =+1.16 V ()

Pt(EN),Clg>™ + 4OH™ +4H,4s — Pt + xEN + 6C1~ +4H,0 E°=+0.72V  (5)
Cu?* +20H" +2H,4, — Cu’ + 2H,O E°=+0.34V (6)

To perform continuous co-ED, 500 mg of base catalyst was added to DI water in a
disposable plastic beaker and pH was adjusted to 9 using a NaOH solution. All three
microcontroller-driven syringe pumps were started simultaneously, and the molar rate
of pumping was controlled by the concentration of the solution and individual pumping
rates to give the desired ratios of Pt and Cu deposited on the core metal. A schematic
of the experimental setup is shown in Figure 1. Three microcontroller-driven syringe
pumps (New Era Pump Systems, NE-300, Farmingdale, NY, USA) were used to add each
reagent separately at set rates (Cu salt, Pt salt, and NoHy). The ED bath was continually
stirred, and pH was monitored throughout the reaction. The pH of the solution was
adjusted by 0.1 M NaOH or HC], if necessary, throughout the course of the experiment to
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maintain pH = 9. In all cases, a combined Cu and Pt shell of five theoretical monolayers
was targeted, although the actual coverage of the bimetallic shell depended on the actual
amount of metal deposited. Active Pd surface area site concentration used for theoretical
ML calculations was determined from H,—O; titration (AutoChem II 2920 Chemisorption
analyzer, Micromeritics, Norcross, GA, USA) of the Pd core catalyst. Aliquots (0.5 mL) of
the ED bath were taken at preselected time intervals during the course of the experiment
to determine the number of metal salts remaining in the solution (and by difference, the
number of metals deposited on the base catalyst). After the deposition time was completed,
the catalyst was vacuum filtered and rinsed with a large excess of DI water to remove
unreduced metal ions, EN, and N,Hj (not likely to be present due to instability and non-
selective evolution of Hy.) Aliquots were immediately analyzed by AAS (PerkinElmer
AAnalyst 200, Waltham, MA, USA). All samples were dried overnight in flowing air at
25 °C and then stored in capped bottles.

. — I

Base catalyst

(suspendedin [——-—]

solution)

p [H
—— o]

Figure 1. Image of the experimental setup for continuous co-electroless deposition (co-ED). New

Era Pump Systems NE-300 pumps were used to add reagents during ED. A pH meter continuously
monitored the pH of the ED bath. Bath temperature was maintained (in this case at 25 °C) but could
be controlled up to 90 °C using a digital, PID heated stirrer to regulate temperature and stir the bath.

For comparison, a commercial 20 wt % Pt/XC72 sample was evaluated for methanol
electrooxidation. This catalyst was evaluated as-received and characterized by STEM, XRD,
and H,-O; titration to give average diameter d: d(STEM) = 3 + 1 nm, d(XRD) = 3.2 nm,
and d(Hy-O; titration) = 6.1 £ 0.3 nm.

2.2. Characterization

Dried samples were analyzed by powder XRD (Rigaku Miniflex with D/tex Ultra 250
1D silicon strip detector, Tokyo, Japan) to determine whether Pt or Cu oxides were present.
If bulk Pt or Cu oxides were present, it would suggest that uniform deposition did not
occur during ED. Bulk Cu® particles at the nm scale would likely undergo facile oxidation
to CupO, while deposition of a mixed alloy Pt—-Cu shell should inhibit the formation of
a bulk Cuy0O phase. Further, the presence of crystalline Pt’ and Cu® phases would also
indicate segregation of the two components during co-ED.

Additionally, to quantify Pt site concentrations at the surface of the shell, H,-O,
titration (AutoChem II 2920 Chemisorption analyzer, Micromeritics, Norcross, GA, USA)
was used to characterize all samples. All samples were exposed to a flowing stream of Hj
for 1 h at 45 °C. Following this, the sample was swept with flowing Ar for 1 h at the same
temperature to remove any physically adsorbed Hy. The sample was next pre-covered
with oxygen by flowing in 10% O, /balance He for 30 min, and residual O, was removed
by flowing in Ar for 30 min. Titration of the surface was done with 10% H,/balance Ar
pulses, dosed until the peak area did not change [33,34]. Uptake was determined by the
summation of pulse area and gas loop volume. This procedure was repeated three times
per sample to ensure reproducibility, with average values and standard deviation reported.
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STEM imaging was performed on select samples to determine catalyst morphology
and ensure core-shell structure with mixed Cu—Pt shell. A JEOL 2100 F 200 kV scanning
transmission electron microscope(Tokyo, Japan) equipped with a CEOS Cs-corrector illu-
mination source and Fischione Model 3000 high angle annular dark-field (HAADEF, Export,
PA, USA) detector was used for imaging. Minimization of line noise was accomplished by
synchronized 60 Hz scanning, with 15.8 ps pixel dwell time.

No pretreatment, other than drying at room temperature in flowing air, was used
before any characterization procedure.

2.3. Cyclic Voltammetry

Cyclic voltammetry (CV) procedures are largely repeated from previous work with a
different catalyst system studying the same reaction [12]. Cyclic voltammetry studies were
performed using a 5 mm diameter Pt disk coated with catalyst as the working electrode
with a bare Pt wire used as the counter electrode. For the reference electrode, a Luggin
capillary Hg/Hg,SO, electrode was employed. To coat the working electrode, an ink
was prepared by sonicating 10 mg of dry catalyst in a 10 mL solution consisting of a 1:1
volumetric ratio of isopropyl alcohol (IPA) and DI water, the electrode ink having a final
catalyst concentration to solvent ratio of 1 g/L. To coat the working electrode, an 18.5 puL
sample of the ink was added dropwise to the Pt disk. To secure the ink to the surface of the
electrode, a 5 pL solution of 5 wt % Nafion: IPA was added atop the ink.

CV analyses were performed using an Nj-purged bath of 0.5 M H,SO4 and 1 M
MeOH; all evaluations were performed at 25 °C. At bath conditions, the reference electrode
had a potential of 0.682 V versus the standard hydrogen electrode (SHE) and all potentials
reported are referenced to SHE value [35]. All catalysts were conditioned for 50 cycles before
CV measurements at a rate of 50 mV /s from 0-1.2 V. CV measurements were performed
from 0-1.2 V at a rate of 5 mV /s and repeated three times to ensure reproducibility. The
average forward peak current (I¢) at ~0.85 V from these three trials was used to determine
reported methanol electrooxidation activity.

3. Results
3.1. Preparation/Synthesis

The kinetics for two examples of co-electroless deposition are shown in Figure 2a,b.
Figure 2a shows Cu and Pt deposition for the addition of equal molar concentrations of
PtClg?~ and Cu?* over a 60 min time interval. The straight-line deposition rates over the
full time interval indicate the formation of a shell with constant bimetallic composition.
As stated earlier, a hydrazine solution at 5x molar excess was added from a third syringe.
Approximately 50 pmol of each salt was added over a 60 min period, and then the bath
was left in a batch mode for an additional 60 min. The results clearly show that PtClg2~ is
reduced much more rapidly than Cu?*, possibly because of the higher reduction potential of
PtCl62* compared to Cu?, although kinetics are favorable for both salts. From 60-120 min,
there is a small amount of additional Cu deposition, indicating some residual NyHy is left in
the bath. The final composition of the bimetallic shell was Cug23Pt; on 5 wt % Pd/carbon.
Figure 2b shows ED kinetics for a bath selected to give a higher Cu:Pt ratio. In this case,
240 pmol and 80 pmol of Cu?* and PtCls?~, respectively, were added over a 60 min period
to give a final composition of Cuj ¢Pt;. Interestingly, there was an apparent induction
period for deposition of Cu’, while Pt was deposited at the outset. The Cu kinetic plot
does show, however, that the analyzed Cu?* in the bath agrees very well with the amount
of Cu?* syringe-pumped into the bath for the first 20 min interval. Similar experiments
were conducted for different bath compositions, and the results are summarized in Table 1.
In Table 1, the amounts of Pt and Cu deposited for all samples are shown to illustrate
the range of these components in the shell layer. Since the complete deposition of both
components did not occur at the deposition conditions that were used, a plot of target
deposition vs. actual deposition was constructed and shown in Figure 2c to help select the
concentrations to be used for a particular bimetallic shell composition.
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a) Cu dynamics Pt dynamics

¥=065-033
R'=094

Cu:Pt mole ratio at 120 min

6 8 10 1
target Cu:Pt mole ratio

Figure 2. Deposition kinetics for a feed ratio of (a) 1:1 = Cu:Pt (b) 3:1 = Cu:Pt. The solid line indicates
the total amount of metal added, the red line indicates metal deposited in the mixed shell, and the
blue line indicates the metal salt remaining in the bath. Final shell composition was (a) Cu:Pt = 0.23:1
and (b) Cu:Pt = 1.6:1. Results from deposition kinetics shown for all materials made plotted (c) where
the amount of Cu:Pt added by a syringe pump (target) is compared to the amount (Cu:Pt) actually
deposited after 120 min. Linear regression is shown by the dashed line.

Table 1. Summary of catalysts prepared and tested with cyclic voltammetry. One ML is defined as
the number of atoms required to cover the surface of the Pd core. The surface concentration of the
Pd core was determined by H-titration of O-pre-covered Pd. Weight loadings of Pt and Cu refer
to weight loadings of each metal added to the 5% Pd/C. The Pd loading was not factored into the
Pt and Cu loadings. The concentration of Pt surface sites was determined from the Hj titration of
O-pre-covered Pt sites.

Number of Pt; (1018

Empirical Formula Pt (wt %) Cu(wt%) ML (Cu+Pt) Sites x g1 Cat)

Cug Pty 1.9 0.14 1.2 40
Cuy 6Pty 24 1.2 3.1 17
Cuy 7Pty 1.9 1.0 2.5 30
Cuz Pty 2.3 2.2 4.5 21
Cus 3Pty 1.1 1.2 24 8.1
Cus 5Pty 0.90 1.8 3.3 4.8
Cug 1Pty 1.1 2.0 3.7 2.7

3.2. Physicochemical Characterization

XRD patterns of selected samples are shown in Figure 3. A Rigaku Miniflex XRD with
an ultra-high sensitivity D/tex Ultra 250 1D silicon strip detector has sufficient sensitivity to
determine the existence of crystalline structures at these low weight loadings, as evidenced
from previous studies [36,37]. For all samples, neither Cu,O peaks nor sharp Pt peaks
indicative of larger Pt particles were detected, consistent with the assumption that the shell
is a uniformly mixed alloy and that segregation into discrete Pt and Cu particles had not
occurred. A broad peak does exist in the region between the (111) planes of Pt and Cu, and
according to Vegard’s law, the lattice parameter of a solution-phase alloy is a weighted
composition of the individual constituents’ lattice parameters. Thus, the peak lies in the
expected region for a Cu—Pt shell [38]. Additionally, the peak broadening suggests very
small domain sizes, in accordance with the maximum of ~5 ML shell metals deposited
by continuous co-ED (Table 1). Shell thicknesses have been previously determined in our
laboratory by Scherrer peak broadening for Pt@Pt,O3 species using this same technique;
the diffuse broad peaks are an indication that the shell is, indeed, of mixed Cu-Pt charac-
ter [39]. Additionally, the XRD patterns show that the base Pd peaks neither shift position
(indicating no alloy formation with Pt or Cu according to Vegard’s law) nor change in
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shape (indicating no growth of the Pd core due to alloying). Thus, we can conclude that
the base Pd/C catalyst is substantially unchanged by the co-ED procedure. A broad peak
at 20 = 34° in Figure 3c,d could be attributed to PdO. This peak decreases in intensity in
Figure 3a,b. Oxidation of Pt nanoparticles supported on carbon under ambient conditions
was shown by Banerjee et al. as a shell of Pt oxides over a core of Pt [39]. Given that the
oxidation potential of Pd is greater than Pt, it is not unexpected to see surface oxidation [40].
PdO is readily reduced by NyHy in the ED bath. Re-oxidation of exposed Pd post-ED could
be one explanation for the reappearance of PdO in 3c.

XRD spectra co-ED on 5wt% Pd/C

W
(b)
(c)
(d)

Cu,0(111) Cu(111]

PdO(101) - *Y' Pt(111) - Pd(111) u(111) Cu,0(200)
I
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Figure 3. Powder XRD patterns of base Cus gPt (a), Cusz 3Pt (b), Cug 18Pt (c), and 5 wt % Pd/C catalyst
(d). The absence of Cu,O peaks supports the mixed Pt-Cu shell assignment. The unresolved, broad
and diffuse peaks between Pt(111) and Cu(111) are consistent with mixed Cu-Pt alloy shell. The
absence of CuyO, Cu?, or Pt peaks indicates no formation of these species and that phase segregation
had not occurred.

Since Pt is the active site for methanol electrooxidation, it is helpful to determine the
concentration of Pt surface in the samples using methods other than the electrochemical
surface area. To determine the amount of exposed Pt, Hj titration of O-pre-covered
Pt was used [33,34]. Cu® is not active for H, titration at ambient conditions. Higher
heating temperatures were not used to intentionally minimize the potential of Pt and Cu
de-alloying in the shell and to prevent the high-temperature formation of Pt-Pd alloys
(from the core). Pt and Pd readily form solid solutions across all compositions at elevated
temperatures [41,42]. Ternary Pt-Cu-Pd alloys can potentially form at high-temperature;
therefore, no high-temperature treatment was used to preserve the Cu-Pt shell/Pd core
morphology [22-25]. The results from Hj titration are shown in Figure 4. The uptake of
Hj decreases with higher Cu/Pt ratios as expected since surface Pt becomes more diluted
by Cu, and Cu-O requires elevated temperatures for chemisorption. We also assume
that no Pd sites are exposed for the Cu-Pt alloy, which may, in fact, not be the case for
some compositions. If surface Pd is present, it will also be active for H; titration. In these
cases, the Pt surface site concentration would be over-stated, and methanol oxidation
activities relative to Pt surface areas would be under-calculated. Regardless, active site
concentrations based on chemisorption are a way to standardize specific activities, which
are typically done in conventional catalysis [43,44]. Additionally, there is good agreement
in the literature between Pt surface area calculated by chemisorption methods and by
H-stripping electrochemical methods [45,46].
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Figure 4. Hj, titration results for O-pre-covered catalysts. Values decline as Pt is diluted by Cu on the
Pt—Cu surface.

Results from STEM Z-contrast imaging show a uniform distribution of Pt (individual
bright spots) over a Pd core. Pd is medium gray, and Cu is dark gray in Z-contrast. The
distribution of Pt in the shell looks to be both uniform and random. Figure 5a,b shows
representative particles. Lattice fringes are present in both images, indicating the ordered
Pd core, with a halo surrounding the core containing both bright specks, Pt, and dark
gray, Cu. Lattice fringes were analyzed with FFT in Image] software, and d-spacing was
measured to be 0.23 nm [47]. The known d-spacing for Pd(111) is 0.223 nm; this corroborates
the statement that these lattice fringes arise from the Pd core. Figure 5c shows uniform
speckling on several particles, indicating that co-ED produces uniform shells of randomly
distributed Cu and Pt over Pd cores and that 5a and 5b are representative particles for the
overall sample.

Figure 5. TEM images of Cuz 3Pt; sample. Z-contrast imaging shows Pt as bright white spots, with
Cu shown in darkest gray. The speckling of white spots in (a,b) show a uniform distribution of Pt in
the shell, lattice fringes arise from ordered Pd core (d-spacing calculated from lattice fringes in images
(b,c) equal 0.23 nm, corresponding to known d-spacing of Pd (111) diffraction, 0.223 nm) Uniform
core-shell formation can be seen in image (c) showing even speckling across several particles.

3.3. Electrochemical Characterization

Cyclic voltammetry was conducted on all samples, and the results are included in
Table 2. Each voltammogram shows two remarkable anodic peaks, one in the forward scan
(If) and the other in the backward scan (I). The forward current, I; at ~0.85 V, normalized
to the mass of Pt (mass activity), was measured as the marker for MeOH electrooxidation
activity, in accordance with prior literature [11,12]. Figure 6a,b shows two CV traces for
two samples, Cug23Pt; and Cuy ¢Pty, respectively. The forward peak current (Ir) and the
backward peak current (I},) were marked in Figure 6. Only the forward current (If) was
used to determine the mass activity for MeOH electrooxidation in this study. According
to Chung et al. [3], the backward oxidation (I},) is not affected by the forward reaction;
as a result, I, cannot come from a forward scan intermediate. It was debated that in the
backward direction, the surface is covered with Pt oxide, thus making I;, representative
of reduction of a PtO, surface, which must be stripped before methanol decomposition
can occur [3]. Figure 7 shows mass activities plotted against shell composition for different
Cu:Pt ratios. A maximum mass activity value is clearly observed at Cu:Pt = 3.0.
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Table 2. Summary of CV results.

Empirical Formula

Peak Current (A x g~1 Pt)

Pt (commercial) 146
Cug Pty 57
Cuy 6Pty 161
Cuy 7Pty 238
Cuz Pty 278
Cuz 3Pty 228
Cus 5Pty 296
Cug 1Pty 150
100 100
T a) T | b)
50 Iy 50 :
E R £ —
E o | Eo Iy
: = b : —
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Figure 6. Cyclic voltammetry CV) traces for (a) Cug 3Pt and (b) Cuy ¢Pt. Forward scan peak current
(If) at 0.85 V used for comparison of catalysts. Cyclic voltammetry in 0.5 M H,SOy, 1 M methanol,
scan rate 5 mV/s, at 25 °C.
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Figure 7. Mass activity of Pd@Cu-Pt/C catalysts prepared by continuous co-ED versus the atomic
ratio of Cu and Pt in the shell. Dashed lines are linear regressions of the points to the left and right of
peak (peak inclusive), added as a guide to the eye. Red square is a commercial 20 wt % Pt/XC-72
catalyst for comparison.

4. Discussion

The experimental results confirm that a shell composition of Cu:Pt ~3:1 is optimum
for MeOH electrooxidation. There are two likely explanations. One explanation is that
the addition of Cu to the shell modifies the electronic structure of Pt, specifically the d-
band shape and location to the Fermi level, which can affect the strength of adsorption of
intermediates, such as CO on the Pt surface. Both computational and experimental data
have shown that CO adsorbs less strongly on Pt as the d-band center is shifted away from
the Fermi level [8,9]. Both Pt and Cu exist as fcc metals but have different lattice parameters
due to their different atomic radii in the fcc lattice. For the situation where Pt exists as an
epitaxial overlayer on Cu, the first few Pt lattice layers undergo compression; the Pt-Pt and
Cu-Cu bond distances, in bulk metal, are 2.77 A and 2.56 A, respectively. Experimentally, it
has been shown that the more compressed the Pt overlayer, the weaker the binding energy
of CO [8]. It is possible that the addition of Cu along with Pt in our bimetallic shell may
function the same way, but not as a discrete epitaxial layer of Pt on Cu since both metals
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were simultaneously deposited, but as a true mixed Pt-Cu alloy. Intuitively, the expectation
is that the optimum composition would be Cu:Pt = 1:1 if this was the mechanism.

Second, the same is true if bifunctionality is the explanation for higher activities. In
prior work for the ED of Ru on a commercial 20 wt % Pt/XC-72 catalyst, Ru-Pt catalysts
with the loading of Ru on Pt = 0.5 ML were the optimum coverage of Ru [12]. This
is consistent with a bifunctional and bimetallic Ru-Pt site where methanol is oxidized
on Pt and a proximal Ru site activate H,O to form Ru-OH to help remove CO as CO,
(Equations (1)—(3) in this manuscript), which is supported by the disordered bimetallic
alloy for the Ru-Pt system described by Watanabe [11]. A simple statistical model states the
maximum number of Pt-Ru bonds exists at Pt:Ru = 1:1. For the Cu-Pt system, however, the
maximum activity occurs at Cu:Pt = 3:1. In previous work by Rossmeisl, adlayers of Cu on
a Pt surface performed best at a preparation giving 8¢, = 0.5 ML, despite the computational
models predicting optimum performance at CusPt; the authors attributed this to possible
surface rearrangement to form Cug trimers (Cug ) [5]. Other computational results have
suggested that OH adsorption to Cu is most stable in the three-fold hollow made by Cug i,
as opposed to linear Cu-OH adsorption [21].

To discount the possibility that increased activity is simply due to a higher number of
surface Pt sites (Pts), mass normalized It (A/g cat) is plotted against Pt surface sites (umol
Pts/g cat) for each catalyst in Figure 8; the Pt; values are taken from Table 1. The maximum
activity is preserved at the Cu:Pt ratio ~3:1, and there is no clear positive trend relating
Pts/g cat to mass activity, indicating that simply increasing the number of Pt; does not
account for the activity trends for among the catalysts prepared by continuous co-ED. We
can now assume that the formation of Cus i—Pt ensembles are the preferred sites for MeOH
electrooxidation and that the concentration of these Cug Pt pairs is highest for CuzPt.
There are also some Cug y,; sites at different Cu:Pt ratios, which were also synthesized using
co-ED. To determine the concentration of these sites, a simple model is used.
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Figure 8. MeOH electrooxidation activity vs. a number of Pt surface sites (Pts). If increased activity
is simply because there are more Pt surface sites, there should be an upward linear trend. However,
this is not the case, and maximum activity is maintained at CuzPt;.

The unit cell for the surface of an fcc metal can be divided into a series of two-
dimensional, four-atom primitive cells arranged in a parallelogram shape. If we assume
random packing of deposited Cu and Pt atoms in the four-atom parallelogram, a simple
probability for the population of these sites as independently occurring events can be used.
The likelihood of depositing Cu or Pt at a lattice point is directly related to the ratio of the
metals being deposited, or Pcy, = Xcy = Ny /(Ney + Npy), where Pey, is the probability of
Cu being deposited, Xc, is the atomic mole fraction of Cu being deposited, and N¢,, and
Np¢ represent the molar amounts of Cu and Pt, respectively, being deposited; likewise, Pp;
= Xpt = Npt/(Ncy + Npt). There are 16 unique arrangements where 0, 1, 2, 3, or 4 Cu atoms
can be placed in the primitive cell; four of these structures contain three Cu atoms, but only
two of them have a Cug y structure adjacent to a Pt atom, as shown in Figure 9, a graphical
representation of this model. The probability of depositing 3 Cu atoms and 1 Pt atom in
this primitive cell in the proper configuration is P(Cus 4i—Pt) =2 Pcy® o Ppy. Substituting
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for an atomic fraction of Cu gives P(Cug ri—Pt) =2 o Xcuw® @ (1—Xcy). If we define r as the
ratio of N¢,, /Np¢ = Xcy / Xpr and rearrange, the equation gives the probability P(Cug 4i—Pt)
=2e13/(1 +1)* A plot of this probability for different ratios of Cu:Pt is shown in Figure 10
overlaid with the experimental mass activity results. Using I = nFk¢Co where 1 is a number
of electrons removed during oxidation, ki is a forward reaction (oxidation) constant, F is
Faraday’s constant, and C is the concentration of adsorbed methanol, then Co o« X(Cug tri—
Pt) [48], which is proportional to the number of Cug ¢i—Pt pairs. The shape of the curve for
mass activity vs. calculated fraction of Cug —Pt pairs are in good agreement, although
there is some deviation at high Cu:Pt ratios. Using the same justification as Watanabe, the
bifunctional mechanism of the Cujs ;—Pt site for MeOH electrooxidation is warranted [11].
Since codeposition of Cu and Pt on the Pd, core takes place at 25 °C, and there is no
high-temperature annealing after preparation of the catalyst, we can also logically assume
that the positions of Cu and Pt in the fcc lattice are random (as shown by STEM images, in
Figure 5) and stable during electrooxidation. In summary, the method of continuous co-ED
of both Pt and Cu components in specific ratios and in a controlled manner has resulted in
the synthesis of advanced, direct methanol fuel cell catalysts. It also has provided one of
the few cases where direct comparisons can be made to test the predictive capabilities of
computation-based studies for this important reaction.

¢ o
& ¥

Figure 9. Positions for deposition of three Cu atoms (black) in a four atom fcc primitive cell. Only
the bottom two structures have the single Pt atom (white) adjacent to a Cug yj with three-fold hollow.
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Figure 10. Calculated fraction (dashed line) of surface composed of Cug ¢j—Pt pairs versus Cu:Pt ratio
in shell overlaid with Pt mass activity for CH3OH electrooxidation.

5. Conclusions

Continuous co-ED provides a way to make shells of mixed-metal composition with
highly controlled ratios of constituent metals. This technique was successfully applied for
the creation of methanol electrooxidation catalysts for DMFC applications. Mixed shells of
Cu-Pt has shown markedly higher Pt mass activities than a commercial 20 wt % Pt/XC-72
electrocatalyst. The enhanced activity was correlated with the formation of bifunctional Cu—
Pt sites predicted from previous computational studies [5]. The bifunctional site provides
close proximity of OH,4s and CO,4s to promote facile oxidation to CO,, thus lowering the
strong inhibition effect of strongly adsorbed CO on Pt sites. Further, the ability of co-ED to
prepare a wide series of bimetallic Cu—Pt shells has permitted correlation of experimental
results with the optimum Cu:Pt = 3:1 ratio predicted by others [5,6]. A relatively simple
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statistical model has shown that Cug ;—Pt pair sites are likely to be the specific sites for
enhanced activity and that the concentration of these species control activity. In these cases,
H,O is preferentially adsorbed in the three-fold hollow of a Cus trimer, which is adjacent
to a Pt site containing strongly adsorbed CO; the reaction is then facilitated to form CO,,
which readily desorbs. Activity trends correlate quite strongly with the calculated surface
fraction of Cug y,i—Pt pairs.

Of economic importance is the more efficient use of Pt with this method of preparation.
Pt is used only in a thin shell layer, improving the effective dispersion of Pt compared to
bulk Pt alone. In this study, Pt weight loadings varied between 0.9 and 2.4 wt %. Although
the core catalyst used in this study was a commercial 5 wt % Pd/C, there is no fundamental
reason the core metal could not be at a lower concentration and/or a less expensive metal,
so long it is stable under reaction conditions.

Further application of this method of preparation to other metals, which have OH
adsorption at 3-fold hollows in an fcc lattice, could show similar mass activity trends.
Currently, studies are being made with Ni-Pt and Co—Pt shells prepared using co-electroless
deposition [49]. Clearly, less expensive, more active, and more stable electrocatalysts will
be critical for the commercialization of any fuel cell technology.

6. Patents

J.R. Monnier, G.L. Tate, W. Xiong, and B.H. Meekins, “CO-ELECTROLESS DEPOSI-
TION METHODS FOR FORMATION OF METHANOL FUEL CELL CATALYSTS, US pat.
Appl. US 2020/0313214, 1 October 2020.
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Abstract: Molybdenum carbide (Mo,C)-based electrocatalysts were prepared using two different
carbon supports, commercial carbon nanotubes (CNTs) and synthesised carbon xerogel (CXG), to be
studied from the point of view of both capacitive and electrocatalytic properties. Cation type (K*
or Na*) in the alkaline electrolyte solution did not affect the rate of formation of the electrical
double layer at a low scan rate of 10 mV s™!. Conversely, the different mobility of these cations
through the electrolyte was found to be crucial for the rate of double-layer formation at higher scan
rates. Molybdenum carbide supported on carbon xerogel (Mo,C/CXG) showed ca. 3 times higher
double-layer capacity amounting to 75 mF cm~? compared to molybdenum carbide supported on
carbon nanotubes (Mo, C/CNT) with a value of 23 mF cm™2 due to having more than double the
surface area size. The electrocatalytic properties of carbon-supported molybdenum carbides for the
oxygen reduction reaction in alkaline media were evaluated using linear scan voltammetry with
a rotating disk electrode. The studied materials demonstrated good electrocatalytic performance
with Mo,C/CXG delivering higher current densities at more positive onset and half-wave potential.
The number of electrons exchanged during oxygen reduction reaction (ORR) was calculated to be 3,
suggesting a combination of four- and two-electron mechanism.

Keywords: oxygen reduction reaction; molybdenum carbide; carbon nanotubes; carbon xerogel;
alkaline fuel cell

1. Introduction

Demand for sustainable and efficient energy sources to complement and eventually substitute
existing fossil fuel-based ones has arisen with the increasing energy demand and environmental
pollution.  Electrochemical energy conversion devices such as fuel cells (FCs), batteries,
and supercapacitors, are believed to be the most feasible alternatives among different energy
technologies considered. Thus, the oxygen reduction reaction (ORR) has received much attention due
to its application in fuel cells and metal-air batteries [1-4]. Sluggish ORR kinetics is one of the main
limiting factors in the energy conversion efficiency of fuel cells and metal-air batteries, since ORR
requires high overpotential and has a complex mechanism involving numerous steps [5-8]. ORR in
alkaline media such as in alkaline fuel cells (AFCs) has faster kinetics, enabling the use of non-platinum
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(Pt) electrocatalysts in these cells [9]. However, Pt-based electrocatalysts are currently the most common
electrocatalysts in AFCs and FCs in general, holding back their large-scale production and application.

Transition metal carbides (TMCs) are a potential alternative to replace Pt-based electrocatalysts
due to the TMCs’ similar electronic density as Pt [10]. Furthermore, TMCs display high electrical
conductivity, high oxidation resistance, high hardness, and high melting point. TMCs, such as
molybdenum carbide (Mo0,C), vanadium carbide (VgCy), and tungsten carbide (WC), have shown
similar catalytic and electrocatalytic activities as Pt-group noble metals [11-13]. For instance, TMCs have
been suggested as supports for Pt and Pt-group metals in fuel cells [14-16]. Pt-group metals supported
on vanadium carbide (VC) and tantalum carbide (TaC) have been shown to have synergistic effects
for the ORR, while zirconium carbide (ZrC) has shown to be a good support material for hydrogen
oxidation reaction electrocatalysts [17-19]. Recently, WC, carbon-supported and unsupported, has been
explored as an inexpensive, Pt-free electrocatalyst for ORR [10,20-22]. Carbon-supported Mo,C has
also been reported to show high electrocatalytic activity for hydrogen evolution reaction (HER) [23,24],
as well as for ORR [25-28]. TMCs’ advantage for applications in fuel cells is their higher abundance
(they are several orders of magnitude more abundant than Pt) [29] and, consequently, lower price as
electrocatalysts account for ca. 50% of a commercial fuel cell price.

TMC particles tend to agglomerate during their synthesis, especially under high-temperature
reaction conditions [10]. However, large carbide particles display lower electrocatalytic activity
compared to their nanosized counterparts due to too high densities and low specific surface areas. Thus,
itis of great importance to develop nanosized TMCs with controllable particle size [14]. Further increase
of electrocatalysts efficiency in FCs and metal-air batteries can be achieved by using high-surface-area
and high-porosity support materials [30]. The support material should additionally be characterised by
high electrical conductivity along with high corrosion-stability in different electrolytes used in fuel cells.
Various types of carbon materials including carbon black, activated carbon, carbon nanotubes (CNTs),
carbon xerogel (CXG), and graphene have been considered and tested as electrocatalyst supports for
electrochemical energy conversion and storage devices [9,31-33]. CNTs and CXG have an advantage
in terms of their 3D interconnected uniform pore structure that allows a high-degree dispersion of the
active material and efficient diffusion of electrolyte [34]. Hence, electrocatalysts supported on CXG
and CNTs have been reported to exhibit improved performance in comparison with those supported
on conventional supports, such as Vulcan carbon black [35-39].

In our recent work, we have successfully prepared Mo,C supported on commercial CNTs
(Mo,C/CNT) and synthesised CXG (Mo, C/CXG). In this work, Mo,C/CNT and Mo,C/CXG were tested
as electrocatalysts for the ORR in alkaline fuel cells and for supercapacitors.

2. Materials and Methods

2.1. Materials Preparation and Characterisation

The precursor of carbon xerogel (CXG) was prepared by polycondensation of resorcinol
(Sigma-Aldrich, Taufkirchen, Germany) with formaldehyde (Sigma-Aldrich, Taufkirchen, Germany).
After pH adjustment to produce a mesoporous structure, gelation was completed after 3 days at 85 °C
in a paraffin bath. The sample was then dried (4 days in an oven at a temperature of 60-120 °C,
increasing temperature by 20 °C per day) and carbonisation was performed by heating the material to
150, 400, 600, and 800 °C. Each temperature was kept for 1-6 h to result in CXG. The detailed procedure
is described in previous work [24,40]. Multi-walled CNTs (NANOCYL, NC3100 series, Nanocyl,
Sambreville, Belgium) were pre-treated with hydrochloric acid (HCI) (Sigma-Aldrich, Taufkirchen,
Germany) [24]. The Mo,C electrocatalyst (Sigma-Aldrich, Taufkirchen, Germany) was supported
on CXG and CNTs following a modified incipient wetness impregnation method [23,24]. Namely,
an aqueous solution of ammonium molybdate (0.788 g in 6 mL, Sigma-Aldrich, Taufkirchen, Germany)
was added dropwise to the carbon support (1 g), the slurry was homogenised in an ultrasonic bath
(Model 3000514, JP Selecta, Barcelona, Spain) and dried at 110 °C overnight. Carburisation was
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performed in a tube furnace (Termolab, Agueda, Portugal) at a slow temperature rise to 800 °C and then
holding it at 800 °C for 2 h under permanent nitrogen flow (Air Liquide, 99.99995 %, Algés, Portugal).
The characterization of the prepared composite electrocatalysts, Mo, C/CNT and Mo,C/CXG, by X-ray
diffraction analysis (XRD) (Philips 1050 Bruker D8 Advance, Bruker, Billerica, MA, USA), scanning
electron microscopy (SEM) (JEOL JSM 7001F, JEOL, Tokyo, Japan), thermogravimetric analysis (TGA)
(TA SDT 2960, TA instruments, New Castle, DE, USA), and X-ray photoelectron spectroscopy (XPS)
(Kratos AXIS Ultra HSA with VISION software, Kratos Analytical Ltd., Manchester, UK) is presented
in detail in a previous paper [24].

Electrocatalysts conductivity measurements (in the form of pressure pelleted powders) were done
using Wayne Kerr Universal Bridge B244 (Wayne Kerr, Begnor Regis, SXW, England).

2.2. Electrochemical Measurements

All electrochemical measurements were carried out on Gamry PCI4/300 Potentiostat/Galvanostat
(Gamry Instruments, Werminster, PA, USA) using a conventional three-electrode system in a
single-compartment glass cell of 50 mL volume. The working electrode (Pine Instruments, Durham,
NC, USA) was prepared as described below, while a Pt electrode and a saturated calomel electrode (SCE,
Hannah Instruments, Woonsocket, RI, USA) served as counter and reference electrode, respectively.
All electrode potentials are converted and given relative to the reversible hydrogen electrode (RHE).

Catalytic ink was made by adding 5.0 mg of the electrocatalyst (Mo, C/CNT or Mo,C/CXG) with
50 pL of Nafion (5 wt.%, Sigma-Aldrich, Taufkirchen, Germany) into 750 pL of ethanol (p.a., Merck,
St. Louis, MO, USA) and mixing it ultrasonically for 30 min. The working electrode (Mo,C/CNT or
Mo,C/CXG) was prepared by pipetting 20 uL of the corresponding catalytic ink onto a polished glassy
carbon electrode (GCE, 5 mm diameter) and leaving it to dry at room temperature. Current densities
were calculated using the geometric surface area of the electrode.

Capacitance behaviour of the two electrocatalysts was studied by recording cyclic voltammograms
(CV) in 6 M NaOH (Sigma-Aldrich, Taufkirchen, Germany) and 6 M KOH (Sigma-Aldrich, Taufkirchen,
Germany) at different scan rates.

The electrodes were tested for the ORR in 0.1 M NaOH aqueous solutions at room temperature.
cyclic voltammetry (CV) and linear scan voltammetry (LSV) measurements were done from 0.2 to 1 V
vs. RHE at a scan rate of 10 mV s~!. For rotating disk electrode (RDE) measurements, the rotation
speed (w) of the electrode was adjusted using a Pine rotator.

3. Results

3.1. Characterisation of the Electrocatalysts

The activity of two samples towards HER has been tested in the authors’ previous work, along with
their characterisation by XRD, SEM, TGA, and XPS [24,41]. XRD analysis confirmed the formation
of a-Mo,C onto CNTs and CXG and enabled the determination of crystal structure and average
crystal size. XRD peaks were assigned to the orthorhombic structure of «a-Mo,C (ICSD card #1326)
and crystallite sizes of 22.3 and 28.6 nm were evaluated for Mo, C/CNT and Mo, C/CXG, respectively.
It should be mentioned that a previous study of ORR at different phases of molybdenum carbide
supported on carbon in acidic media have shown that their activity towards ORR is strongly influenced
by the carbides’ structure so that «-Mo,C/C shows higher activity compared to 5-MoC/C, most likely
due to the stronger affinity of the former for O, adsorption [42]. This was further confirmed by the
theoretical calculations of O, adsorption energy on the x-Mo,C [43] and on the 6-MoC [44]. Thus,
O, is predicted to spontaneously dissociate upon adsorption on a-Mo,C.

TGA with linearly rising temperature in air atmosphere was used to determine the actual ratio
of Mo,C against CNT or CXG, based on the fact that the final product of the analysis is pure MoOs5.
TGA data showed a similar amount of Mo,C in both electrocatalysts. For CNT support, 28.5 wt.%
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of Mo,C was incorporated into Mo, C/CNT. If CXG is used as support, synthesised electrocatalyst
contained 25.6 wt.% of Mo,C.

SEM and transmission electron microscopy (TEM) (FEI Tecnai F30, Thermo Fisher, Waltham, MA,
USA) analyses revealed significantly different morphologies of the two electrocatalysts. Mo,C/CNT
showed characteristic tube-like morphology with tube diameters of 10-60 nm and disperse carbide
nanoparticles clearly distinguishable in the TEM images (Figure la). For the CXG-supported
electrocatalyst, particles were found to be agglomerated rather than dispersed (Figure 1b).

(a) (b)

Figure 1. Transmission electron microscopy (TEM) images of: (a) molybdenum carbide supported on
carbon nanotubes (Mo,C/CNT) and (b) molybdenum carbide supported on carbon xerogel (Mo, C/CXG).

Specific surface area and porosity of electrocatalysts were investigated using Ny-sorption analysis
(Quantachrome NOVA 4200e multi-station, Quantachrome Instruments, Boynton Beach, FL, USA).
Mo,C/CNT was found to be non-porous with a specific surface area of 182 m? g~!. For mesoporous
Mo,C/CXG, an average pore diameter of ca. 18 nm and a specific area of 410 m? g~ were determined.

XPS analysis revealed the presence of Mo in several oxidation states, including Mo 3d doublet
located at 228.7 and 231.9 eV, characteristic of Mo,C.

3.2. Electrical Conductivity Measurements

Non-porous and tube-like structure of a sample enables easier electron transport through the
material, so Mo,C/CNT showed higher conductivity (10.5S cm™') compared to Mo,C/CXG sample
(3.8Scm™1).

3.3. The Capacitance Behaviour of Mo,C/CXG and Mo,C/CNT

To characterise the Mo,C/CXG and Mo, C/CNT interface in an alkaline aqueous solution, cyclic
voltammograms of both samples were recorded in KOH and NaOH electrolyte solution (Figure 2).
At a low scan rate of 10 mV s™!, one can see that the capacitive current does not depend on the type of
electrolyte used. Namely, the current response is determined by the sample texture, whereas the K*
and Na* ions have enough time to penetrate the pores/spaces equally. At higher rates, the difference
between K* and Na* adsorption/desorption processes becomes more pronounced. The ion mobility
through the electrolytes turns out to be the determining step at higher scan rates, thus causing the
difference in the rate of the electric double layer (EDL) formation. Namely, the higher current response
in KOH than in NaOH, measured at 50 mV s~!, originates from the faster motion of K* ions through
the electrolyte, in other words, the higher transference number of K* vs. Na*.
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Figure 2. Cyclic voltammograms of (a) Mo, C/CXG and (b) Mo, C/CNT in KOH and NaOH aqueous
electrolytic solution at scan rates of 10 mV s~ and 50 mV s~1.

The fast EDL formation at the interface of Mo,C-based electrodes and KOH is confirmed by the
stability of CVs shape upon increasing the scan rate (Figure 3).

!
101 a) Mo,C/CXG | c)
5 o
o y
5 o s
T 5 g4 2
= ——10 mvs™' = 74.5 mF cm
T} ———20 mVs™ >
———30 mVs™
15 ——50mVs™
20 ~———100 mVs™! =
-0.4 0.0 0.4 0.8 1.2 0 20 40 60 80 100
Evs.RHE/V vimvs'
b) Mo,CICNT d)
- 2
E 0 £
< E
E 2 —10 mVs™ S 23.4 mF cm?
- ———20 mVs™ =
-4 ———30 mVs™'
50 mVs™
6 ——100 mVs™! 0
-0.4 0.0 0.4 0.8 1.2 0 20 40 60 80 100
Evs.RHE/V vimvs?

Figure 3. (a,b) Cyclic voltammograms of Mo, C/CXG and Mo, C/CNT in 6 M KOH at different scan rates;
(c,d) specific capacitance versus scan rate, calculated from the corresponding cyclic voltammograms for
each composite.

Double-layer capacity was determined as the slope of Aj/2 vs. v plot (Figure 3c,d), where Aj is the
difference of anodic j, and cathodic j. current densities at a given potential and v is the scan rate. Thus,
double-layer capacity was calculated to be 75 mF cm 2 and 24 mF em ™2 for Mo,C/CXG and Mo, C/CNT,
respectively. This result indicates the higher electrochemically active surface of Mo, C/CXG than of
Mo,C/CNT sample, in agreement with BET (Brunauer-Emmett-Teller) surface area values determined
from Nj-sorption measurements performed in our previous work and evidenced in comparative cyclic
voltammograms (Figure 4). The higher current response of Mo, C/CXG compared to Mo, C/CNT is the
consequence of the higher specific surface of CXG-supported Mo,C.
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Figure 4. Cyclic voltammograms of Mo, C/CXG and Mo, C/CNT recorded in 6 M KOH at the scan rate
of 50mV s~1.

To summarize, the background current of the electrical double layer in an alkaline solution is
insensitive to the nature of cation at lower scan rates. In contrast, at higher scan rates, it is less
pronounced in NaOH than in KOH. For this reason, NaOH was chosen as the conductive electrolytic
medium to examine the electrocatalytic activity of samples towards the ORR.

3.4. Carbon-Supported Mo, C Activity for ORR

The catalytic activity of carbon-supported Mo,C electrocatalysts for ORR was investigated
in Op-saturated (Messer, 99.9995 vol%, Belgrade, Serbia) 0.1 M NaOH using LSV with a rotating
disk electrode (RDE). ORR onset potential was found to be somewhat more positive at Mo, C/CXG
(0.89 V) compared to Mo,C/CNT (0.81 V) (Figure 5) and comparable to the ORR onset potential at
similar materials, such as Mo,C nanoparticles embedded in nitrogen-doped porous carbon nanofibers
(Mo,C/NPCNFs) (0.9 V in 0.1 M KOH) [28] or Mo, C nanowires (0.87 V in 0.1 M KOH) [45]. Generally,
ORR onset potential values for different Mo,C-based electrocatalysts were reported to range from
0.75 to 0.91 V [25-27]. Furthermore, ORR current densities at Mo, C/CXG were found to be higher
(=2.9 mA cm~2 for Mo,C/CXG vs. —=1.6 mA cm™2 for Mo,C/CNT at 0.6 V at 1600 rpm) with ca. 90 mV
higher half-wave potential (0.71 V for Mo,C/CXG vs. 0.62 V for Mo, C/CNT), most likely due to its
porosity, higher double-layer capacitance, and larger (active) surface area that accelerate the electron
transfer at the electrode/electrolyte interface and enhance its performance towards ORR. For further
comparison purposes, ORR current densities at Mo,C-based electrocatalysts at 0.6 V at 1600 rpm fall in
the range from —2.3 to —4.6 mA cm~2 [25-28].

The reaction kinetics were studied in more detail with the evaluation of key reaction parameters
and elucidation of the reaction mechanism. Koutecky-Levich (K-L, Equation (1)) analysis of the
background-current corrected LSV curves enabled the determination of the number of electrons

exchanged, n:
1 1 1 1 1

i ja Jx  0.62nFD2/3y-1/6Cy nwl/2 + i @
where j, ji, and jq are measured current density, kinetic current density (free of mass-transfer limitations),
and the limiting diffusion current density at the electrode potential E, respectively. Additionally, D is
the O, diffusion coefficient (1.9 x 107> cm? s71), v is the solution kinematic viscosity (0.01 cm? s71),
and Cpyx is the concentration of dissolved O, (1.2 X 1072 M). As defined, j4 is determined by the
physicochemical properties of the solution and electrode potential E in the same manner as n. Though
K-L analysis is a standard way to determine the number of electrons transferred during the ORR,
it should be kept in mind that this analysis is derived for a single one-electron transfer with a preceding
chemical reaction of first order and, as such, it might not give absolutely reliable results in case of
multi-step reactions involving intermediates [46,47]. Additionally, the K-L analysis might not give
reliable results in cases where surfaces may be rough, porous, or both [46] or in case of electrode
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surface modified with nanoparticles where the real surface area differs from the electrode’s geometric
area [47]. Rotating ring disk measurements have been suggested as alternatives, but they still bring
some misinterpretation of results due to the theory behind them not being valid for multi-step reactions.
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Figure 5. Linear scan voltammograms (LSVs) at different rotation rates for (a) Mo, C/CXG and (b)
Mo, C/CNT in O,-saturated 0.1 M NaOH with (c) Koutecky-Levich (K-L) analysis and (d) Tafel analysis
of oxygen reduction reaction (ORR) at tested samples.

The RDE profiles of two studied carbon-supported Mo,C showed increasing current density with
increasing rotation rates up to 2400 rpm, indicating a kinetic limitation of the reaction. Constructed K-L
plots (Figure 5¢) represented straight lines of good linearity, suggesting that ORR is a first-order reaction
with respect to O, concentration in the electrolytic solution [27]. For Mo,C/CNT and Mo,C/CXG,
n values were determined from the slope of K-L plots to be 2.7 and 3.0 electrons, respectively. Similar
behaviour has been reported for the case of unsupported and carbon-supported Mo,C nanowires where
average n during ORR was determined to be 3 in 0.7-0.4 V potential range and 4 in 0.3-0 V potential
range. Values from 2.1 to 3.8 have been reported for different Mo,C-based electrocatalysts [25-28].

Next, Tafel analysis was carried out providing insight into the mechanism of oxygen adsorption
on the surface of two studied samples. ORR Tafel slopes, b, were determined from the mass
transfer-corrected j vs. E curves at 1600 rpm, Figure 5d. It has been pointed out that choosing a suitable
current range relative to the value of the limiting steady-state current for Tafel analysis might provide
more reliable results than choosing a suitable potential range [48]. The suitable current typically lies in
the 10-80% range of the limiting current (upon mass-transfer correction). Still, the authors opted for
defining a potential range for Tafel analysis as well-defined limiting current densities were not reached.

b values for the ORR at Mo,C/CNT were evaluated to be 77 mV dec™! (in the low overpotential
region where the ORR rate is governed by the rate of surface reaction on the electrocatalyst) and
119 mV dec™!. For Mo,C/CXG, only one Tafel slope was observed with a value of 128 mV dec!.
Tafel slope for ORR at Mo,C nanowires was reported to be 65 mV dec™! in low overpotential region
(0.87-0.83 V), close to the value for a Pt/C catalyst (64 mV dec™1) [45], 60.2 mV dec™! at Mo,C/NPCNFs,
while Tafel slope of ORR at Mo,C NPs embedded in Fe-N-doped carbon nanolayers (Mo, C@NC-Fe)
was as low as 46 mV dec™! [49].
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4. Discussion

ORR can occur through two- or four-electron mechanism. The four-electron mechanism implies a
direct reduction of molecular oxygen to water by the exchange of four electrons. This is the preferred
pathway for oxygen reduction because the alternative two-electron mechanism implies a reduction of
molecular oxygen to water via an intermediate step in which peroxide ions are formed. Peroxide can
then be reduced to water or can segregate from the electrode and not be involved in the subsequent
reaction. ORR on almost all catalysts proceeds by a combination of these two mechanisms where the
four-electron mechanism is only dominant in the activation-controlled potential range. One of the
most investigated catalysts on which ORR is dominantly occurring through a four-electron mechanism
is Pt and Pt-based catalysts; however, even on them, ORR is not occurring by this mechanism in the
whole ORR potential range. The number of exchanged electron values obtained herein indicated
that ORR at Mo, C/CNT and Mo,C/CXG is under mixed control where both of the above-mentioned
mechanisms are involved, as supported by the appearance of two reduction waves. Previous studies
on other Mo,C-based electrocatalysts indicated that the ORR at these electrocatalysts also proceeds by
a combination of two-electron and four-electron mechanisms or by a two-step two-electron mechanism
involving the generation of HO, ™ intermediate [44].

Tafel slope values of 119 and 128 mV dec™! determined for Mo,C/CNT (high overpotential
region) and Mo,C/CXG suggest that, though O, adsorbs dissociatively on the Mo,C surface at
room temperature [42,50], in an aqueous solution, O, and H,O adsorption are competing so that O,
adsorption might become the rate-determining step [42].

Supporting Mo,C nanoparticles on carbon materials, commercial CNTs and prepared CXG,
resulted in their good catalytic performance towards ORR for electrochemical energy conversion and
storage applications. Their activity is attributed to the synergic effect between carbide species and
carbon support. The nature of the catalytic sites (Mo,C species, molybdenum oxides, or molybdenum
oxycarbide species) for the ORR is still under discussion. Namely, it has been shown that the surface of
Mo, C particles is contaminated with molybdenum oxides (MoO3 and MoO,), but their concentration
notably decreases upon short activation by galvanostatic electrolysis. The activity of Mo,C/CXG was
observed to be somewhat higher due to its porosity and large active surface area that accelerate the
interfacial electrochemical reaction. In comparison with the available data for other Mo,C-based
electrocatalysts reported in the literature so far (Table 1), Mo,C/CXG shows higher onset potential
along with comparable current densities and number of exchange electrons.

Table 1. Comparison of ORR performance of Mo,C/CXG and Mo,C/CNT with other reported
Mo, C-based catalysts.

Current Density Electron
Catalysts Pot(e)nr:iS:lt /v at0.6V; 7?;:} gllzlfle Transfer  Reference
/mA cm~2 Number
G-Mo,C 0.75 23 / 2.1-3.2 [25]
FeMo carbide/NG 091 -3.5 / 35 [27]
Mo, C nanowires 0.87 -2.7 65 3-4 [45]
Hollow Mo,C-C microspheres 0.83 —4.2 722 3.2-3.6 [26]
Mo, C/NPCNFs 0.90 —4.6 60.3 3.8 [28]
Mo,C@NC-Fe / / 46 3.7 [49]
C(Mo,C) 0.84 / 57 (126) 2.8 [51]
Mo-doped MCG 0.76 / 37 2.3 [52]
Mo,C/CXG 0.89 -29 128 3.0 This work
Mo,C/CNT 0.81 -1.6 77 (119) 2.7 This work

G-Mo,C—graphite carbon-supported Mo,C; NG—nitrogen-doped graphene; NPCNFs—nanoparticles embedded
nitrogen-doped porous carbon nanofibers; NC-Fe—Fe-N-doped carbon nanolayers; C(Mo,C)—micromesoporous
molybdenum carbide-derived carbon powder; MCG—mesoporous carbon/graphene composite.

96



Nanomaterials 2020, 10, 1805

Compared to the herein studied catalysts, better results in terms of Tafel slope and current densities
at a given potential values display the compositions Mo,C/NPCNFs [28] and Mo,C@NC-Fe [49]. In the
case of the Mo,C@NC-Fe catalyst, better performance may be attributed to the promotive effect
of ferrous carbide. Considering Mo,C/NPCNFs, its synthesis procedure assumed a simultaneous
outbreak of molybdenum carbide and carbon support which most likely led to a better contact between
them. These facts may serve as directions for future improvement of the herein studied catalysts.

5. Conclusions

Within this study, it was shown that the type of cation (K* or Na*) in the alkaline electrolytic
solution does not affect the rate of the formation of an electrical double layer at low scan rates, since both
K* and Na* ions are capable of penetrating the available active sites. However, the different mobility
of these cations through the electrolyte is found to be critical for the rate of double-layer formation at
higher scan rates. Thus, the capacity of ions that are involved in the EDL formation was higher in KOH
than in NaOH, due to the higher mobility of K* ions through the electrolyte. Furthermore, Mo,C/CXG
shows higher specific capacitance than Mo,C/CNT (75 mF cm ™2 vs. 23 mF cm2), due to the higher
specific surface area and porosity.

The catalytic performance of two carbon-supported Mo,C in alkaline solution was comparable so
that ORR proceeds by a combination of two- and four-electron mechanisms at both electrocatalysts.
Mo, C/CXG showed somewhat higher activity in terms of the ORR onset potential, half-wave potential,
and recorded current densities due to the mentioned higher surface area and a higher number of
active sites. Therefore, the use of inexpensive carbides on highly-conductive, high-surface-area
carbon nanotubes and carbon xerogel support materials points out a new direction of electrocatalyst
performance optimisation for next-generation fuel cells. Further work should include testing of
long-term stability of synthesised samples and evaluating the potential application in fuel cells,
metal-air batteries, and supercapacitors.
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