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Abstract: Palladium is among the most versatile noble-metal atoms that, when dispersed on solid
supports, can be stabilized in 0, +1, +2, +3 redox states. Moreover, despite its noble-metal character, Pd
shows a considerable degree of chemical reactivity. In Pd Nanoparticles (NPs), atomic {Pd"*-X] states,
where n =0, 1, 2, 3, and X = atom or hydride, can play key roles in catalytic processes. Pd-oxygen
moieties can be stabilized at nanointerfaces of Pd in contact with metal-oxides. These {Pd™*-X}s
can be either isolated Pd atoms dispersed on the support, or, more interestingly, atomic states of Pd
occurring on the Pd NPs. The present review focuses on the role of such {Pd"*-X]} states in catalytic
processes related to energy storage or energy conversion, with specific focus on photocatalysis,
H, production reaction (HRR), oxygen reduction reaction (ORR), and water-splitting. Synthesis of
atomic {Pd"*-X} states and their detection methodology is among the current challenges. Herein, the
chemistry of {Pd™*-X} states on Pd- [metal oxide] interfaces, methods of detection, and identification
are discussed. The implication of {Pd"*-X} in transient catalytic intermediates is reviewed. Finally,
the role of {Pd™*-X} in photo electrocatalytic processes is critically discussed.

Keywords: palladium; single-atom; nanoclusters; subnanoclusters; catalysis; HER; ORR; photocatalysis

1. Introduction

Palladium nanoparticles (NPs), Pd-clusters or single-Pd-atoms find wide used in many
research and technology fields thanks to their chemical reactivity, large surface-to-volume
ratio, and size-dependent optical properties [1]. In parallel, in the last decades, a wide
variety of Pd-based organometallic complexes have been used as effective catalysts in
diverse catalytic reactions. These molecular-Pd catalysts generally contain individual Pd
centres i.e., not particles, thus, conceptually, one may argue that these compounds represent
the early examples of ‘single atom catalysts’ [2]. In the nanomaterials’ context, it is well
known that several parameters i.e., such as size, electronic and geometric structure of
Pd species [1], can play crucial roles in the catalytic behavior of the final material [2,3],
see Figure 1. However, in the case of Pd-clusters and nanoparticles, due to the orbital
overlapping between Pd metal atoms and the support, new properties may emerge [1].
As the metal particle-size increases, the bandgap between the highest-occupied-molecular
orbital (HOMO) and the lowest-unoccupied-molecular orbital (LUMO) becomes smaller
than those in subnanometric Pd clusters. In the case of larger Pd-nanoparticles (>2 nm),
quasi-periodic lattice structures start to form, with energy states that tend to have band-
structure, with the upper occupied level defining its Fermi state, see Figure 1A.
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Figure 1. (A) Pd species with different size (single atom, clusters, and nanoparticles) supported on
metal oxide matrix, and the electronic structure on different species is also presented (B); schematic
illustration of the surface free energy vs. supported Pd species size.

Therefore, most research on Pd NPs has been based on ensemble-averaged properties
of many NPs [3,4]. However, the study of the atomic states of Pd occurring on Pd NPs may
offer several advantages, including reactive intermediates or Pd active species, as well as
the discovery of unconventional physicochemical events that cannot be observed in bigger
nanoparticles. Identification of such active species and the rate determining step are crucial
for optimizing the catalytic performance.

With regard to catalysis, it is commonly assumed that Pd NPs or clusters supported
on oxides are the active components for several types of catalytic reactions [4-6]. However,
there is increasing evidence that single atoms, or very small clusters, can offer district
advances in catalytic efficiency, especially in the case of the supported metal [7] see Figure 1.
In these cases, the interfacing of the Pd-atoms with the support metal oxide can easily sup-
ply oxygen atoms [8]. Single atoms, on the same support, can have different coordination
environments that will translate into different electronic and catalytic behaviours.

It is, therefore, highly important to precisely determine the coordination of the single
Pd-atoms on the support. According to the literature, the coordination environment is
strongly related to the specific synthesis process applied each time, as well as the post-
synthesis protocols [9]. The metal-oxide type can also act synergistically with the Pd-
species towards a specific catalytic process. So far, supports e.g., as metal oxides [8], carbon
nanostructures [5], polymeric-resins [7], zeolites [7], and mesoporous materials [7], have
been studied, among others, as supports of Pd-nanoparticles, see Figure 2.

L & @@

Supported Pd Clusters Supported Pd NPs

Atomically Dispersed Pd

Figure 2. Cont.



Energies 2023, 16, 913

3 0f 36

: (. )
- ORR

__Oxides _

“Gon - _ HER
S(rugtEQ
0 7
Supported Pd"™ - X Q‘Y—m;> ] @‘A b 3 :> [P———————
for catalytic applications /RQ'S"‘}/ e 4 e HZO splitting

@?)\ I I reactions

e FA
020 Dehydrogenation
d °0

. J

Figure 2. Supported Pd species on different matrixes and possible catalytic applications.

Aim of the Review

The present review focuses on the role of atomically distinct Pd-states formed by
Pd-atoms that, despite that fact they may belong to a Pd-nanoparticle lattice, their re-
dox/electronic configuration retains some atomic character. Herein, we use the term “Pd™*”
to describe these Pd-states. ™’ signifies that the oxidation state of the Pd-atom is not
“0”, i.e., it can be oxidized to its +1, +2, +3 or +4 state. Moreover, the role of neighboring
atoms to the Pd-atom, herein described by the term “-X”, is reviewed concerning the effect
of “X” on the Pd™ state. In this context, herein the term “Pd™-X" refers to a functional
unit that contains atomic character Pd-atoms linked to a moiety X in such a way that the
functional unit has a distinct effect on a catalytic process. The structure of the present
review is as follows: in Sections 1 and 2, we review the type of solid support and the
type of Pd™-X states that each support stabilizes. In Section 3, we review the methods of
detection/identification of Pd"*-X states. In Section 4, we review the synthesis methods in
relation to the stabilization of Pd"*-X states. In Section 5, we discuss pertinent examples of
implicathe tions of Pd™-X states in catalytic applications. These include dehydrogenation
of HCOOH, photocatalytic Hy-production from H,O, oxygen reduction reaction (ORR),
and electrocatalytic Hp-evoluton reaction (HER).

2. Definition of {Pd"*-X} Species at Supported Pd-Catalysts

There is ample evidence that oxidized states of Pd-atoms formed on Pd-nanoparticles
can play a key role in specific catalytic processes. In principle, Pd can adopt a wide range
of oxidation states, Pd*!, Pd*?, Pd*3, and Pd**, as well as the metallic Pd? state [10-12], see
Figure 3. In addition, Pd is known for its high tendency for concerted processes and high
affinity toward 7- and n-donors. Furthermore, Pd is relatively electronegative and, hence,
has a low reactivity toward reactants with polar functional groups but is, on the other hand,
highly chemoselective [13]. Typically, in heterogeneous catalysts where Pd-particles are
supported on metal-oxides, metallic Pd° particles are usually predominant, while oxidized
atomic states Pd™* occur at the interface with the oxide support [14,15]. Interaction of the
Pd with the support is an important factor controlling characteristics, e.g., dispersion, size,
distribution, redox state, and coordination environments [9,15].
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Figure 3. (A) Chemical properties of the palladium and possible catalytic applications. (B) Possible
ways to tune the oxidation state and/or coordination environment of supported Pd species.

2.1. Palladium-Support Interactions

In many catalytic processes, in situ formation of oxidized atomic Pd-states can occur
during catalysis. In Pd-{metal oxide} interfaces, strong metal support interactions (SMSI)
can be evidenced by the presence of oxidized atomic states Pd™* [8,16]. These interactions
may tune the charge density and the d-orbital states of the metal active sites, enabling, in
this way, optimization of the adsorption energy for the intermediates on the metal surface.
As the metal active sites decrease in size, i.e., towards single atom, their sensitivity to the
support becomes maximal. Dipole-dipole interactions via metal-oxygen bonding {Pd"*-O},
see Figure 4, or electrostatic interactions induced by oxygen vacancies in reducible metal
oxides [17,18] can promote the formation of active {Pd"*-X} species, see Figure 4.
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on reducible metal oxide. Adapted with permission from [9].

2.2. The {Pd"™*-O} Species on Reducible and Non-Reducible Metal Oxides

Metal oxides (MOy) can be divided into [i] reducible or [ii] non-reducible. Reducibility
is an essential characteristic of a given metal oxide, strongly affected by the reversible
oxidation state of the metal from M™* state to M(™~D*_ Transition-metal oxides, such
as TiOp, WO3, NiO, Fe,0O3, and CeO;, are typical reducible metal-oxides [17,19]. Non-
reducible oxides include, among others, ZrO;, ZnO, MgO, and Al,Os. In reducible oxides,
usually, the lowest empty states available (conduction band states) on the oxide material
consist of cation d-orbitals, which lie at energies higher than the valence band states [17-19].
Reducible oxides can be also viewed as being prone to lose O atoms from their structure.
Such removal of oxygen results in excess electrons left on the solid matrix, which are
redistributed on the cation empty levels [19]. Especially, oxygen vacancies are easily
available on the surfaces of oxides and can play an important role in the catalytic process:
they can be used as either reducing active centers for reactant species or sites for anchoring
the catalytic nanoparticles and single atoms [18]. The energy requirements for the formation
of vacancies in reducible oxides is relatively low [19] compared to that of other materials
and is thermodynamically favorable at high temperatures and low partial pressures of
oxygen [19].

The general physicochemical concept is as follows: the reversible cycling between the
reduced/oxidized states renders these materials potent for e.g., oxygen storage and release,
as well as, for a various catalytic processes, see Figure 5. Thus, a key property of reducible
metal oxides is the presence of oxygen defects on the metal-oxide surface [20-22]. This
property promotes rich surface-chemistry on reducible metal oxides. As a result, interaction
of Pd with this type of oxides can generate several Pd redox species, with different oxidation
states and coordination environment. Understanding the interaction mechanism of oxygen
with reducible oxide surfaces is crucial for understanding the properties of oxide catalysts.
As we discuss hereafter, often, lattice vacancies can interact with O, molecules forming
peroxo [MOO, M = metal] species on the surface [19], which can be extremely reactive,
strong oxidants. Due to the increase in bonding distances relative to O, and also the
corresponding displacement of the O-O, superoxo, and peroxo stretching frequency [18],
surface MOO species can be experimentally identified from the vibrational (infrared or
Raman) spectroscopy. Hence, the adsorption energy of the different oxygen species on the
surface of the metal, alters the dynamics of oxygen donation and its reincorporation [18].
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Figure 5. Electron transfer between Pd and reducible metal oxide.

Examples of supported {Pd"*-O} species on metal-oxide supports are presented below.
In 2011, Tonbul et al. [23] had studied CeO, impregnated with Pd nanoparticles, with
sizes between 2-6 nm. Metallic Pd° and Pd™*-Oy species were detected using XPS. Several
reducing agents were studied, such as methanol and Hj(g) (weak reducing capacity) [24],
or NaBHy (strong reducing capacity). Satsuma and co-workers [14] combined XPS and
STEM for the identification of {Pd"*-O} species supported on different metal oxide surfaces,
i.e,, such as 6-Al, O3, v-Al,O3, ZrO,, CeyO. They proposed that the AfHp.0? value, i.e., the
standard formation enthalpy of metal-oxygen bond on the oxide, plays key role on the
character of the formed {Pd"*-O} species. A relationship between the standard formation
enthalpy (AfHM.0?) vs. the Pd? fraction stabilized on different substrate is presented in
Figure 6. Based on AsHyo? value, we can observe trends: (i) Al,O3 and ZrO, promoted
[Pd%-core-PdO-shell] structures, see Figure 6; and (ii) TiO2, NbyOs, and SnO, promoted the
stabilization of fully reduced Pd species Pd’. Finally, metal oxides with higher AfHy.0,
i.e., such as MgO and La;0j3, drive to stabilization of fully oxidized PdOy species, see
Figure 6, which is difficult to reduce during catalytic reaction.
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Figure 6. Effect of A(Hy.o value i.e., the standard formation enthalpy of metal-oxygen bond on the

oxide on the stabilization of {Pd"*-O} species supported on different metal oxides. Adapted from [14]
with permission.
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Recently, we have reported that a complex landscape may occur in the case of Pd-TiO,
materials, prepared using flame spray pyrolysis (FSP) technology [25]. We have observed
that, depending on the oxygen abundance and the local temperature at the Pd-TiO; in-
terface, interfacial Pd atoms can be stabilized at Pd!* or Pd3* states, see Figure 7A. More
precisely, using electron paramagnetic resonance (EPR) spectroscopy, we identified the for-
mation of four distinct Pd states i.e., PA° Pd'*, {Pd?*-O, "}, Pd3* at Pd/TiO, interface [25].
PdY species were present under O, Lean preparation conditions or highly reducing con-
ditions (treatment with Hy without presence of H,O). Interestingly, formation of two
uncommon Pd!* and Pd®* states was shown to be correlated with oxygen abundancy [25].
A non-conventional {Pd?*-O0~} state was found to be stabilized under certain conditions
e.g., Hy /HyO treatment or catalytic HCOOH dehydrogenation [25]. The orbital-coupling
process for the formation of {Pd%*-0O0~} was described in detail in reference [25]. This state
can be identified by its EPR fingerprint, see Figure 7C. As analyzed in [25], it can be viewed
as a weakly coupled OO~ anion on a Pd?* atom.
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Figure 7. (A) Schematic depiction of structural assignment of the detected Pd™" species. (B) Proposed
mechanism of formation of {Pd%*-O,~} species (C) Schematic photoinduced electron transfer mecha-
nism under photocatalytic conditions. (i-iii) materials with different treatment. Adapted from [25]
with permission.

Zheng and co-workers [26] had studied the critical role of the oxidation state and
coordination environment of atomically-dispersed Pd on a Cu,O surface. According to
their results, formation of interfacial {Pd-(O-Cu);} structures was promoted, which contains
the oxidation state Pd*!, see Figure 8.

Guo et al. [27] had studied the effect of metal-support interaction between Pd and
hierarchical Nb,Os tuned via oxygen defects. XPS data, as well as in situ EPR and DFT
calculations, confirmed that the Pd species were prone to occupy the oxygen defects and
interact with Lewis acids [27]. Additionally, enhanced metal-support interactions between
the interfacial {Pd-Nb,Os} decreased the electron density of the Pd species associated with
the generation of interfacial Pd-NbOj sites [28]. Notably, the lower Pd electron-density,
i.e., resulting from the electron withdrawing effect of Nb on H-Nb,Os, could facilitate
the activation of the adsorbed catalytic intermediates, leading to a much higher catalytic
activity. Moussa et al. [28] had prepared graphene-stabilized Pd-NPs without using any
strong reducing agent or stabilizing agents. Mixture of a Pd precursor with graphene oxide
suspension were treated using pulsed laser irradiation (PLI). As shown, photoexcitation of
the sp? domains in the graphite oxide using the lasers’ light energy, which exceeded their
band gaps, generated {electron-hole} pairs [28]. This initiated a redox reaction in which
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the photogenerated electrons reduced Pd?* to Pd’. On the other hand, the photogenerated
holes reacted with H,O, leading to the formation of gaseous CO and CO,, which introduced
structural defects in the carbon support [28]. Thus, after PLI, the final material contained
several {Pd™*-O} species. Partial oxidation of the Pd on the surface, as well as the partial
reduction of the graphene oxide, seem to play a crucial role on the catalytic efficiency of the
system. This was most likely due to a competition between the sp> domains of the graphite
oxide and the Pd?* species for the photogenerated electrons [28].

(B) —Pd
— Pd‘ICuzO
——PdO

FT (k) x K

FT (k) x K

R(A)

Figure 8. (A) state and coordination environment of Pd atomically dispersed on Cu,O surface. (B) a
FT EXAFS of different Pd species (C) a FT EXAFS of different Cu species. Adapted from [26] with
permission.

In some reports, possible existence of {Pd"*-O} species was implied, however, with no
direct experimental detection. Park et al. [21] reported that a pronounced enhancement in
activity for the water-gas-shift reaction occurred when Pd was supported on CeO; or TiO,
surfaces [21]. They considered that interaction of Pd/TiO; occurred via charge transfer
from the Pd to the O, bonding state of TiO,, mediated through Pd-O-Ti at the material
interface. In a theoretical study of CO; hydrogenation and formation of methanol over
Pd/TiO, [21], it was suggested that bidentate adsorption of CO; on a Pdy cluster could be
achieved via charge transfer from Pd to antibonding orbitals of the CO, molecule [21]. Pd
on a CeO, support has been shown to exhibit strong metal support interactions, which are
implicated in enhanced catalytic activity [24]. The ability of ceria to shift easily between the
oxidized and reduced state (Ce>*«++Ce**), under operating conditions, is considered to be
of importance for the formation of different Pd™" species at the Pd/CeO, interface [21].

2.3. The {Pd"™*-H} Species

Metallic Pd has the well established property of absorbing H, to form {Pd-hydrides},
even at low Hy-pressures and room temperature [3,4,29,30]. Understanding the formation
of the {Pd"*-H} species is of immediate pertinence for its implications in the catalytic activ-
ity [29,30]. From these studies, it is evidenced that the tendency to form the Pd-hydride
state is enhanced with increasing dispersion of Pd over the supporting solid phase. This in-
dicates that the deposition of atomic-Pd is a route to pursue towards maximal {Pd-hydride}
states. In this context, a close relation between the efficiency of HCOOH-dehydrogenation
and the Pd-hydride formation tendency has been previously reported at increasing Pd-
dispersion over supported Pd catalysts [25-28]. Other researchers found a similar effect
with a Pd-SiO; catalyst, and, in this case, the main pathway via the dehydrogenation
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reaction was the hydride formation [7]. Other works found that, for Pd/silica catalysts,
the energy barrier for hydride formation decreases with decreasing Pd particle size and
catalysis [29-31].

3. Detection Methods of the {Pd™*-X} Species Stabilized on Oxide-Supported
Pd-Catalysts

Detection, determination of Pd-redox state, and coordination environment of the
{Pd™*-X} species is crucial for understanding their role of this sites in catalysis [29-47]. Since
these {Pd"*-X} species are not crystalline, and are formed at rather minor concentrations,
their detection remains challenging, and thus they relies on advanced characterization
techniques. Hereafter, we highlight some pertinent data to emphasize the complexity and
challenges of reliable detection of {Pd™*-X} species. For instance, advanced high-resolution
scanning transmission electron microscopy (STEM) can visualize atomically dispersed Pd
atoms, see Figure 9, and probably distinguish them from metal-particle aggregates. STEM
offers useful information to study the particle size distribution, as well as the coordination
configuration of the Pd active sites on the supports, due to the obvious difference in contrast
between metal atoms and light elements. Such in situ STEM technology has been used
to observe the evolution process of the Pd from bulk metals, see Figure 9. It should be
underlined, however, that the detection of single Pd atoms by STEM remains a highly
challenging task.

Figure 9. STEM detection of atomically dispersed Pd atoms on TiO, metal oxide. (a—d) STEM images
of different Pd/TiO, samples. Adapted from [31] with permission.

To gather information about electronic interactions between Pd-centers and their
coordination environment, spectroscopic tools may be employed. X-ray absorption spec-
troscopy (XAS) [31], including the extended X-ray absorption fine structure (EXAFS), and
X-ray absorption near-edge structure (XANES) spectroscopies, are important tools to reveal
the electronic state, local geometric structure, and charge transfer trend of Pd [31]. XANES
can provide information on the oxidation state and coordination of Pd-atom, i.e., due to its
sensitivity to the charge-states of the metals and surrounding coordination atoms. EXAFS is
sensitive to the local structure without the need of long-range order [31], thus it can provide
information about the coordination number and bond distance of the Pd in Figure 10a.
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Figure 10. (a) EXAFS data on Pd/Al,O; catalyst, indicating the distinguishing fingerprint of Pd°
(i.e., in a reference metal-Pd foil) vs. the PdO reference. The oxidation state of Pd was followed
by recording spectra either in the QEXAFS mode (during changes of reaction conditions) or taking
EXAFS spectra in the step scanning mode (after reaching steady state). Adapted from [31] with
permission. (b) Evolution of the oxidized PdO in this sample is also reflected by the coordination
number and the distance to the nearest neighbors. (c,d) XPS data for Pd on Pd/TiO, nanocatalysts
prepared with different FSP protocols by in situ deposition of Pd on TiO, by flame spray pyrolysis
technology. Enhancement of the PdO species in (d) is controlled by oxygen-rich FSP process. Adapted
from [25] with permission.

X-ray photoelectron spectroscopy (XPS) can also detect the oxidation states, chemical
environments, and bonding information of the Pd centers and its surrounding heteroatoms
(e.g., such as N,S,0) [32,33]. In our recent work [25], we have used XPS as a diagnosis tool
for controlled formation of PdO states, i.e., up to 75% of total Pd content of Pd/TiO, nano
catalysts [25] by flame spray pyrolysis technology.

Electron paramagnetic resonance (EPR) spectroscopy [25] is eminently suited for
detection, quantification, and characterization of the chemical state and coordination
environment of atomic Pd-species. Among the various Pd"™* oxidation states, Pd'* and Pd**
are paramagnetic, thus detectable by EPR, with configurations 44°(S = 1/2) and 44”(S = 1/2),
respectively [25].

The most common, stable oxidation state Pd%*(S = 0) is EPR silent. So far, most EPR
studies of Pd on particles and materials referred to Pd incorporated in zeolites as a host
matrix [34—43]. In these works, Pd!*, and Pd3* states were stabilized due to the interaction
with the zeolite matrix. Additionally, zeolites have been shown to promote interaction of O,
with Pd1*, resulting in stabilization of unconventional Pd2*-O,~ or Pd%*-O33~ states [43].
Recently, we have demonstrated that EPR offers a versatile, sensitive tool to distinguish and
quantify Pd'*, Pd3* species formed at the interface with TiO, particles [25], see Figure 11.
Moreover, we have shown that EPR allows detection on non-conventional {PdZ*-O0~}
species [25]. Such spectroscopic data can be rationalized by combination with theoretical
calculations, i.e., such as density functional theory (DFT) calculations [7].
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4. Methods for {Pd™*-X} Synthesis on Supported Pd-Catalysts

Several methods for controlled synthesis of atomically dispersing Pd on catalyst
supports have been elaborated during the last decade [48-83]. Common strategies include
minimizing the metal-loading quantity, increasing metal-support interactions, and using
voids and/or vacancy defects on catalytic supports. The majority of reported works indicate
that the supports for atomically distributed-catalysts should be selected purposefully [48],
i.e., since this may determine the feasibility/or not of fine-dispersion. In the case of Pd-
species in addition to particle size, shape and chemical composition, the Pd-redox state, i.e.,
typically Pd?* or Pd?, is of pertinence [9]. It is anticipated that decreasing the Pd loading to
a minimal amount can theoretically at least result in highly desirable single-atom-catalysts
(SAC) that can be considered as the ultimate limit of maximum catalytic efficiency per Pd
atom. In this context, {Pd™*-X} species can be considered as a more general description of
SACs. In general, the literature categorizes the different synthesis’ strategies to ex situ and
in situ bottom-up methods [49]. In in situ methods, SACs are developed immediately on
the surface of a support. Ex situ, bottom-up synthesis, on the other hand, impregnates the
support with a colloidal dispersion of pre-synthesized SACs [9]. In a more general context,
in this review we choose to categorize the synthetic routes according to physical, chemical,
and electrochemical methods.

4.1. Physical Synthesis-Methods

Physical synthesis approaches entail the use of metal precursors that are not chemically
altered, but instead undergo molecular rearrangements, while neither new substances,
nor chemical bonds, are generated [50]. Nanoscale films, nanoparticles, nanowires, and
nanorods are among Pd-based nanomaterials created using this approach [51]. A wide
range of such synthetic routes include sputtering, ion- or electron-beam deposition, and
laser ablation.

Methods using sputtering enable the creation of nanostructures with precisely regu-
lated cluster size and dispersion. As indicated by Razaee and Ghobadi [51], direct current
(dc) magnetron sputtering deposition allowed the development of Pd-alloy thin films with
excellent stability. Ion- and electron-beam-induced deposition (IBID and EBID) techniques
are appealing due to their ability to produce three-dimensional structures in a single step.
IBID and EBID permit the modification of morphologies, dimensions, and interparticle
distances using high-energy focused beams, ions, and electrons, respectively [53,54]. The
laser ablation (LA) method includes the controlled deposition of a vaporized plasma onto a
target by laser radiation with a certain energy flow [55], see Figure 12. Nevertheless, for LA
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synthesis in liquids, the nanoparticle dimensions and morphologies are largely dependent
on a number of experimental factors, such as the kind of solvent and the laser-related
fluency, wavelength, and ablation durations.
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Figure 12. (A) Schematic illustration of DC—magnetron sputtering system. (B) Experimental setup
of laser ablation technique. (C) Ion Beam Deposition technique. (D) electron beam evaporation.
Adapted from [59] with permission.

4.2. Chemical Synthesis-Methods

Chemical synthesis methods can be divided into two sub-categories: dry and wet
methods.

4.2.1. Dry Methods

Atomic layer deposition (ALD): in dry-methods, a very attractive synthesis way for
{PA™-X} species is Atomic layer deposition (ALD) [56]. ALD is a cyclic process based on
successive self-limiting molecular-level surface interactions between gas phase chemical
precursors and the surface of a solid substrate. It includes four basic steps, depicted in
Figure 13 [56]. In brief, the catalyst support is located in a vacuum chamber into which
the pulse stream of precursor, containing the atomically distributed active component,
diffuses and interacts with the functional groups on the support surface. The precursor
stream ceases when the reaction between the precursor and substrate is completed. The
leftover precursor vapor and byproducts are evacuated or purged with an inert gas. These
two actions constitute the first half-reaction. After the first half-reaction, one cycle of
ALD is complete. If numerous ALD cycles are necessary, a second precursor stream is
pulsed into the chamber to renew the ligands or functional groups on the surface of the
support. After purging to eliminate residuals and byproducts, the substrate is prepared
for the subsequent ALD cycle. ALD methods create catalysts with monodisperse size,
homogenous composition, and exceptional repeatability, in contrast to traditional catalyst
production techniques. The self-limiting feature of ALD processes enables homogenous
deposition over supports, resulting in catalysts with enhanced activity, selectivity, and
durability.
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Figure 13. (A) Schematic representation of the ALD technique using a binary (A,B) precursor system.
(B) Exposure to a first precursor vapor. Adapted from [57] with permission.

Piernavieja-Hermida et al. [57] described a method for enhancing the thermal stability
of homogeneously distributed Pd“1”, i.e., single-atom catalysts, by using ultrathin metal
oxide protective coatings of TiO, created by ALD method. After 300 °C calcination, the
single-atom Pd1 catalysts, shielded by 14 cycles of ALD, demonstrated considerably in-
creased thermal stability with no discernible agglomeration. L3 edge XANES and XANES
characterizations revealed that the 4TiPd; catalysts have drastically different chemical
behavior, i.e., being much more efficient than Pd NPs [57].

Flame spray pyrolysis (FSP): FSP is a gas-phase combustion technology [18] where
the metal ions are forming particles via a droplet-to-particle process that occurs at high
temperatures, 2000-3000 K [18]. The deposition of {Pd"*-X} species can be accomplished
by use of the so-called single-nozzle FSP or the double-nozzle-FSP [17]. In these FSP-
based methods, Pd dispersion, e.g., over metal-oxide such as TiO,, is controlled via the Pd
concentration in the Pd precursor, or via the flame properties, e.g., allowing more diffuse
flames [17]. Recently, we have presented the concept of sequential-deposition FSP (SD-FSP),
where the Pd is deposited on the metal-oxide support in a second step, after the formation
of the metal oxide [17,25], see Figure 14.
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Figure 14. Schematic representation of FSP prosses used for the deposition of Pd on TiO, surface. In
the sequential-deposition FSP (SD-FSP) method, Pd atoms are deposited on the metal-oxide support,
TiO,, in a second-step, after the formation of the metal oxide. Adapted from [25] with permission.

The importance of this sequential-deposition FSP approach is that is allows quanti-
tative control of the (Pd"*-O} species deposited on the metal-oxide support [26]. So far,
FSP has been extensively used for the {Pd"*-X]} species production, dedicated to catalytic
applications. Fujiwara et al. [17] have used FSP-made Pd/TiO, for catalytic oxidation of
NO. Muravev et al. [58] compared the efficiency of impregnated and FSP-made Pd1/CeO,
SACs in a CO oxidation process. Under CO oxidation conditions, the flame spray pyrolysis-
prepared Pd/CeO, catalyst demonstrated a remarkable resistance to sintering [58].

As a mechanochemical approach, ball milling utilizes mechanical interactions to trans-
form reactants into products throughout the reaction process. It plays a crucial function
in organic synthesis. It has several advantages, such as scalability and broad application
range, without the need of solvents.

4.2.2. Wet Methods

In wet processes, the following methods can be included: hydrothermal/solvothermal,
wet impregnation, and photochemical methods [49,60-62]. One of the most important steps
during the synthetic route in a chemical method is the stabilization of the nanoparticle,
which, in wet-chemistry methods, is usually accomplished using a protective stabilizer,
see Figure 15. Stabilization is accomplished by electrostatic, steric, or a mixture of the
two forces, i.e., electrosteric forces, [49,63]. Typically, the stabilizer is added during the
formation of nanoparticles, which is followed by the chemical or electrochemical reduction
or thermal degradation of metallic precursor [63], see Figure 15. Among the different
supports, zeolites have been extensively used [64,65]. The ensuing interaction between
the stabilizer and the nanoparticle’s surface is very dynamic, with its strength and nature
often dictating long-term stability of {Pd"*-X} species [62]. Stabilizers include surfactants,
polymers, dendrimers, and different types of ligands [62]. The hydrothermal/solvothermal
process, see Figure 15, are typically performed in confined sealed containers, where the
temperature of the solvent may be increased to near its critical point by heating in conjunc-
tion with autogenous pressures [63]. When water is employed as a solvent, the process is
referred to as “hydrothermal”, in contrast with “solvothermal”, where an organic solvent is
used [63]. The hydrothermal/solvothermal synthesis of {Pd"*-X]} species is a crystallization
process that typically involves two steps: crystal nucleation and subsequent growth. By
adjusting processing factors such as temperature, pH, reactant concentrations, and addi-
tives, the particle size and morphology of the final product can be tailored. The phenomena
underpinning the regulation of size and morphology, except from nucleation and growth
state, are highly dependent on saturation [63].
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Figure 15. (A) Schematic representing the stabilization of palladium nanoparticles using different pro-
tecting groups: surfactants; polymers; and ligands. (B) Formation of phosphine-stabilized palladium
nanoparticles via direct thermolysis and subsequent ligand exchange reactions.

In many cases, PdCl; can serve as the main precursor, while ammonium formate
(AF) [62], formaldehyde [63], poly(vinylpyrrolidone) (PVP) [68], alcohols, and ethylene
glycol (EG) [65] were typical reducing agents employed in the hydrothermal/solvothermal
production of {Pd"*-X]} species. Guo et al. [69] have presented a hydrothermal synthesis
of highly dispersive and ultrafine Pd clusters within the crystals of beta-zeolite (Pd@Beta)
by employing disodium tetrachloropalladate (Na;PdCly) as the noble metal precursor and
using acidic co-hydrolysis procedure for initial gelation, as well as by using tetraethyl
orthosilicate and concentrated hydrochloric acid [69].

Wet impregnation employs a surplus of precursor solution, resulting in a diffusion-
driven process, and, in most cases, it is combined with chemical reduction. In a typical
procedure, the supporting matrices, e.g., ZrO,, Al,O3, TiO;, are added to an aqueous
P4z precursor solution, which is typically composed of PdCl, [24] or PA(NOs3), [70] or
NayPdCly [71]. Notably, the choice of precursor will affect the interactions of the Pd ions
with the metal oxide, i.e., dipole-dipole interactions via metal-oxygen bondings (Pd?*,
PdCl4?~) and electrostatic interactions generated by oxygen vacancies (PdCl,2~) [72].

Frequently, the impregnation process is followed immediately by a wet Pd reduction.
Prior to wet reduction, however, the Pd** impregnated metal oxides may be isolated from
the precursor solution and purified using (multiple) washing procedures. Utilizing an
appropriate reducing agent, typically an aqueous NaBHjy solution or, to a lesser extent,
hydrazine, is a common method to produce Pd-NPs on metal oxides, i.e., since these
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strong reducing agents are known to promote formation of small NPs with narrow size
distribution. For example, NaBHy-reduction of Pd?*-impregnated CeO, (1.18 wt % Pd,
water 10 mL, 5 mM NaBHy) at room temperature for 1 h resulted in Pd-NPs with diameters
ranging from 2 to 6 nm. Weakly reducing agents, i.e., methanol or Hp-gas, on the other
hand, result in a lower super-saturation compared to strongly reducing agents; hence,
fewer and bigger Pd-NPs are anticipated for the weakly reducing agents. In addition to
the strength of the reducing agent, its concentration, the type and concentration of the
metal precursor, the reduction temperature/time, and the support properties are the most
influential parameters.

For example, hydrazine in water (strong reducing agent), compared to methanol
(weak reducing agent) results in higher supersaturation, thus bigger Pd-NPs (12.1 nm)
were grown [75-81]. Differently stated, this method disfavors the formation of atomic
{Pd-X} species. To conduct a dry reduction, the Pd**-loaded metal oxides were isolated
from the precursor solution, purified, freeze-dried, or calcined, and then reduced without
the addition of a solvent, for example, under a hydrogen gas flow. This is the so called
“wetness impregnation”, see Figure 16, where the catalyst is impregnated with an aqueous or
organic metal salt solution, with the metal salt strongly absorbed to the support surface.
The leftover solvent is evaporated to produce the salt-impregnated catalyst. The impregna-
tion procedure is highly dependent on the surface’s adsorption ability for organometallic
complexes or inorganic salts, with the metal salt-support interaction to be crucial and
considerably affecting the quantity of metal loading and the metal’s dispersion on the
support surface. The essential criteria for regulating metal dispersion are: (i) the type and
concentration of the metal salt, (ii) the pH value of the aqueous solution, and (iii) the kind
of catalyst support and the surface functional groups. In this context, Kim et al. have
used the wetness impregnation to create {Pd"*-X} species supported on C@gC3Ny, used for
electrochemical reactions [80].

y -

Metal precursor N Step #1: Solution
Palladium precursor (PdCl,, preparation of precursor
Pd(NOs); , Na,PdCls) + metal

support (TiQy, Ce0y, Zr0s)

/

A, Step #3: Drying to crystallize the salt on the pore

surface and produce impregnated pellets.

Step #4: Calcination to convert the salt to an
oxide or metal

Figure 16. The wetness impregnation procedure.

A more advanced synthesis procedure that combine the benefits of wet chemistry and
conventional wet impregnation methods is the generic wet impregnation method [82]. In
contrast to wet chemistry approaches, the originality of this new method is that it omits the
use of organic solvent and capping reagent, which simplifies the synthetic operation and
eliminates surface contamination of the produced nanoparticles. See Figure 17.
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Figure 17. Schematic illustration of the effect of reaction kinetics affects the nucleation, growth, and
final morphology of Pd nanostructures in a polyol synthesis.

In another approach, photochemical deposition can be used for the production of ultrathin
films and nanoclusters. In this concept, Tian et al. [60] used photo-assisted deposition for
PdAu nanoparticles supported on TiO-nanotubes. This starts with immersing of a pre-
grown TiO; nanotube plate in a solution of 0.04 M Pd and Au precursors [Pd(NOj3), and
AuClz] and 5 mL of 50% (v/v) methanol [61]. The solution was then subjected to UV
light for 30 min, which promoted formation of 20 nm stable alloyed PdAu nanoparticles.
Atomically distributed noble metal catalysts often display strong catalytic capabilities, but
the metal loading density must be maintained low (typically below 0.5% w/w) to prevent
creation of metal nanoparticles by sintering. In this context, Zhang et al. [73] used the
photochemical method to produce atomically dispersed palladium-titanium oxide catalyst
(Pd1/TiO,) on ethylene glycole (EG)-stabilized ultrathin TiO, nanosheets containing up
to 1.5% Pd [32]. The catalytic activity of the Pd1/TiO, catalyst in the hydrogenation of
C=C bonds exceeded by a factor of ~9 that of Pd atoms on the surface of commercial Pd
catalysts [32].

4.3. Electrochemical Synthesis Methods

Electrodeposition is a straightforward, cost-effective approach for creating nanoparti-
cles, nanowires, and nanorods [83]. Typically, electrodeposition method utilizes a two- or
three-electrode setup, with the electrolyte serving as both the Pd source and the conductive
medium. By manipulating the potential or current density of an electrochemical cell, an
oxidized form in solution is converted to a metallic state at the surface. For the synthesis of
Pd-based nanomaterials, several electrodeposition methods are available, such as cyclic
voltammetry, square-wave voltammetry, chronoamperometry, and chronopotentiometry.
Frequently, cyclic voltammetry (CV) [83] is used as a supplementary technique for the
creation of nanomaterials. Zhao et al. [84] deposited dendritic Pd nanoarchitectures on
single-crystal n-GalN(0001) through CV electrochemically. nGaN was employed as the
working electrode, Pt wire (=1 mm) as the counter electrode, and Ag/AgCl as the refer-
ence electrode in a typical three-electrode cell. Pd catalysts were formed on n-GaN by
cycling, one, three, five, and seven times [81]. Chronopotentiometry (CP) utilizes a constant
current [35], i.e., galvanostatic procedures. Zhao et al. generated porous tubular Pd nanos-
tructures with an applied current density of 0.4 mAcm for 10 h, using a three-electrode
cell in combination with an electrolyte consisting of 1.5 gL~ ! HyPdCly and 25 gL.~! H,BO3,
with a pH of 6. Utilizing a CdS-modified porous anodic alumina (PAA) membrane as a
template, the shape of Pd nanostructures was achieved.

Overall, during the last decades specific, highly efficient synthesis methodologies have
been devoted for the production of {Pd"*-X} species supported solid matrices. In all cases,
the challenging steps are related: (i) to avoid growth of large Pd-particles, i.e., to favor
small Pd-clusters or atomically dispersed {Pd"™*-X} species, as well as (ii) to avoid complete
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reduction to the Pd'-state, i.e., to retain some of the {Pd™*} oxidation states with n = +1, +2
or +3.

5. The Role of the {Pd"*-X} Species on Catalysis
5.1. Dehydrogenation of HCOOH

H; production via dehydrogenation of formic acid (HCOOH, FA), sodium formate
(HCOONga, SF), or their mixtures, at near-ambient conditions, T < 100 °C, P = 1 bar, is
intensively pursued in the context of the most economically and environmentally eligible
technologies. Generally, catalytic decomposition of FA can proceed via two pathways,
i.e., dehydrogenation to generate Hy and CO; (reaction (1)) and undesirable dehydration
(reaction (2)), which produces poisonous CO provoking deactivation of the catalysts:

HCOOH (1) — H (g) + CO; (g) AG (298 K) = —35 k] mol ! 1)

HCOOH (1) — H,O (I) + CO (g) AG (298 K) = —14.9 k] mol ! @)

In aqueous solvent, sodium formate (SF, HCOONa) is added during FA dehydrogena-
tion promoting catalytic activity and H, generation efficiency [1]. In H,O, SF generates Hp
via hydrolysis (reaction (3)) with sodium bicarbonate as secondary product:

HCOONa + H,0 (1) = H; (g) + NaHCO; 3)

Among the various noble metal catalysts explored for FA dehydrogenation, palladium
is optimal for FA dehydrogenation compared to other metals such as Pt, Au, and Ag.
Several studies for Pd-NPs, supported on various supports, provide convincing evidence
that the support plays also a role in the catalytic activity. Matrices, such as carbon materials
or metal oxides, i.e., TiO,, S5i0, ZnO, and CeO,, have been studied. Among them, TiO,
is of notable interest due to its abundance, stability, and excellent optical properties [18].
Moreover, it exhibits strong metal-support interactions (SMSIs) with Pd [17]. SMSIs can
substantially affect the catalytic performance by altering particle properties (e.g., size,
morphology, and electronic state) [82-104].

The catalytic cycle of FA-dehydrogenation is also a matter of investigation. A schematic
illustration of the catalytic cycle proposed, which comes from our group in the case of a
{Pd@SiO,-Gallic-Acid} hybrid material. which is presented in Figure 18.
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Figure 18. Schematic illustration of FA dehydrogenation reaction. Catalytic results from catalytic
dehydrogenation of FA over the Pd@SiO,GA material. Adapted from [82] with permission.
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More specifically, in 2016, our group [83] had demonstrated that the ternary nanohy-
brid [Pd/SiO,-Gallic acid], i.e., combining [metal] with [oxide support] with [organic
cofactor], achieves a high H, production 19 mL min~}(E, = 42.2 kJmol~!), see Table 1.
Recently, Hy production by dehydrogenation of aqueous ammonium formate at a rate of
~10 mL min~!, at RT, was achieved by TiO,-supported Pd nanoparticles E, = 37 k] mol 1.
Highly efficient FA dehydrogenation at RT was also reported in 2017 by Akbayrak et al. [23]
for a Pd/CeO; nanocatalyst achieving 10 mL H, min~!. All these studies dictate that the
efficiency of Hp production by FA decomposition can be decisively affected by the intrinsic
electronic and structural properties of the Palladium on the surface such as composition,
size, dispersion, and oxidation state.

Table 1. Pd-based materials used for Hp-production via dehydrogenation of HCOOH.

Catalytic Hj-Production Calculated

Material Temp. °C Activation Energy Substrate Ref.
Pd@SiO,-GA 80 42.2 K] /mol SF/FA */H, [82]
Pd/TiO, 90 37 kJ /mol NH,COOH [18]
Pd/CeO, 80 46 kJ /mol SF [23]
Pd/GO (2.5 nm) 80 44 KJ /mol SF/FA [91]
Pd/GO (4.8 nm) 80 63 k] /mol SF/FA [91]
Pd’/PdO/C 80 32 K] /mol SF/FA [91]
Pd/ZnO 420 10KJ /mol Gas phase [s5]
Pd/SiO, 550 17 k] /mol iaezlfi‘jse [83]

* SF = NaCOOH, FA = HCOOH.

In this dehydrogenation process, oxidation state of the Pd-catalyst, i.e., the occurrence
of {Pd-O} states on the Pd’-nanparticles, can be of key importance. Recently, Li et al. [102]
have noticed that Pd NPs supported on carbon show H; generation activity in FA decom-
position that was substantially enhanced in the presence of a larger proportion of positively
charged Pd species (Pd*? and Pd**) due to electron transfer from Pd to the carbon support
through metal-support interactions. This is corroborated by the work of Lv et al. [102],
who suggest that, in carbon-supported Pd catalysts, the Pd°/PdO interface can be a quite
efficient active site in Hy production by FA decomposition, i.e., PAO pulls H; from reaction
intermediates facilitating the dehydrogenation process while eliminating self-poisoning
dehydration route towards CO formation. Thus, all recent data, including our research
on FSP-made Pd/TiO, [25], evidence that the Pd?/PdO interface should be considered as
an optimizable parameter, i.e., in tandem with Pd particle-size when catalytic efficiency is
pursued. So far, however, a systematic decoupling of these two parameters (Pd-particle
size vs. Pd?*/Pd" ratio) remains challenging.

5.2. Photocatalytic Hy-Production

Another aspect of hydrogen production—besides electrocatalysis—is the photocat-
alytic production of Hy from H;O using nanocomposite catalysts [105,106]. Most re-
cently [107], single atom catalysts (SACs) attained considerable attention in photocatalysis
in view of using single atoms of noble metal as co-catalysts in H, production and as a
substitute of noble metal nanoparticles. Palladium (Pd) co-catalyst attracts much attention
in the photocatalytic H, production due to the ability to boost charge transfer/separation
and provides active sites for H, evolution owing to its suitable work function (® = 5.12 eV
vs. vacuum) for trapping the photogenerated electrons. Despite their high efficiencies,
single atom catalysts require further optimization to overcome the tend to aggregate due
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to high surface energy [106]. A summary of some Pd-based single atom photocatalytic
systems is presented in Table 2.

Table 2. Summary of Pd-based single atom photocatalytic systems used for H, production from H;
O and their respective hydrogen evolution rates.

Irradiation H, Evolution Rate
Catalysts Hole Scavenge Source (umol gr-1 h-1) Ref.
TiO, 174.5
TiO,-Vo 202.9
Pdgp.c/TiO»-Vo 20 vol% MeOH ?ggovfnxcﬁﬂf)’ 18,196.6 [106]
Pdga /TiO5-Vo 6290.7
Pdnps/TiO,-Vo 3785.7
Pristine C3Ny 300 W Xe-Lamp 14
0.05 Pd/C3Ny o with a UV-CUT 435.3
0.1 Pd/CsN, 20vol% TEOA i (A > 400 nm) 728 [107]
3 Pd/C3Ny (180 mW cm2) <100
CN-NS
(0.11 wt%) Traces
Pd/g-CN-R1 o . ~5000
(0.17 wt%) Pd/g-CN 10 vol% TEOA Solar Simulator 6688 [108]
(0.33 wt%) ~3800
Pd/g-CN-R2
CN 115
Pd-CN 5vol% TEOA 300 W Xe-Lamp 2788 [109]
Pdnano-CN 681
CdS NPs o ~340.52
CdS-Pd (3.83%) 15 vol% TEOA 300 W Xe-Lamp 8402 47 [110]
Overall Water
Splitting 8.64
CdS NPs - 300 W Xe-Lamp 947.93 [111]
CdS-Pd (3.83%o)
PANP-g-C3Ny 300 W Xe-Lamp 165
PdSA-g-C3Ny 10 vol% TEOA (A > 420 nm) 495 [111]
PdPSA-g-C3Ny (~800 mW cm~—2) 1980

In general, in photo catalysis, a semiconductor is illuminated with irradiation equal/
larger than its bandgap that generates mobile charge carriers in both valence and conduction
band of the semiconductor [109-111]. To facilitate this step, noble metals are widely used as
co-catalysts due to their work function they can rapidly trap electrons from the conduction
band and prevent them from the undesired recombination, and they also serve as active
sites for Hy evolution. Single atom noble metal catalysts can maximize the efficiency
of noble metal and have a large proportion of active sites due to their high number of
under-coordinated metal atoms.

Wang et al. [105] designed a TiO, decorated with single Pd atoms (SA) (codenamed
Pdga /TiO,-Vp) by a pyrolysis process. The dispersion states of Pd species were controlled
by thermal reduction of Pdga /TiOz-Vo in Hy/ Ar mixed gas at 200 °C (Figure 19A). No-
ticeably, the coexistence of {Pd SAs + clusters + Vos} (Pdsa+c/TiO2-Vo material) exhibited
superior Hy production (Figure 19B). DFT calculations (Figure 19C,D) indicated that the
introduction of Vg created a band tailing effect near the CB minimum of pristine TiO,,
which resulted in a decrease in band gap, which agrees with the DRS data [105]. The
surface configurations Pdsp / TiO;-Vo and Pdga.c/TiO2-Vo have been analysed by DFT
and showed that the introduction of Vo and Pd species influence the total DOS of both VB
and CB. The key finding of this research lies in the electron transfer from Pd SAs to TiO,
substrate, which contributes to the stabilization of Vg and Ti** defects through the Pd-O-
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(A)

Ti%* interface [104]. Meanwhile, the presence of Pd clusters promotes the photogenerated
charge separation and provides active sites for Hy evolution.
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Figure 19. (A) Schematic representation of synthesis of Pdga /TiO-Vo and Pdga ¢ /TiO2-V; (B) Pho-
tocatalytic H) production from MeOH aqueous solutions (20 vol%) where Pdga ¢ /TiO,-Vg exhibits
the highest H, production rate; (C) UV-Vis DRS spectra and the photographs of the samples (inset);
(D) Optimized structures of (i) TiO,(101)-Vo, (ii) Pdga /TiO2-Vo, (iii) Pdgat+c/TiOz-Vo and (iv) the
corresponding PDOS diagrams. Adapted from [106] with permission.

In other studies, [107,108], Pd/g-CN photocatalysts have been designed where the Pd
atoms occupy the space among the adjacent layers promoting the charge transfer from the
bulk to the surface (Figure 20A). As suggested, [108], electrons can be transferred either via
the vertical Pd bridge or the directional in-plane migration to the surface Pd atoms, which
serve as active sites for sequential reduction. Moreover, DFT calculations [108] suggest that
the work function of Pd (=4.98 eV) is larger than that of g-CN (~4.18 eV), denoting that the
surface Pd atoms serve as electron collectors [108], and, additionally, the Pd incorporation
greatly improves the adsorption of Hy O molecules due to the more negative values of
adsorption energy for HyO on the surface of Pd/g-CN (—1.93 eV) than that of pristine g-CN
(—0.68 eV). This remarkable activity of Pd/g-CN is attributed to the unique bridge-like
structure and the surface anchor of Pd atoms [108] (Figure 20B). The interlayered Pd atoms
chemically bonded with C and N atoms and can enhance the 7r-electron delocalization
and subsequently improve charge mobility. Comparing, Pd/g-CN with both Pd/g-CN-R1
(0.11 wt% Pd same as Pd /g-CN but different configuration) and Pd /g-CN-R2 (0.33 wt% Pd),
it becomes clear that the Pd single atom modification boosts the photocatalytic performance
while increasing the Pd loading the appearance of clusters/nanoparticles (Figure 20D)
affecting the photocatalytic performance (Figure 20C).

5.3. Involvement of { Pd"*-X} Species in Electrocatalytic Processes

A number of modern energy technologies, e.g., such as fuel cells, water electrolysis,
metal-air batteries, and CO, to fuel conversion, have at their core a series of electrochemical
processes. Hereafter, for conciseness, we reiterate the basics of these processes. Electrocat-
alytic hydrogen oxidation reaction (HOR) and oxygen reduction reaction (ORR) occur on
the anode and on the cathode of a hydrogen—oxygen fuel cell, respectively. Hydrogen evo-
lution reaction (HER) and oxygen evolution reaction (OER) at the cathode and the anode of
an electrolytic cell producing gaseous molecular hydrogen and oxygen, respectively. These
(four half-cell) electrochemical reactions are reversible, but with some differences: HER and
OER obey the Butler-Volmer model [112-140], even with very high overpotentials. On the
other hand, in HOR and ORR under high overpotentials, the apparent current approaches
a constant value i.e., due to mass-transfer rate-limitations. Generally, the two-electron
transfer in half-cell HER and HOR is fast, while ORR and OER are sluggish, therefore
for these reactions noble metals are used [112-140], such as platinum (Pt), palladium (Pt),
iridium (IR), and ruthenium (Ru) catalysts, to achieve beneficial kinetics.
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Figure 20. (A) Schematic illustration of Pd/g-CN hybrid with the Pd single atom bridges and the
surface anchor of Pd atoms; (B) Aberration-corrected HAADF-STEM image of Pd/g-CN where
with bright dots we can see the Pd single atoms; (C) Comparison of photocatalytic H, evolution
activities of the different Pd-based single atom g-CN catalysts and the pristine CN-NS material;
(D) HAADEF-STEM image of the reference sample Pd/g-CN-R2 where we can see the formation of Pd
clusters/nanoparticles. Adapted from [108] with permission.

5.3.1. Oxygen Reduction Reaction (ORR)

Oxygen reduction reaction is one of the most important electrochemical reactions that
serve many processes, such as life processes and energy conversation [113-128]. ORR in
aqueous solutions occurs mainly by two pathways [117]. The direct (four-electron) pathway
from O, to HyO and the (two-electron) pathway from O, to HyO; (hydrogen peroxide). In
nonaqueous and in alkaline solutions, the one electron transfer pathway from O, to O?~
can occur as shown in Figure 21.

ORR involves either a four-electron (4e™) or two electron steps (2e™) transfer the
reactants [114] and products differ for each case of electrolyte solution, as shown in Table 3.
In the case of a fuel cell—no matter its type—a direct four electron pathway is highly
preferred in order to obtain high efficiency [114], while the two-electron pathway is mainly
used for HyO, production.
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Figure 21. Simplified ORR mechanism through direct 4e™ reduction or two steps. (A) peroxide
pathways on acidic and neutral dielectrics and (B) intermediate pathways in alkaline dielectric.
Adapted from [114] with permission.

Table 3. Overall reaction equations of ORR in acidic and alkaline solutions.

Electrolyte Medium Reactions
O, +4H* + 4~ — HyO (4e™ pathway)
Acidic Solution O, +2H* +2e~ — HyO, (2™ pathway)

H,O; + 2H* +2e~ — 2H,0 (2e™ pathway)

Oy + HO + 4e™— 40H™ (4e~ pathway)
Alkaline Solution Oy + HyO +2e™— OOH™ + OH™ (2e™ pathway)

OOH™ + HyO +2e™ — 30H™ (2e™ pathway)

There are two possible mechanisms for the 4e” pathway, i.e., associative and dissocia-
tive [115]. On most metal surfaces, ORR follows the dissociative pathway;, i.e., due to strong
adsorption of O; [117]. The dissociative pathway in an alkaline medium, see Figure 22, can
be described as:

O, +2* — 20* 4)
20* + 2e~ + 2H,O — 20H* + 20H™ (5)
20H* + 2e” — 20H™ + 2* (6)

where * denotes one catalytic active site on a certain surface. The mechanism can be
described as O, adsorption, followed by an O-O bond breaking and a new formation of
two adsorbed atomic O* species, which further gain two protons and two electrons to
directly form OH™ without OOH™ generation.
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Figure 22. Schematic representation of dissociative ORR mechanism.

The so-called volcano plot, Figure 23A, is useful to correlate the intrinsic surface
adsorption properties and electronic structure (electron orbital levels or wok-functions)
of a catalyst, with its apparent catalytic activity [118]. Volcano plots can be used as a
guide for the development of highly active catalysts. All these volcano plots reflect the
Sabatier principle [116], which states that the optimal catalytic activity can be achieved
by a catalytic surface with appropriate binding energies for reactive intermediates. When
the intermediates bind too weakly, their activation on the surface is difficult. However,
when they bind strongly, all available surface-active sites are occupied, which drives to the
poisoning effect. In ORR, the oxygen adsorption strength AEg+ can serve as an atomic level
descriptor through which the activity obeys the volcano plot. For OER, the activity has been
related to a single descriptor (AGo+-AGopx) [115,116], where AGp~ is oxygen adsorption
free energy, as shown in Figure 23B. Density functional theory (DFT) can provide predictive
tools for selection of ORR and OER catalysts, as shown in Figure 23C,D.

More
( ) Stable or Active
NbS; NbS;
NbSe; NoSe; B
TaS; ] TaS; Loss
= i — Stable or Active
TaSe; TaSe;

Figure 23. Volcano plots, free energy diagram for different materials for both oxygen reactions (ORR,
OER), (A) ORR activity for a range of pure metals plotted against O* adsorption energy. (B) Activity
trends for OER as a function of AGo+-AGoy+. (C) DFT calculations for ORR and (D) for OER for
pure metals on different substrates versus activity and stability. Figure adapted with permission
from [115,116].
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Adsorbed oxygen is known as a key intermediate in the ORR, and so the binding
energy of oxygen is often used to evaluate the catalyst, i.e., in Figure 24B the adsorbed
intermediates for the two most active electrocatalysts (Pt, Pd) are shown. Because the
binding energy of O, on Pd is weaker than on Pt [115,116], it is expected for Pd to be more
selective to HyO, species, while Pt is expected to produce H,O through dissociation. This
is confirmed by the DOS profile, as shown in Figure 24C, where the d-band center in a Pd
SAC is lower than a Pt SAC, which leads to a weaker interaction with an adsorbate.
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Figure 24. (A) Suggested coupling Figure for the Pd?+{O-O} state for Pd on TiO,. Taken from
25 (B) Energy profile of intermediates on atomic Pd and Pt along ORR pathways at UV for the
Pd/C@C3N, material. Adapted from Reference 25, with permission. (C) Calculated density of states
of d-band of Pd and Pt. for the for the Pd/C@C3N4 material. Adapted from [80] with permission.

In Figure 24C, the calculation of density of d-states for Pd and Pt and the surface charge
polarization on the substrate@C3;Ny reveals the reason of enhancement of ORR activity. It is
clear that the density of Pd is shifted down toward the Fermi level in comparison to that of
Pt. The calculated d-band center of Pd is located further to Fermi level (—2.66 eV) than Pt
(—2.53 eV). The downshift of Pd SAC leads to a weaker interaction with an absorbate, hence
higher ORR activity. Noble metal nanoparticles, such as Pt and Pd, show extremely good
activity, but their high costs and low natural abundance hamper the commercialization
process [80]. An intuitive strategy is to decrease the size of the nanoparticles and hence
to reduce the cost of those state of art catalysts, since bulk atoms are not directly involved
in the reactions and single atom catalysts (SACs), which represent an ideal solution [119].
For SACs, the strong metal-support interaction is maximal [118], where the active metal
sites may be enhanced by two factors, firstly by the substrate (support) and, secondly, by
contributions for neighboring atoms of the surface [122]. This has been exemplified for Pd
on [MnO; nanowire-carbon networks], see Figure 25. Pd atoms can interact with nanotubes
via their weak adsorption on the carbon nanotube surface, forming a strong chemical bond
with O or N containing functional groups or binding on defect sizes. XAS measurements
showed that Pd SAs were charged positively with a valence of +2 and coordinated with
four oxygen atoms [122]. Two main structures, one with Pd-O4 on carbon networks and
the other with Pd-O4 on the surface of the MnO, nanowires, were detected [122], as shown
in Figure 25A,B. Through that study, it was shown that, with these structures, high mass
activity towards ORR was achieved, 20 times better than that of commercial Pd/C in
alkaline medium-electrolyte and a high number of electrons 3.84, which indicates an almost
4e™ pathway, as shown in Figure 25. In another study, Li et al. [123] synthesized Pd SAs on
MoOj3; nanoparticles. XPS analysis of PdA@MoO3 compared to Pd nanoparticles on MoOs
support revealed Pd?* states, probably due to the atomic Pd-O bonds formed in the MoO;
lattice [121]. In another study by Liu et al. [124], Pd SAs on a hollow nitrogen doped carbon
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cages (HNC) matrix was observed. The atomic ratio Pd?*:Pd® was 2.3 for the best sample
(Pd-HNC;p) versus Pd?*:Pd° = 0.77 for Pd nanoparticles in the same matrix, Figure 25A,B.
In the same work [123], it was shown that the performance increases with the increment
of Pd loading, but the Egnset and Eq s, for PAd-HNC1y was +1.00 and 0.898 V, respectively,
while Eonset and Eq /5 for PA-HNC was +0.975 and 0.853 V, respectively, in alkaline medium
electrolyte, as shown in Figure 25A,B. This suggested that atomic Pd species in the HNC
matrix made dominant contributions to the ORR activity with minor contributions from the
nanoparticles. Atomically dispersed Pd atoms on the nanoparticles significantly increased
the number of active sites.
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Figure 25. ORR linear sweep voltammetry curves on RDE in oxygen saturated cell of (A) MnO,-CNT
substrate and Pd/MnO,-CNT 0.1 M KOH (B) Pd-HNC series in 0.1 M KOH and (C) single atom
to nanoparticles Pd series at C@C3Ny substrate in 0.1 M HCIO4. Corresponding electron transfer,
peroxide yield on the potential (%H;O;) on RRDE of (D) MnO,-CNT substrate and Pd/MnO,-CNT
and (E) Pd-HNC series. (F) the peroxide selectivity of different Pd species on C@C3Ny. (G) Repre-
sentative TEM images of Pd SAs on MnO,-CNT and Pd SAs species on HNC. (a-d) TEM images of
different nanomaterials. (H) percentage of active Mass of peroxides from commercial Pd down to SA
Pd. Figures adapted with permission from [120,122,123].

Liu et al. prepared Pd SAs supported on graphitic carbon nitride with carbon black
(C@C3Ny), where the Pd SAs were bonded to C or N atoms, in order to produce stable
SACs, with a total coordination number around 3.5, as shown in Figure 25A,B. The Pd
SACs were active towards ORR by catalyzing the 2e~ pathway, which can occur at single
atomic sites that preserve the O-O bonds [126], of O,. The selectivity seemed to decrease
with the increment of Pd content, probably because the Pd catalyzed four electron pathway
producing H,O [126]. The Pd SACs on the C@C3Njy substrate had similar behavior to that
of Pt SACs [126], and a probable reason might be the binding energies of O, on C@C3Ny
Pd;, which is weaker than C@C3Ny Pt;, and the O-O bond length is similar [126]. As
shown in Figure 25, it is important to mention that the commercial 20%Pd/C has a much
lower H,O; selectivity than that of SA Pd species. Table 4 provides a summary of pertinent
PD-SACs from the literature. It seems that, in most cases, when Pd is dispersed to single
atoms it performs a 2e~ pathway, and, when the mass of Pd is increasing, it proceeds to a
4e~ pathway.
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Table 4. Summary of ORR activity of some Pd-based Single Atom Catalysts in acidic/alkaline

solutions.
Catalyst _ Onset Catalytic 1(\:7: Adlv)lt@y
Material Medium Loading N Potential (V) Activity Bmetal Ref.
(ug-cm-2) Transferred vs. NHE (mA-cm-2) Measured

He ) Voltage vs. RHE
Pd-HNCq 0.1 M KOH 12.58 3.97 0.90 5.2@1600 rpm 030@+0.85V [80]
Pd-HNCs 0.1 M KOH 7.09 3.95 0.84 4.5 @1600 rpm 049@+0.85V [80]
C@C3N,-05%Pd 0.1 M HCIO, 2.0 0.57 4'25rf;600 85@+02V [125]
C@C3N4-4%Pd 0.1 M HCIO, 40 0.66 5'485;600 04@+02V [125]
Aug92Pdo o 0.1 M HCIO, 2.60 0.61 1.35 @200 rpm [127]
Aug7oPdo3 0.1 M HCIO4 3.75 0.74 1.93 @200 rpm [127]
Pd/MnO,-CNT 0.1 M KOH 194 3.82 0.83 6.5 @1600 rpm 048@+09V [123]
Pt/Pd SAA 0.1 M HCIO4 30.61 3.90 0.95 5.45 @1600 rpm 091@+09V [128]

5.3.2. Hydrogen Evolution Reaction (HER) at Pd Single Atom Catalysts

Hydrogen evolution reaction (HER) holds a special place in electrochemistry, i.e., since
it is the most direct way to produce hydrogen of high purity considered to be the fuel
of the future [129-140]. Despite the great research efforts, a cheap and abundant HER
electrocatalyst is missing today. The basic HER mechanism is summarized in Table 5
and Figure 26A. The first step of HER is the adsorption of one hydrogen atom (H) on the
catalyst surface by transferring a proton from the acid electrolyte, which combines with
an electron transferred from the catalyst surface to form an adsorber hydrogen atom (H*).
This process is called the Volmer step [129] (Figure 26A). Then, this H* combines with an
electron (e~) and a + to form a H, molecule, and this step is named the Heyrovsky step
(Figure 26A) [129-133]. Alternatively, there is a second possibility to form a H, molecule
through the Tafel step i.e., the combination of two + (Figure 27A). Regarding the HER
in alkaline media, due to the lack of +, we begin from H,O molecules dissociation. This
additional step of proton generation from H,O in alkaline media introduces an additional
energy barrier and affects the whole reaction kinetics.

In general, the relationship between the electrode material and the activation energy
is expressed through the volcano plot by plotting j, versus AGmax (Figure 27B). The most
common volcano plot of the HER rate description is based on the Langmuir type of
adsorption where the maximum is located near the region where the hydrogen adsorption
free energy (AGy-)] zero is [129]. AGy+ is the rate-determining parameter for HER, and
the highly active materials (e.g., Pt, Pd, Rh) are located near the top of the volcano plot and
possess an optimal AGy+ value (Figure 27B).

Table 5. Overall reaction pathways for HER in acidic/alkaline solutions.

Overall Reaction (Condition) Reaction Pathway

H* + e~ + x — H* (Volmer)

H* + e~ + H* — H, (Heyrovsky)

or 2H* — H; (Tafel)

HyO+e~ — H*+OH™ (Volmer)
H,O+e~ + H* — H, + OH™ (Heyrovsky)
or 2 H* — H, (Tafel)

2HT +2¢~ = H,
(Acidic solution)

2H,O +2e~ — Hp +20H"
(Alkaline solution)
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Figure 26. (A) Schematic representation of HER pathways in acidic and alkaline solutions, adapted
with permission from [129]; (B) Volcano plot for HER jj vs. hydrogen adsorption free energy for
various metals, alloys, and non-metallic materials. Adapted from [115] with permission.
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Figure 27. (A) (i) HRTEM images of PdA@MoO3 where the Pd atoms are marked with red circles
MoQOj3, Pd NPs and Pt/C catalysts (a) and (b) TEM images in different scale. (B) (i,ii) TEM images of
C@C3Ny4-1%Pd (left) and C@C3Ny-4%Pd (right). With red circles, we mark the Pd NPs, which are
formed at these relatively high concentrations of noble metal; (iii,iv) TEM and HAADF-STEM images
of C@C3Ny4-0.5%Pd where no particles were observed in the TEM images whilst many bright dots
were observed in the HAADF-STEM image; (v) Hydrogen evolution reaction results performed by
linear sweep voltammetry in Ar-saturated 0.1 M HClIOy solution on 20% Pd/C (blue), C@C3N4-4%Pd
(green), C@C3N,-1%Pd (mustard), and C@C3 Ny-0.5%Pd (magenta). The inset shows HER Tafel
slope of the catalysis adopted with permission from [121].

From the volcano plot in Figure 27B, it is obvious that, for a material to be an ideal
catalyst for HER, it should be able to bind the reaction intermediates neither too strongly
nor too weakly, i.e., a material that can minimize subscript value can be considered as a
possible candidate. Noble metal electrocatalysts, such as Pt, Pd, Rh, and Ir, are notorious
for their high activity, despite their high cost and low abundance [132-135]. Single atom
catalysts (SACs) have attracted considerable attention and have expanded the potential
pool of nanoscale candidates, even if HER is not considered a bottleneck in electrochemical
applications. Compared with nanoscale catalysts, single-atom catalysts are characterized
by isolated active sites and high dispersion leading to maximum atom utilization efficiency.
Herein, we focus on the Pd SACs deposited on a variety of substrate materials (metal
sulfide, carbon material, metal oxides etc.) (Table 6).
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Table 6. Summary of the HER activity of SACs in acidic/alkaline solutions.

7 (mV vs. Ref.
Catalysts Electrolyte Electrode) Tafel Sloge Scan R_a;te Ref.
(@10 mA cm-2) [mV dec—1] [mV s—1]
0.5M H,SO4 71 42.8
Pd@MoOs; 1 MKOH 180 ) 5@- [132]
MoS; 328 157
1%Pd-MoS, 0.5 M H,;SO4 89 80 2@- [80]
1% Pd-MoS, /CP 78 62
C@C3N4—0.5%Pd 0.1 M HCIO4 - 127 2@1600 rpm [135]
Pt/Pd SAA 0.5 M H,;SO4 17 28.5 2@1600 rpm [82]
Pd;@Co/NC 1 M KOH 354 133 10@- [133]
Pd NCs@CeO, 0.5M H,SO4 485 235 5@1600 rpm [134]
1 T-*MoS; 300 61
Pd-1 T-*MoS, 0.5M H,SO4 140 50 50@- [135]

A relatively small Tafel slope is highly desirable, and we can achieve that by exposing
more active sites for reaction. Thus, we increase the catalytic current density and decrease
overpotentials, resulting in a decrease in the Tafel slopes. Lau et al. [134] designed an
uncommon Pd-1 T-*MoS; nanosheet where 1 T phase is found to be metallic and thermally
metastable by exfoliation of bulk 2 H-*MoS, using BuLi intercalation. The incorporation
of single Pd atoms at 3 wt% can successfully increase the HER performance compared to
undoped 1 T-*MoS,. The reference catalyst 20% Pt/C gave a slope of 33 mV dec ™!, which is
in good accordance with previous results [131]. A Tafel slope of ~30 mV dec™! is generally
accepted and indicates that the HER proceeds through the Tafel pathway. On the other
hand, the 2 H- *MoS; material gave a slope of 103 mV dec™ !, which indicates that the
kinetics for H>G.

H, formation is limited by the first Volmer proton reduction step, and the material
follows the Volmer-Tafel mechanism. The Tafel slope of Pd-1 T-°MoS, is relatively smaller
(50 mV dec™1) compared to the pristine 1 T*MoS, (61 mV dec™1), as shown in Table 6.

In another study, [133] designed a two-dimensional (2D) MoO3; with petal-shaped
nanosheets confining Pd nanoparticles (NPs) and atomically dispersed Pd substituted
sites [132]. The high surface area of Pd@MoOj3, the interface between MoOs3; and Pd NPs,
and the atomically dispersed Pd sites in the MoOj lattice significantly enlarge the number
of active sites and facilitate electron transfer. As a result, Pd@MoQO3; material exhibits high
HER activity with a small overpotential of 71 mV and an extremely low Tafel slope of
42.8 mV dec™! in acidic solution compared with the reference catalyst 20% Pt/C.

Besides metal oxides and metal sulfides, carbon materials are another attractive sub-
strate. Zhang et al. [135] reported the use of thin layers of graphitic carbon nitride with car-
bon black (C@C3Ny) as a substrate material to immobilize Pd single atoms (Figure 27B(i-iv)).
The use of carbon in electrochemical applications is rather usual due to its high surface area
and conductivity. The addition of dopants, such as N or B, provides anchoring sites, and
specifically N-doped carbon can anchor metal atoms and prevent metal agglomeration, and
also nitrogen doping enhances the electron-donor capacity of the carbon matrix, resulting
in an improvement of the interaction of carbon support and guest molecules [121]. The
abundance of N-anchoring sites of C@C3Ny support facilitate the synthesis of single atom
Pd catalysts without forming metal nanoparticles. The Pd loading on C@C3N4 was 0.5, 1,
and 4%, with C@C3N4-0.5%Pd being slightly more active than conventional 20% Pd/C, but
less active than Pd nanoparticles supported on C@C3Ny. However, C@C3N4-0.5%Pd shows
a higher Tafel slope of 127 mV dec ™! compared to 20% Pd/C with a slope of 49 mV dec™!
(Figure 27B(v)).
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Downsizing metal nanoparticles to atomic level boosts electrocatalytic performance
even if SACs suffer from one major drawback. Due to the high activity of isolated metal
atoms and the rough conditions under which HER occurs (acidic or alkaline solution) SACs,
besides Pt-based catalysts, tend to aggregate and dissolve as they suffer from low stability,
thus affecting their catalytic performance. The design of a stable structure with the ability
to improve the stability of SACs is essential. The role of support becomes crucial and
determines the coordination of the catalytic metal centre and its properties. Compared
with nanoparticles, the active sites of SACs are directly fixed to the support by chemical
bonds. By controlling the chemical structure of the support, one can control the properties
of SACs and optimize them. Carbon nitride is a good support matrix for stabilizing metal
single atoms due to its unique structure, the large surface area, and the many nitrogen
species that it possesses [134]. For instance, Co SAC (Co-NG) was prepared by using
nitrogen-doped graphene as a support ], which exhibits very low overpotential (30 mV) in
hydrogen generation. Besides carbon nitride, some studies focus on the doping of transition
metal phosphides (TMPs) with appropriate elements to enhance stability. Wu et al. [137]
designed a W-doped CoP nanoarray (W-Cop), which exhibits excellent stability during
HER under different pH solutions [139]. Moreover, a different approach involves defect
engineering to design stable HER SACs through vacancies and dopants [139].

Additionally, single atomic sites minimize the size of metal particles, and, generally,
the concentration is relatively low, i.e., <0.5%, to prevent single atomic agglomeration.
Because of this low concentration, there is a long way to go before we jump from the
laboratory use to the industrial and actual production. In 2016, Zheng et al. approached
this problem by synthesizing a Pd/TiO, catalyst with a high Pd single atom concentration
of 1.5% stabilized due to the formation of ethylene glycol free radical induced by UV
treatment, which facilitates the formation of Pd-O bonds and subsequently stabilized the
individual Pd atom.

6. Conclusions

Palladium deposited on different solid supports can adopt quite distinct species, which,
in turn, can promote different catalytic reaction paths. Within palladium nanoparticles,
atomic {Pd™*-X} states, where n =0, 1, 2, 3, and X = atom or hydride, can be stabilized.
These can behave as single-site-catalysts that demonstrate considerable degree of chemical
reactivity. In the present review, we put focus on the distinction of these {Pd"*-X} states vs.
pure atomic states, i.e., isolated Pd-atoms on a solid surface and their pertinence on catalytic
processes related to energy storage or energy conversion, H, production reaction (HRR),
oxygen reduction reaction (ORR), and water-splitting. Successful synthesis of {Pd"*-X}
states and their detection methodologies are currently standalone challenges. We consider
that future state-of-the-art synthesis methods will enrich this dynamic landscape, while
detection methods could shed light on the very interesting, quantum phenomena at the
{nanoparticle—particle-to-atom} interface.
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