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Abstract: Metal-supported graphene nanocomposites with single atoms or small clusters are of interest for various
catalytic processes, including applications in batteries, fuel cells, water electrolysis, and chemical synthesis. Typically,
graphene oxide is reduced in the presence of metal salts to produce metal-graphene nanocomposites. However, graphene
itself has reductive properties and can react with metal ions in higher oxidation states in a suitable solvent. While direct
reactions (dip and coat or wet coating) with metal salts have been described several times, less is known about the kinetics.
This study investigates the reaction of suspended graphene nanoplatelets (GNP) in aerated water with the chlorocomplexes
of gold (III), iridium (IV), platinum (IV), and palladium (II) to form nanocomposites covered with single atoms and small
clusters. The maximum metal loading ranges from 3.3 mass% for palladium to 44 mass% for gold, increasing with redox
potential. At high redox potentials, such as those of Ir (IV) and Au (III), the reactions follow pseudo-first order kinetics.
In contrast, at lower potentials, such as those of Pt (IV) and Pd (II), the reaction adhere to pseudo-second order. This
data enable kinetically controlled metal coating of the GNP. In contrast to the use of a reducing agent, gold, platinum,
and palladium are present on the GNP in different oxidation states, which can be specifically modified, as shown for
platinum-coated GNP. Iridium (IV) has been deposited as anhydrous and hydrated iridium (IV) oxide. The nanocomposites
have great potential as single-atom catalysts. The described process can be transferred to other transition metals and is
sustainable because the reaction media can be recycled.

Keywords: graphene nanoplatelets, wet impregnation, noble metal nanocomposites, heterogeneous reactions kinetics,
single-atom catalysts, clusters

1. Introduction

The term “single-atom catalysts” (SACs) has been used for more than 15 years, but the first studies were performed
as early as 1988. It is currently a very intense area of research and there are many expectations for the further development
of catalysis'. Since the 1920s, it has been assumed that free adsorption sites on surfaces are crucial for catalysis. The
homogeneous polymerization of alkenes was discovered in 1953 with the Ziegler-Natta process, and in the 1960s the
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mechanism was elucidated with the identification of coordinatively unsaturated centers, in parallel with the development
of other homogeneous catalyzed reactions such as the Wilkinson hydrogenation of alkenes. Results with nanomaterials
showed that an improvement in activity was often accompanied by a reduction in active area', and research with clusters
led to the realization that in many cases a single atom can suffice as a catalytic center”. Indeed, there is a strong expectation
that SACs can improve future sustainable resource management requirements. Of central interest are the photochemical or
electrolytic carbon dioxide reduction reaction (CO,RR) to C; basic chemicals such as CO or methanol, the electrolytic
or photochemical oxygen evolution reaction (OER), the hydrogen evolution reaction (HER)?, and the improvement of
the electrochemical oxygen reduction reaction (ORR) for fuel cell applications®. In addition to single atoms on support
materials, small clusters of less than 13 atoms are also of interest. A cluster is defined by IUPAC as “a number of metal
centers grouped closely together, which may have direct metal bonding interactions or interactions through a bridging
ligand, but are not necessarily held together by these interactions”>. In clusters containing only a small number of metal
atoms, only a finite number of quantum states are allowed for their electrons, so they do not form a conduction band
like in bulk metals. In this sense, small clusters of metal atoms are more similar to conventional molecules than to solid
metals®. As catalysts, clusters and single atoms on a support material show the highest activity and result in maximum
atom utilization efficiency, which is particularly important for expensive noble metal catalysts. However, as the metal
lattice breaks down into clusters and atoms, the surface energy of the system also increases, making it more likely that
adatoms will migrate to form larger clusters. The support material therefore has the important role of fixing and stabilizing
the single atoms, allowing the adsorption of the educts and the desorption of the products so that the catalytic process can
continue.

Carbon materials have always been an important support, especially for noble metal catalysts. Historically, activated
carbon was first used as a support for catalysts. Activated carbon has an amorphous structure with a large internal surface
area of up to about 1500 m? g~! for technical materials, and corresponding noble metal catalysts are still used today.
Activated carbon is also a well-known adsorbent for metal species, e.g., in water treatment. The main binding mechanisms
are physisorption and chemisorption. If the metal ions have a high oxidation potential (ORP), a redox reaction takes place
and the reduction product is bound to the carbon’. The metal uptake can often be described by pseudo-first order or
pseudo-second order kinetics, whereby the carbon is not included in the rate equation due to the large excess®. A synthesis
library of almost all possible elements of the periodic table on porous nitrogen-containing carbon is available’. However,
the support material is amorphous, the type of bonding of the adatoms and the coordination environment are not defined.

Two-dimensional graphene is of particular interest as a support material for single-atom catalysts because it has a
defined planar structure and there are many theoretical studies on the bonding of the adatoms>*!%~13, Graphene consists
of honeycomb fused benzene rings that host delocalized m-electrons both above and below the plane, resulting in a small
bandgap semiconductor with a band overlap of 0.16 meV '“!>. The band gap increases with the number of layers, and with
11 layers the difference from semi-metallic graphite (41 meV) is only 10%, indicating a significant loss of this nanomaterial
property '°. Graphene also has interesting mechanical properties such as a high elastic modulus of ~1 TPa, a high tensile
strength of 130 GPa and a breaking strength of 42 Nm~!, which is important for use in demanding reaction conditions .
As a carbon material, graphene is a reducing agent, as evidenced by its reactions with oxidative reagents such as oxygen at
elevated temperatures '®, hydrogen peroxide ', or oxometalates?’. In contrast to pure oxygen, sorption from the ambient
air is only partially reversible”!. Single-layer graphene is not typically found as a bulk material; instead, multiple graphene
layers are often stacked to form few or multilayer graphene. When the lateral extent in two dimensions is significantly
larger than the thickness, the materials are referred to as nanosheets or nanoplates>>. The graphene nanoplatelets (GNP)
used in this study are patented>*, manufactured by XG Science, and well characterized>*>*>>. They have a sufficiently
large specific surface area for metal sorption of 750 m? g~!, while the maximum value of single layer graphene is 4 times
higher (~2630 m?> g~!). These GNP are produced by microwave exfoliation of acid-intercalated graphite and consist
of stacks of up to eleven graphene layers with a diameter of <5 um?’. While the process ensures that the basal planes
remain intact, the edges are substituted with hydroxyl and carboxyl groups during the process, making the material more
polar than graphene. XG Science’s GNP were dispersible in water, which is not the case for all graphene materials°.
DLS measurements of GNP in deionized water (DI) showed that the particle size was smaller than 1 wm, which is within
the specification (<2 pum). In the presence of salty water (700 uS cm™!), the particle size increases to the average of 15
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pm. Under these conditions, the microparticles can be easily separated using a filter or a ceramic filter frit, allowing the
concentration to be determined at-line?’.

In the literature, most reactions of noble metal salts with graphene oxide (GO) or regenerated GO (rGO) have been
carried out with a high defect content and an increased oxygen content in contrast to GNP?’. The synthesis often starts with
the Hummer reaction, a complex oxidation of graphite powder with potassium permanganate in sulfuric acid, occasionally
with the addition of sodium nitrate or subsequent treatment with hydrogen peroxide. The drastic oxidative conditions lead to
GO with variable structures and properties, where, in contrast to GNP, part of the aromatic structures of the graphene layers
are destroyed by oxidation. Nevertheless, GO shows an adsorption of metal ions, which is mainly based on electrostatic
forces®.

If GO is reacted with reductants as hydrazine or thermally treated at high temperatures, a part of the graphene layer
structure was restored, but as with GO synthesis, reaction products can hardly be reproduced. Like GNP, rGO is dispersible
in water and has reducing properties, resulting in reactions with metals in higher oxidation states. However, GO and rGO
have often been successfully used in the preparation of catalysts>*’. In common approaches, chemically synthesized
colloidal graphene oxide is physically or chemically linked to in-situ generated metallic nanoparticles by hydrophobic
interaction, electrostatic interaction or covalent bonding. Alternatively, noble metal hydroxides can be prepared in colloidal
form, which adsorb on the GO and are subsequently reduced to the metallic state>”. The adsorption isotherms for gold
(II), palladium (II), and platinum (IV) on GO were measured and obeyed the Langmuir equation, and the adsorption
kinetics followed a pseudo-second order law, indicating that chemical adsorption was the rate-limiting step>'. Alternatively,
noble metal hydroxides can be prepared in colloidal form, adsorbed on GO, and subsequently reduced to the metallic
state”’. Similar to the approach used in this study, a water-based synthesis of a gold/rGO nanocomposite without additional
reducing agent has been reported, yielding gold nanoparticles with an average size of 1.8 nm on the support material,
which showed excellent electrocatalytic performance for ORR 32, The study also described the analogous synthesis of a
palladium nanocomposite starting from palladium (II), which led to palladium nanoparticles with an average diameter of
1.4 nm on rGO. However, hexachloroplatinate (IV) reacted only partially with GO, while some remained as platinum (II)
in solution. Therefore, sodium borohydride was used as a reducing agent. Platinum nanoparticles with an average size of
1.9 nm were then formed on the rGO. However, single atoms or small clusters were not detected in this study.

In contrast, GNP have rarely been used. The synthesis of a hydrogenation catalyst has been described. After
wet impregnation of GNP with the precursor palladium (II) acetate for 30 min at room temperature, formaldehyde
was used as a reducing agent and sodium hydroxide to enhance particle nucleation. After filtration and drying at
100 °C, a GNP nanocomposite with 1% palladium and metal nanoparticles of size (3.7 + 1.7) nm was obtained**. An
electrocatalyst for PEM fuel cells was synthesized by a thermodynamically controlled platinum deposition on GNP using
(1,5-cyclooctadiene)dimethyl platinum (II) in supercritical carbon dioxide with different concentrations. The resulting
platinum/GNP nanocomposites contained 12.2 to 25.7 wt.% Pt and had a size of 1.5 nm to 1.9 nm>*. In these case, GNP
could be covered by noble metal nanoparticles, but the concentrations were higher and no kinetic data were collected.
Relevant to this work is a study on the preparation of defect-free GNP by an ultrasonic process and subsequent reaction
with gold (III) acetate in aqueous solution, which resulted in gold nanoparticles on the GNP. The size of the nanoparticles
(8.3 to 23 nm) depended on the concentration of gold acetate, which was varied between 1 and 10 mol%. For comparison,
a 1 mol% tetrachloroauric acid was tested and smaller nanoparticles with an average size of 1.8 nm were formed, but the
material was not further characterized>>.

The role of the metal in single atom catalysis is important because the reaction is supposed to take place at the metallic
center. Graphene acts as a support and stabilizes single atoms, which have a strong tendency to form larger clusters with
different properties. In addition, there is an electronic interaction with the graphene conduction band. This changes the
catalytic properties of the metals in a defined direction. Noble metal SACs are of particular interest due to their high
catalytic activity and stability against reduction, oxidation and poisoning. The 5d elements gold, platinum and iridium and
the 4d element palladium are of particular interest due to their wide application and stability and are therefore considered
in this article.

Gold (Au) is situated in group 11 of the PSE with [Xe] 4f'# 5d!° 6s! electron configuration and is the element with
the highest electron affinity (2.31 eV). Although the bulk metal is less reactive, the compounds have extensive applications
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in pharmaceuticals and catalysis>°. In addition to the metallic form, the +1 and +3 oxidation states are important. Less
common are +2 compounds, which are usually diamagnetic and have Au-Au bonds, as in [Au(CH;),P(CsHs)2]2Cl.
Gold (I) compounds with d;¢ electron configuration prefer a linear geometry, form chains in the solid state, and tend to
disproportionate into metallic gold and Au (I1I) if not stabilized with ligands. Gold (I) chloride is a yellow solid that can be
produced from tetrachloroauric acid (III) by thermal decomposition. It has a zigzag chain structure in which gold and
chloride ions alternate. Dark purple gold (I) hydroxide precipitates from gold (III) solutions with alkaline hydroxide in
the presence of reducing agents?’. Gold (IIT) chloride (AuCl3) is the most commonly used gold compound, which is
complexed by hydrochloric acid to form tetrachloroauric acid. The neutral or basic solution of the planar [AuCly] with dg
electron configuration is susceptible to hydrolysis. When the tetrachloroaurate solution is alkalized, a brown precipitate
of gold (III) hydroxide is formed, which cannot be isolated but is converted to brown gold (III) oxide on drying. Above

36 Gold clusters are

160 °C it decomposes to gold () oxide and elemental gold>’, with light accelerating the reaction
already known from complex chemistry, mostly stabilized with phosphine ligands, as in [AugC(P(CgHs)3)s]*" %, Gold
catalysis has been demonstrated for many reactions, especially oxidation, reduction, and C-C coupling***°. The structural
relationships between single atom catalysts and catalytic activity have been studied mainly on supported gold>. In 1988,
the first single-atom catalysis using gold on carbon support in the gas phase hydrochlorination of acetylene was reported*'.
At the same time, the high activity of gold nanoparticles on transition metal oxides in the oxidation of carbon monoxide
was demonstrated **.

Platinum (Pt) is a group 10 element within the PSE with a [Xe] 4f;4 5d° 6s! electron configuration and has the second
highest electron affinity at 2.13 eV. Unless the metal is finely dispersed, it has low reactivity. Important oxidation states are
+2 and +4, less common are +1 and +3, which are often stabilized by metal bonds. Platinum (II) compounds are often
four-coordinate and tend to adopt square-planar 16-electron geometries, but five-coordinate species are also known**.
Black hydrous platinum (II) oxide precipitates from tetrachloroplatinate (II) solutions with alkali metal hydroxide, cannot
be dehydrated to PtO, but instead forms a platinum (II) oxide hydrate that readily oxidizes to platinum dioxide in air?”.
The potassium salt of chloroplatinic acid (K, PtClg) is an important commercial chemical in the +4 oxidation state, where
the Pt is octahedrally coordinated by six chloride ions. In industrial applications, platinum is used for electrocatalysis in
PEM technology as platinum black in electrolysis, and platinum dioxide has applications as a catalyst for hydrogenation
and ammonia oxidation*}. Platinum nanoparticles on rGO are a stable catalyst that can improve the performance of fuel
cells**. Platinum is the most versatile element in single atom catalysis (SAC) with numerous applications in oxidation and
reduction reactions as well as electro- and photocatalysis .

Iridium (Ir) is a member of group 9 of the PSE with electron configuration [Xe] 4f'45d”6s>. In addition to the metallic
form, important oxidation states are +1, +3, and +4. Iridium (I) is often found in carbonyl metalate complexes or carbonyl
compounds with ligands such as triphenylphosphine. Iridium (III) complexes are primarily octahedral, but five-coordinate
stereochemistry is also known. In alkaline Ir (III) solutions, green iridium (III) hydroxide precipitates, which is oxidized
in air to blue iridium dioxide3’. Apart from the rutile type IrO,, only an amorphous oxide IrOy is known, which has
a defect structure with 80% Ir (IV) and 20% Ir (III) cations and about 40% O (I) and 60% O (II) anions**. The most
common oxidation state is +4 with an octahedral geometry. The ammonium salt hexachloroiridate (IV), (NH4),IrClg, is
an important compound for both preparative and industrial applications>’. The tetrachloroiridate (IV) ion has an intense
dark brown color and is easily reduced to the light brown iridate (IIT), which is an important catalyst and finds application
in hydrogenation, hydrogen transfer, C-H bond functionalization, allylic substitution, carbonylation, and 1,3-dipolar
cycloaddition*®. Electrodes coated with iridium nanoparticles can be used for electrocatalysis**. Iridium SACs are used
for hydrogenation, oxidation and reduction, electrocatalysis and photocatalysis>.

Palladium (Pd), a member of group 10 in the PSE with a [Kr] 4d'%5s° electron configuration, occurs predominantly
in oxidation states 0 and +2, more rarely in the oxidation states +1 and +4. Pd (0) complexes are known with various
ligands and typically have the stoichiometries [PdL,], [PdL3] and [PdL;]37*3. Metallic palladium can absorb significant
amounts of hydrogen and form stable carbon bonds. Pd (II) compounds are typically four-coordinate, square-planar, but
five-coordinate compounds are also common*’. Diammonium palladate (IT), (NH4),PdCly, is a commonly used chemical
and is also used as a reactant here. Insoluble palladium (II) oxide hydrate and palladium dioxide hydrate are obtained
by precipitation from the corresponding chlorocomplexes with alkali metal hydroxides, with PdO being the more potent
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oxidant3”. The preparation, characterization and catalytic activity of Pd nanoparticles have been reviewed **. Recently, the

construction of a square PdO network with lateral dimensions up to hundreds of nanometers on rGO has been reported *°.
Palladium nanoparticles find applications in fuel cells, hydrogen storage, and sensors for gases such as hydrogen>%>!. In
the case of trimerization of acetylene, it has been demonstrated that only one palladium atom is sufficient to catalyze the
process>2. Pd-SACs can be used as catalysts for cross-coupling reaction, C-H activation, C-O oxidation, electro- and
photocatalysis, and transfer hydrogenation®. A synthesis of Pd single atoms on rGO has been published>*, while the
synthesis of Pd on GNP has not been reported yet>*.

Despite numerous catalyzed reactions with SACs, hardly any of them have successfully found their way into technical
33, In addition to the fact that established reactions with conventional catalysts are constantly being

optimized, which represents a high hurdle for new catalyst technologies, other reasons include problems with the stability

implementation

of the metal-support interactions, the control over the ligand sphere, the influence of the reaction medium and the dynamic
behavior during the process>®. Furthermore, the existing oxidation states are rarely taken into account and an averaged
valence is used instead?, although it is certain that each oxidation state of an element has a different activity in a given
process. The fact that the individual oxidation states have an important influence on the catalyzed reaction has only recently
been taken into account’’->®, Furthermore, the possibility of separately modifying specific oxidation states through a
selective reaction has rarely been considered. An example is the catalysis with single Pt atoms on defective ceria with
controlled oxidation state of Pt-SACs from highly oxidized (Pt (0): 16.6 atom %) to highly metallic states (Pt (0): 83.8
atom %). The Pt-SACs were used for the oxidation of carbon monoxide, methane or nitric oxide, with the metallic Pt-SACs
showing higher activities>°. Similar experiments with Pd/PdO catalysts from 2 to 5 nm on GO/rGO support with different
compositions for the electrooxidation of methanol revealed an optimal size of 2.2 nm and that mixed-valent oxygenated
platinum offers better CO tolerance and long-term catalyst stability **.

While earlier studies aimed to produce metallic nanoparticles with high coverage in a single oxidation state, usually
zero valence, the current focus is on fixing single atoms and small clusters in a well-defined environment?. In addition, the
different properties of the oxidation states are receiving increasing attention. In this work, the results of the direct reaction
of graphene nanoplatelets with noble metal salts in higher oxidation states and correspondingly high redox potentials are
presented. We chose a wet synthesis in aerated water at low noble metal concentrations and high mixing for gold (III),
platinum (IV), iridium (IV), and palladium (II) using graphene nanoplatelets (GNP) from XG Science without additional
reducing agents. The heterogenous reaction is performed at high dilution, high stirring rate and with kinetic control, which
allows a predictable coverage of the graphene substrate. To control the process, the sorption was monitored using at-line
UV-Vis spectrometry and the kinetics of the sorption was determined. Since GNP adsorb water and oxygen when stored
at ambient conditions, a GNP sample was thermally regenerated’! and its reactivity towards palladium (IT) was tested.
Thermal regeneration can be beneficial for some substrates, e.g., chromium (VI), but reduce the rate constant and coverage
for others, e.g., vanadate (V)?°. The resulting nanocomposites were analyzed by XPS for elemental composition and
oxidation states, and by STEM to evaluate the size and distribution of noble metals.

2. Materials and methods

2.1 Reagents

All reagents used were analytical grade unless otherwise stated. Gold (III) chloride, 30% wt.% in dilute HCI (auric
acid, HAuCly), 99.99% trace metals basis (Cat. No. 484385) and sodium 2-mercaptoethanesulfonate, MESNA (Cat. No.
M1511) were purchased from Sigma-Aldrich, Taufkirchen, Germany. Ammonium tetrachloropalladate (II) (10824) and
ammonium hexachloroiridate (IV) (10712) were purchased from Alfa Aesar, MA, USA. Potassium hexachloroplatinate
(IV) (119238), sodium hydroxide 0.1 M (1.09141), and hydrochloric acid 0.1 M (1.01145) were purchased from Merck
KGaA, Darmstadt, Germany. Deionized water (DI) with a conductivity of >17.6 MQ cm~! was prepared using a 2-stage
Berkefeld system from Veolia Water Technologies Deutschland GmbH, Celle, Germany. The air-saturated, salt-containing
water (AW) had an electric conductivity of ~700 uS cm~! and a pH of ~7.0. The ionic composition was calcium (2.0 mM),
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magnesium (0.77 mM), sodium (1.75 mM), chloride (2.82 mM), sulfate (0.57 mM), and bicarbonate (3.28 mM). The total
organic carbon content was <0.3 mg L.

Graphene nanoplatelets (xGnP®, grade C, thickness <4 nm, lateral size <2 um) with a surface area of 750 m? g~
were purchased from Sigma-Aldrich, Darmstadt, Germany, manufactured by XG Sciences, Lansing, MI, USA, and used as
they were received. Due to the propensity of GNP to absorb water, gases and airborne contaminants from the environment,

the material was stored in a sealed container. Elemental analysis revealed the the main elements in Table 1.

Table 1. Elemental analysis of graphene nanoplatelets (GNP) !

Sample C (%) H(%) N(%) S(%) K(%) Mg(%) Ca(%) Ocuc(%) Drying Loss (%)

GNP 89.21 0.57 0.89 0.07 0.04 0.03 0.06 9.13 7.7
GNPreg?  89.40 0.50 1.00 0.10 0 0.03 0.10 8.87 22

"' Data taken from~"; > GNP regenerated at 1050 °C (Section 2.2)

The GNP were characterized as stacks of 4 to 11 graphene layers for the XG graphene nanoplatelets with partially
disordered structures on the upper graphene layer. The Raman spectra showed an intensity-to-height ratio of Ip/Ig of 0.98
for GNP and of 0.92 for thermally regenerated GNP (GNP reg), indicating multilayer graphene with some disorder?’.

2.2 Methods

Solid samples were analyzed by XPS using an Ulvac-Phi VersaProbe II equipped with a monochromatic Al Ko light
source with a photon energy of 1486.6 eV and a beam diameter of 100 um. The angle between the sample and the analyzer
was 45°. STEM and STEM-EDS were measured with a JEOL JEM-2200 FS FE-TEM, 200 KV. Electrical conductivity
(EC), pH value, oxidation reduction potential (ORP), dissolved oxygen, and temperature were measured and recorded with
a Multi 3430 IDS connected to TetraCon® 925, SenTix® 980P, SensoLyt®, SenTix® or ORP 900P sensors from WTW,
Weinheim, Germany. Microscopy was performed with a digital microscope AF4115ZT, magnification 20-220x from
Dino-Lite Europe, Manuscriptstraat 12—14, Almere, The Netherlands. UV-Vis measurements were performed using a
Lambda 35 spectrophotometer with WIN-LAB software, version 6.0.3, PerkinElmer Life and Analytical Sciences, Shelton,
CT, USA, equipped with a 50 mm flow cell (high performance quartz glass 2002500 nm, Cat. No. 176,700, volume
2.25 mL, Hellma GmbH & Co. KG, Miillheim, Germany).

For one experiment, 250 mL of water (AW) or 10 mM HCI was filled into a three-necked flask equipped with
temperature, pH, and EC sensors. A ceramic or metallic filter frit (5 wm) was inserted and the filtrate was continuously
pumped with a cassette pump (model 205U Watson Marlow, Rommerskirchen, Germany) through a Tygon tube (SC0017T,
Ismatec, Wertheim, Germany) at a flow rate of 9 mL min~! through the cuvette placed in the photometer and then back
into the flask. The UV-Vis spectrometer was set to the corresponding wavelength in Table 2, slit width 1 nm, running
time 10—-60 min with appropriate time period, the background was recorded and set to zero. For mass determinations in
the range from 10-1000 mg, an XS204 analytical balance (repeatability 0.1 mg) from Sartorius, Gottingen, Germany,
was used. Stock solutions of potassium tetrachloroplatinate (IV) (5 mM), ammonium tetrachloroiridate (IV) (10 mM),
and auric acid (10 mM) were prepared by dissolving the respective salt or solution in DI and stored in the dark. The
respective stock solution was added to the water to obtain a noble metal solution of a defined concentration. In the case
of ammonium tetrachloropalladate (II), the salt was weighed and added directly to the solvent with stirring (800 rpm)
at room temperature. After stabilization of the UV-Vis absorption (3—5 min), a certain mass of GNP was added and the
time-dependent decrease of the metal ion UV-Vis absorption was measured. In water with low salinity, nanoparticles
aggregate into microparticles that are easily retained by a filter. The decrease in metal ion concentration was calculated as
ct/co, where ¢ is the initial concentration before the addition of GNP. In some cases, further additions of metal salts were
required to achieve maximum coverage of the remaining metal concentration in the solution. At the end of the reaction,
the precipitate was filtered (0.45 um), washed three times with deionized water, and air dried. The solids were analyzed
by scanning transmission electron microscopy (STEM), energy dispersive spectroscopy (EDS) and X-ray photoelectron
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spectroscopy (XPS). Fixation of platinum on GNP for STEM analysis was achieved by treating the reacted GNP in 50 mL
of deionized water with 20 mg MESNA in an ultrasonic bath for 30 min®'. The suspension was filtered (0.45 um) and the
solid was washed with ethanol/water and air dried. The solid was analyzed using XPS and STEM.

Table 2. LMCT UV-Vis absorption bands used for noble metal ion quantification

Noble Metal Compound Solvent Wavelength (nm)  Absorption Coefficient (M ! cm™!)  Literature
Tetrachloroauric acid (I1T) deionate 290 3885 02
Potassium hexachloroplatinate (IV) deionate 260 19,956 03
Diammonium hexachloroiridate (IV) deionate 489 1754 (“_1
Diammonium tetrachloropalladate (II) 10 mM HCl 425 199.5 05

Tetrachloroaurate (III) is susceptible to hydrolysis upon dilution and the absorption maximum for the stock solution
at 312 nm in 0.1 mM solution showed a blue shift to the observed 290 nm, corresponding to partial hydrolysis upon pH
increase ®2. Further dilution to 0.04 mM did not result in any further change. Since the stock solutions of palladium (II)
chloride were turbid after preparation, 10 mM hydrochloric acid solutions were used. Nevertheless, a shift to higher
wavelengths from 418 to 425 nm was observed in the spectrum of Pd (II), corresponding to the species [PdCl,(Hy0)4_,1> "
(n=2-3)%.

The oxidation-reduction potentials (ORP) of oxometalates were measured in AW or 10 mM HCI with air contact
in a three-necked flask equipped with the ORP electrode, thermometer, and pH sensor. Before use, the ORP electrode
was checked with ORP Buffer 220 mV, pH 7 (UH =427 mV), Cat. No. 51.350.060 (Mettler-Toledo GmbH, Greifensee,
Switzerland) and redox buffer 475 mV (UH = 682 mV), Cat. No. 238.322 (Hamilton Bonaduz AG, Bonaduz, Switzerland).
ORP was equilibrated in the respective water for up to 20 min with stirring (200 rpm). The measurement was then started
at one measurement per minute for 15 min to record the matrix background. The metal ion stock solution was added
to obtain the appropriate concentration and the change in redox potential was measured for 15 min until the difference
between consecutive measurements was less than 2 mV. The average of 4 consecutive measurements was calculated and
the difference was attributed to the influence of the metal ion.

For thermal regeneration of GNP, a tube furnace (model R50/250/12, Nabertherm GmbH, Lilienthal, Germany)
equipped with a quartz glass tube with adjustable permanent nitrogen flow was used. The GNP (600 mg) was weighed in a
quartz crucible and placed in the unheated part of the furnace and, after temperature equilibration, transferred to the hot
zone (1050 °C)?!. After 30 s, the crucible was removed and allowed to cool in the unheated zone. The GNP reg were
transferred to a nitrogen flushed Schlenk flask and stored until use.

3. Results

3.1 Sorption of gold (II1), platinum (IV), iridium (IV), and palladium (II) on GNP

Chloride complexes of gold (III), platinum (IV), and palladium (II) reacted with GNP in aerated water (AW) at
room temperature without the formation of significant by-products. In contrast, iridium (IV) partially formed a dissolved
by-product. The reaction progress can be monitored by UV-Vis spectrometry at the specific wavelengths of ligand-to-metal
charge transfer (LMCT) (Table 2). The characteristics of the kinetic runs are summarized in Table 3. Concentration-time
profiles for the metal ions with empirical curve fitting and the best kinetic evaluation are given in Sections 3.2.1-3.2.4.
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Table 3. Basic data for kinetic measurements of noble metal ions with GNP

. Metal
Runtime H EC 12 Ex .
Process mims. TmCO  f usemy  (miny (‘f\zg:sﬁ}/g

0.04 mM AuCls in 250 mL AW, 100 mg GNP 4(30)  216+0.1 698 707 0.50 38
0.04 mM Ky PtClg in 250 mL AW, 100 mg GNP2 15(60) 24802 751 696 1.0 8.7
0.2 mM (NHy)IrCl in 250 mL AW, 100 mg GNP> 11(30) 21006 734 669 032 33
0.4 mM (NH4),PdCly in 250 mL 10 mM HCL, 500 mg GNP* 20 (30)  24.0+0.1  2.05 4000 0.75 2.0
0.4 mM (NH,),PdCly in 250 mL 10 mM HCI, 500 mg GNP reg® 20 (30)  24.0+£0.1  2.08 4120 25 12

Total dosages: ' 0.31 mmol Au (III), > 0.03 mmol Pt (IV), > 0.26 mmol Ir (IV), * 0.10 mmol Pd (II); > total running time in brackets

The sorption of noble metal ions occurred with half times (z1/;) within minutes, decreasing in the order Ir>Au>Pt
(IV)>Pd (IT). After metal fixation on GNP, UV-Vis data showed capacities ranging from ~1.2 mass% for palladium to
~38 mass% for gold, increasing in the order Pd (II)<Pt (IV)<Ir (IV)<Au (III). GNP regenerated at 1050 °C was tested
for sorption of palladium (II) with the lowest reactivity towards GNP, but the experimental half-life was higher and the
coverage was lower than non-regenerated GNP.

3.2 Evaluation of kinetic schemes

For the interpretation of experimental data from sorption processes, two main models are commonly discussed, namely
pseudo-first order sorption (PFO) and pseudo-second order sorption (PSO)®’. In addition, the metal ions can react directly
with the GNP with pseudo-first or pseudo-second order kinetics (Table 4).

Table 4. Kinetic schemes used for data analysis

Kinetic Type Linearized Model Form Linear Plot Parameter! Equation
Pseudo-first order adsorption In {%:{72(1)] =k In [qef;(l)} vst  ¢q.: determined experimentally, k; =m (1)
. U 1 _
Pseudo-second order adsorption 0= m ﬁvs (%) ge=b"" ko =b*m )
Pseudo-first order reaction Inc = —kt Incvst ki =—m 3)

Pseudo-second order reaction = kot % Vst ky =m 4)

o=

U'm: slope; b: intercept; > ©°

For regression analysis, the UV-Vis kinetic data were reduced to a maximum of 30 data pairs and fitted to different
models®’. The linearized formulas shown in Table 4 were used for evaluation. The linear parameter fitting was based
on the routine of Bevington and Robinson’’. The adjusted coefficient of variation (R? adj), which takes into account the
number of measurements, was calculated as an indicator of model performance, with a minimum value of 0.98. In addition,
a graphical analysis of the residuals was performed®’, looking for a uniform distribution of the residuals in terms of size
and sign (non-randomness and normality test). Under these conditions, only one model was appropriate for each noble
metal salt. The regression curves are plotted for each metal. The resulting regression parameters are summarized in Table 5.
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Table 5. Best fit kinetic data of reaction of noble metal ions with GNP !

Kinetic Data for Evaluation Lo .

Process Type Regression Time (min) ki (min”") R adj

0.04 mM HAuCly in 250 mL AW, 100 mg GNP Ist 11 1.67-3.33 2.19+0.05 0.9901

0.2 mM (NHy4),IrClg in 250 mL AW, 100 mg GNP, 1. dosage Ist 25 8.20-9.90 3.1+0.1 0.9834

0.2 mM (NHy),IrClg in 250 mL AW, 100 mg GNP, 2. dosage Ist 30 16.6-19.5 0.287 £ 0.001 0.9996
ky (mM~! min1)

0.04 mM K, PtClg in 250 mL DI, 100 mg GNP, 1. dosage 2nd 30 2.50-7.33 27.0+0.1 0.9978

0.04 mM K, PtClg in 250 mL DI, 100 mg GNP, 2. dosage 2nd 15 20.5-27.5 5.14+0.05 0.9946

0.04 mM K, PtClg in 250 mL DI, 100 mg GNP, 3. dosage 2nd 23 36.0-58.0 1.84+0.01 0.9924

0.4 mM (NHy4),PdCly in 10 mM HCI, 500 mg GNP 2nd 24 3.82-4.20 8.1+0.1 0.9822

0.4 mM (NHy4),PdCly in 10 mM HCI, 500 mg GNP reg 2nd 16 3.72-3.97 2.97+0.05 0.9860

U Errors of rate constants were multiplied by the statistical factor of 3

After an initial phase in which the GNP were dispersed, gold (II) and iridium (IV) can be fitted to pseudo-first order
reaction kinetics with high R? adj values, while platinum (IV) and palladium (II) are best fitted to pseudo-second order

reaction kinetics.

3.2.1 Kinetics of Au (II1) with GNP

The auric acid solution (0.04 mM) reacted rapidly with 100 mg GNP dispersed in AW. The process is best fitted to
pseudo-first order kinetics (Equation (3)) from 1.67 to 3.33 min with a rate constant of Koy 2.19 £ 0.05 min~! (Table 5).
The time-dependent decrease in Au (IIT) concentration and the pseudo-first order evaluation are shown in Figure 1.

® c(Au(lll)) (mM) ® Inc  ceeeeeenn Poly. (c (Au(Ill)) (mM)) = «-eeveeee Linear (In ¢)
0.0451 --3.0
0.040 - L 3.5
‘.'. ....
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S 0.0204 k YT oe ROX T 55 T
£ : e R2=0.999 Z
S 00154 ‘. -, L 6.0
o) . o
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1 y=-0.0058x" +0.059x | 65
0010 -0.1996x +0.2262 % "o 6.
0.0058 R2=0.9922 oL o
0.000 r . r
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Figure 1. Kinetics of 0.04 mM AuCls with 100 mg GNP in AW with an empirical function (blue) and pseudo-first order evaluation (red)

Two further doses of Au (IIT) were applied after 5 min (0.028 mmol) and 30 min (0.28 mmol). After 24 h, the Au-GNP
nanocomposite was isolated and analyzed by STEM and XPS (Section 3.4.1).
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3.2.2 Kinetics of Ir (IV) with GNP

Graphene nanoplatelets (100 mg) were reacted with 0.2 mM ammonium hexachlororidate (IV) in AW. The reaction
can be evaluated from 8.20 to 9.90 min according to pseudo-first order kinetics (Equation (3)) with a rate constant of ks
3.1+ 0.1 min~! (Table 5). The time-dependent decrease of Ir (IV) and the pseudo-first order plot are shown in Figure 2A.
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Figure 2. (A) Kinetics of 0.2 mM (NHy4),IrCls with 100 mg GNP in AW with an empirical function (blue) and the pseudo-first order evaluation (red); (B)
second dosage of 0.2 mM (NHy),IrClg
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With the second dose of 0.2 mM Ir (IV) the coverage reached almost equilibrium (Figure 2B). The reaction can be
best fitted to pseudo-first order kinetics from 16.6 to 19.5 min with a rate constant of kyps 0.287 = 0.001 min~! (Table 5).
The time dependent decrease of Ir (IV) and the pseudo first order evaluation are shown in Figure 2B.

The reaction of (NHy4),IrClg with GNP in water at neutral pH resulted, in addition to the reaction to Ir-GNP, in a soluble
product with a specific UV-Vis spectrum comparable to that of the starting material, but shifted to shorter wavelengths
around ~48 nm (Figure 3). After 24 h, the solid product was separated and the Ir-GNP nanocomposite was analyzed by
STEM and XPS (Section 3.4.2).

® (NH),IrCl, + GNP, after reaction @ 0.08 mM (NH,),IrCI in DW

0.8

0.71

0.6

0.5

0.4
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0.31

0.2

0.1

0+ T T T T T
300 350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 3. Spectra of 0.08 mM (NHy),IrClg (red) before and the after reaction with 100 mg GNP in AW (blue) with maxima at 370 nm and 439 nm

Since the soluble product had a UV-Vis spectrum similar to [IrClg]*~ produced by electrochemical reduction with
maxima at 360 nm and 425 nm®*7! | it can be identified as an iridium (IIT) hexachloro anion.
3.2.3 Kinetics of Pt (IV) with GNP

Graphene nanoplatelets (100 mg) reacted with 0.04 mM potassium hexachloroplatinate (IV) in AW. The reaction can
be fitted to pseudo-second order kinetics (Equation (4)) from 2.50 to 7.33 min with a rate constant of kobs 27.0 £ 0.1 M~!
min~! (Table 5). The time-dependent decrease of Pt (IV) and the pseudo-second order evaluation are shown in Figure 4.
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Figure 4. Kinetics of 0.04 mM K;,PtClg with 100 mg GNP in DI with an empirical function (blue) and the pseudo-second order evaluation (red)

Kinetic data for the second (15 min, 0.04 mol L") and third (30 min, 0.04 mmol L~") dosing are shown in Figure 5.
The reaction can be fitted from 20.5-27.5 min and from 36.0—58.0 min to pseudo-second order kinetics with rate constants
of Kgps 5.14 £ 0.05 M~ min~! and kg 1.84 £0.01 M~! min~! (Table 5).
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Figure 5. Cont.
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Figure 5. Kinetics of second (A) and third dosage (B) of 0.04 mM K,PtCls with 100 mg GNP with an empirical function (blue) and the pseudo-second
order evaluation (red)

After 24 h, the Pt-GNP nanocomposite was isolated and analyzed with STEM and XPS (Section 3.4.3).

3.2.4 Kinetics of Pd (II) with GNP

Since 0.4 mM ammonium tetrachloropalladate (IT) was not stable to hydrolysis®, it was reacted with 500 mg GNP in
acidic solution (10 mM HCI). The reaction with GNP can be evaluated from 3.82—4.20 min with a pseudo-second order
kinetics (Equation (4)) and a rate constant of kyps 8.1 £ 0.1 M~ min~! (Table 5). The time-dependent decrease of Pd (II)
and the pseudo-second order evaluation are shown in Figure 6A.
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Figure 6. Kinetics of 0.4 mM (NHy4),PdCly in 10 mM HCI with (A) 500 mg GNP with an empirical function (blue) and pseudo-second order evaluation
(red); (B) with 500 mg GNP reg with an empirical function (blue) and pseudo-second order evaluation (red)

After 24 h, the Pd-GNP nanocomposite was isolated and analyzed by STEM and XPS (Section 3.4.4). Under otherwise
identical conditions, GNP reg and Pd (II) reacted with pseudo-second order kinetics (Table 5). The reaction is best evaluated
between 3.72 and 3.97 min with a rate constant of kyps 2.97 = 0.05 M~! min~! (Figure 6B). Thus, the use of thermally
regenerated GNP resulted in a reduction of the rate constant by a factor of 2.9.
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3.3 Redox potential measurement of oxometalate solutions

In redox reactions, the magnitude of the driving force, represented by the Gibbs free energy, which is proportional to
the redox potential differences between the metal ion and the GNP, determines the position of equilibrium, i.e., the degree
of occupation of the GNP according to Equation (5). Since the GNP represents a heterogeneous phase and Equation (5)
can only be applied in a homogeneous phase, in this case the relative potential change (Eqx) caused by the noble metal ions
in the aqueous phase was determined.

AG® = —nx F X (Epeq —Eoy) (5)

The influence of 0.04 mM noble metal ions on the oxidation reduction potential (ORP) was measured in air-saturated
AW and for Pd (II) in 10 mM HCI and the ORP shift due to oxometalate dosage was calculated as the difference between
the mean before and after addition (Table 6).

Table 6. ORP of noble metal salts in water.

Substance Concentration (mM)  Mean ORP before Dosage (mV) ! Mean ORP after Dosage (mV)!  ORP Metal Ion (mV) 2

(NH4)21rClg 0.04 2195+ 1.0 7273+0.5 507.8+ 1.5
HauCly 0.04 227.1+1.2 528.2+0.1 301.2+1.3
K, PtClg 0.04 285.1+04 4272+1.2 142.1+1.6

(NH4),PdCly 10 (in 10 mM HCI) 531.2+0.5 598.6 + 0.6 674+ 1.1

" Mean of 4 measurements with standard deviation; > differences between ORP after and before dosage

The ORP increased in the order Pd (II) < Pt (IV) < Au (III) <Ir (IV). The respective standard electrode potentials
differ slightly, but are measured under standard conditions: AuCly ~/Au (0), Eg = 1.002 V,syg and AuCl, ~/Au (0), Eg =
0.926 Vgug %, PtClg>~ /Pt (0), Eg = 0.72 V/gug 2, IrClg>/IrClg>~, Eg = 0.899 V,gug /4 and PdCl4>~/Pd(0), Eg = 0.91

75
VisHE .

3.4 Characterization of noble metal species on GNP

To obtain information about the noble metal/GNP nanocomposites, the products were analyzed by scanning
transmission electron microscopy (STEM) and X-ray photoelectron spectroscopy (XPS)’®. STEM reveals the morphology
of a graphene sample and the nanostructures can be analyzed under optimal conditions with a resolution down to 0.1 nm.
High-angle annular dark field (HAADF) was used to enhance the contrast. In HAADF, the image intensity is proportional
to Z!°, where Z is the atomic number, thus enhancing the contrast of single heavy element atoms on the carbon support.
Combining bright and dark field images can lead to better detection of lighter and heavier atoms. Energy dispersive
spectroscopy (EDS) provides information about the elements present and their proportion in the analyzed area. In addition,
the element distribution can be mapped. XPS detects chemical species through a photoelectric effect under X-ray stimulation.
This provides data on the composition of elements in the surface. High-resolution XP spectra provide information about
the oxidation state and binding status of the elements. Both methods, STEM and XPS provide valuable information about

element concentrations of noble metal elements when higher than 0.1 atom% or 0.5 mass% ">,

3.4.1 Gold covered GNP

The product of the reaction of Au (IIT) with GNP according to Section 3.2.1 (Au-GNP) was isolated and analyzed with
XPS (Table 7). HR-XPS revealed the coverage of GNP with elemental gold, but also Au (I) and Au (III) in the percent range.
Due to the small amount of the oxidized gold species Au (I) and Au (III), the quantification is difficult and associated with
an increased error of up to £2% '**?. The enhanced oxygen content of Au-GNP nanocomposites is discussed in Section 4.
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Table 7. Elemental concentrations of Au-GNP with XPS

Au-GNP C (%) O (%) Au(%) N (%) Composition (%)
Atom% 83 14.7 0.9 1.4 Au(0) Au() Au(l)
Mass% 69.8 16.5 12.4 1.4 94.2 3.8 1.9

The HR-STEM images of Au-GNP are shown in Figure 7. Brightfield STEM (Figure 7A) showed the hexagonal
structure of the GNP with disordered zones (yellow circle). In the dark field image (Figure 7B), three single gold atoms
and in an almost linear arrangement are visible as bright spots. By superimposing bright-field and darkfield images (Figure
7C), it is visible that gold atoms are mainly located in disordered graphene zones.

(A) (B) ©

Figure 7. HR-STEM of gold atoms (red) and a small cluster (blue) on GNP; (A) STEM-BF, (B) HAADF; (C) Bright and dark field pictures superimposed;
Disordered GNP zone (yellow)

If the reaction time for gold is extended to 14 days to saturation, a gold colored product is obtained. TEM was not
performed due to high coverage. The elemental data of the XPS are given in Table 8. Silver was also found on the saturated

Au-GNP. This was due to a contamination of 4.4 ppm silver in AuClj according to the certificate of analysis, while the
gold content was certified at 17.0%.

Table 8. Elemental concentrations of Au-GNP with XPS

Au-GNP, Saturated C (%) O (%) Au(®%) N (%) Ag(%) Composition (%)

Atom% 78.6 14.6 5.0 1.2 0.5 Au (0) Au(l)  Au(I)
Mass% 03 10.5 44.1 0.8 2.4 94.7 33 2.0

An optical micrograph of the material is shown in Figure 8.
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Figure 8. Optical micrograph of dried, saturated Au-GNP (reflected light, magnification: 80x)

3.4.2 Iridium covered GNP

The product of the reaction of Ir (IV) with GNP (Ir-GNP) according Section 3.2.2 was isolated and analyzed with
XPS and STEM. The elemental composition with XPS is given in in Table 9.

Table 9. Elemental concentrations with XPS of Ir-GNP

Ir-GNP C (%) O (%) Ir(%) Cl1(%)

Atom% 95.5 3.5 0.93 0.1
Mass% 82.6 4.0 12.9 0.3

The HR-XPS in Figure 9 shows that almost exclusively anhydrous and hydrated iridium dioxide were deposited on
the surface in comparable portions®'. The formation of the mixed-valent IrO, can be ruled out, since an Ir 4f binding
energy of 62.2 eV, known for Ir (IIT) ions, was not found*. The spectrum also indicates that no reduction of the metal to
lower oxidation states has occurred.
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Figure 9. HR-XP spectrum of iridium (Ir 4f) on GNP

EDS elemental mapping of an Ir-GNP flake revealed a random distribution of carbon and iridium in Figure 10A. The
magnification of Figure 10B shows structures <5 nm for the iridium species (Figure 10C).
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Figure 10. TEM-EDS element mapping of (A) carbon (C K1), (B) iridium (Ir M(X1) and (C) enlarged section of B
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HR-STEM images (Figure 11) show single iridium atoms (red) and small clusters (blue).

(A) ®)

Figure 11. STEM of iridium atoms (red) and small clusters (blue) on GNP; (A) STEM-BEF, (B) HAADF

3.4.3 Platinum covered GNP

The reaction product of Pt (IV) with GNP (Pt-GNP), as described in Section 3.2.3, was isolated and analyzed by
XPS and STEM. HR-XPS revealed the elemental composition and the distribution of Pt oxidation states (Table 10). The
platinum was mainly present as Pt (II), while elemental platinum and Pt (IV) were present in the percentage range.

Table 10. Elemental concentrations with XPS of Pt-GNP

Pt-GNP C (%) O(%) Pt(%) Cl(%) Composition (%)

Atom% 92 6.7 0.3 0.5 Pt (0) Pt() Pt(V)
Mass% 857 8.3 45 1.4 3.6 86.6 9.9

STEM-EDS revealed 97.7% carbon, 1.9% oxygen and 0.3% platinum, which is in good agreement with XPS. In
contrast, HR-STEM was not successful due to problems with electron beam focusing. The reason was that a substance,
probably hydrochloric acid, evaporated under the bombardment of electrons. Therefore, the Pt-GNP were modified with
MESNA which is known to react with Pt (IV) complexes to form Pt (I1)°'. The elemental analysis of MESNA modified
Pt-GNP by XPS is shown in Table 11.

Table 11. Elemental concentrations with XPS of Pt-GNP after reaction with MESNA

Pt-GNP (MESNA) C (%) O (%) Pt(%) Cl(%) S(%)

Atom% 85.5 13 0.3 0 1.2
Mass% 71.1 15.6 4.4 0.0 29
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No chlorine was found above 0.1 atom%, but 1.2 atom% sulfur. The ratio of platinum to sulfur was 1:4. TEM-EDS
elemental mapping revealed the distribution of carbon and platinum atoms (Figure 12). For platinum, it resembles a random
distribution with no recognizable structures at the nanometer scale.

CKal_2 Pt Mal

25nm

(A) B)

Figure 12. STEM-EDS element mapping of (A) carbon (C K1) and (B) for platinum (Pt MQ(1)

25nm

After derivatization, the HR-STEM could be measured without any problems. It showed small and medium-sized
platinum clusters shielded by MESNA or the reaction product (DIMESNA) (Figure 13).

) B) ©)

Figure 13. STEM of platinum clusters on GNP; (A) STEM-BF, (B) HAADF; (C) Bright and dark field pictures superimposed

3.4.4 Palladium covered GNP

The product of the reaction of Pd (II) with GNP according Section 3.2.4 (Pd-GNP) was isolated and analyzed with
XPS and STEM. The elemental composition with XPS is given in Table 12.
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Table 12. Elemental concentrations with XPS of Pd-GNP

Pd-GNP C (%) O (%) Pd(%) S (%)

Atom% 91.5 8.2 0.22 0.1
Mass% 86.1 10.3 33 0.3

Due to the low palladium concentration, the HR-XP spectrum is noisy (Figure 14). Nevertheless, it can be deduced
that ~55% of the palladium is present as Pd (II), probably as palladium (II) oxide, and ~40% as metallic palladium, although
an error of at least £5% has to be considered. The binding energies of 337.48 and 342.77 eV can be attributed to PdO 3ds),
and 3ds, split orbitals®?, while the binding energies of 335.19 and 340.48 eV can be assigned to Pd (0)°.

Pd 3d, hv = 1486.6 eV
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Figure 14. HR-XP spectrum of palladium (Pd 3d) on GNP

Elemental mapping of a GNP flake revealed a random distribution of carbon and palladium atoms (Figure 15) with no
detectable structure at the nanometer scale.
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Figure 15. STEM-EDS element mapping of (A) carbon (C K1) and (B) palladium (Pd LO(1)

HR-STEM images (Figure 16) show single palladium atoms (red circles), small clusters (blue circles), and some
medium-sized clusters (yellow circles).

(A) (B)

Figure 16. STEM of palladium atoms and clusters on GNP; (A) STEM-BF, (B) HAADF

4. Discussion

Graphene nanoplatelets with a high specific surface area reacted with chlorocomplexes of gold (III), platinum (IV),
and palladium (II) in air-saturated water. The products were GNP nanocomposites decorated with noble metals or their
compounds in lower oxidation states. Depending on the element, single atoms, small clusters and, more rarely, medium-
sized clusters were formed. In the case of tetrachloroiridate (IV), the reaction path to Ir-GNP is accompanied by a reduction
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of hexachloroiridate (IV) to hexachloroiridate (III). A plot of GNP precious metal loading as a function of ORP is shown in
Figure 17. The metal content increases with increasing ORP (Table 6) with an approximately linear correlation.
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Figure 17. Noble metal concentration on GNP versus ORP

The main driving force of the reactions is the difference in redox potentials between the metal ion and the GNP, as
given in Equation (5). For gold, the situation is special, as the reaction proceeds to a gold-colored material (Figure 8)
with 44 mass% gold. A similar observation as with GNP was made with rGO, where the entire layers were covered with
gold”?. This may be due to the high affinity of Au (0) for carbon?. The metal ions with the highest redox potential, Au (III)
and Ir (IV), reacted with pseudo-first order kinetics. This is comparable to the reaction of potassium permanganate with
GNP, where pseudo-first order kinetics were also found with an ORP for Mn (VII) of 506.5 + 2.3 mV2°. While the GNP
contained 8.9 mass per cent oxygen, the oxygen content in the Au-GNP was increased to 16.5 mass per cent, so that the
difference of 7.6% is significant, while the other metal-GNP nanocomposites did not show such a strong increase. In an
earlier study, potassium permanganate was reacted with GNP and yielded comparable values: at a manganese loading
of 30 mass% (10 atom%), an oxygen content of 23.8 mass% was found”’. This similarity and the pseudo-first order
kinetics for both metal ions suggest a common mechanism leading to high oxygen incorporation in the nanocomposites. A
density functional theory (DFT) calculation® predicted a cyclic reaction intermediate for the reaction of graphene with
permanganate, which fits the pseudo-first order reaction if the observed rate constant represents an elementary reaction.
Here, two adjacent carbon atoms are oxidized by a permanganate ion, which after hydrolysis leads to hydroxyl groups
and further to defects on the upper graphene layer. For the reaction of Au (III) with graphene, we are not aware of any
corresponding DFT studies on the reaction intermediates, but oxidation of graphene layers must take place. A catalytic
process is also possible: molecular oxygen was present in the reaction medium (~9 mg/L at 20 °C) and is known to adsorb
on GNP with pseudo-second order absorption kinetics according to Equation (2)2°. In the absence of Au-GNP, the process
is slow with a rate constant kpgo of ~0.50 mM~! min—!. Au-GNPs are known to be good oxidation catalysts>%*.

The reaction of 0.04 mM Au (III) with GNP had a halftime (7}, exp) of 0.5 min (Table 3), and the decrease in Au
(IIT) concentration is best evaluated with pseudo-first order kinetics (Table 5). In contrast, pseudo-second order kinetics
were found for the adsorption of Au (IIT) on GO, which result in a product with ~10 mass% Au?>'. For comparison, the
sorption of gold (III) on activated carbon follows pseudo-first order kinetics and Au (0) is the main product®-%°. Surface
phenolic groups have been identified as reducing agents. With 0.5 mM Au (III), which is about 12.5 times higher than in
this study, gold microparticles in the range of 1 to 10 um were formed. The gold content was low at 0.11 atom%, and
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the composition of oxidation states was 89.8% Au (0) and 10.2% Au (III), while no Au (I) was present®®. In 2012, it was
shown that rGO reacts with auric acid in water without reducing agents to form a nanocomposite with an Au content
of 1.8-7.2 atom%, depending on the auric acid concentration (0.5-2 mM) and the reaction time*>. Using STEM, gold
nanoparticles with an average size of 1.8 + 0.2 nm were identified on the rGO, and using XPS, mainly Au (0) was found.
In a recent study, ultrasonically generated GNP were reacted with 1, 5, and 10 mol% gold (III) acetate, resulting in gold
nanoparticles with average sizes of 8.3, 29.7, and 32.1 nm on the GNP. The alternative precursor tetrachloroauric acid
yielded gold nanoparticles with an average size of 1.8 nm at a concentration of 1 mol%?3°. Unfortunately, this material was
not tested further. The concentration of GNP was 0.1 mg/L, which is lower than in this study (0.4 mg/L) and should be
advantageous. However, the gold salts were added in solid form, which creates a high local Au (III) concentration and is
not conducive to the formation of gold atoms or small clusters. Mixing was done for one minute, no stirring is mentioned.
The nanocomposites were studied in detail, but no kinetic data were collected. The fractions of the oxidation state ratios
were Au (0) 84.17%, Au (1) 4.46%, and Au (T1T) 11.38%7°. In this study, the oxidation state fractions were distributed as
94.2% Au (0), 3.8% Au (I) and 1.9% Au (III) at a loading of 0.5 atom% gold (Table 7). This indicates that the reduction
capacity of the ultrasound-generated GNP was lower than that of the xGNP® used here. A higher coverage of the GNP of
up to 5.0 atom% (44.1 mass%) was accessible through longer reaction times (Table 8). The ratio of the oxidation states Au
(0):Au (I):Au (III) shifted only slightly with increasing occupancy to 94.7:3.3:2.0. There are three clear differences to the
experiments described here: 1. The group used rGO instead of GNP, 2. The concentration of the metal ion solution was 12
times higher than in this study (0.5 mM, here 0.04 mM), 3. The initial ratio of metal to rGO mass was higher with 2.94
x 1072 mmol mg~! compared to GNP with 4.0 x 107> mol mg~! and 4. The product in this case was gold nanoparticles
with >1 nm. Instead, single gold atoms and small clusters of three atoms with an almost linear arrangement were found in
this study (Figure 7). The study>” successfully demonstrated the suitability of gold nanocomposites for ORR catalysis. For
electrode modification, the decoration of graphene films using AuCl; wet coating process has been reported previously. A
5 mM AuClj solution was used and after 20 s of immersion, the surface potential of graphene films can be adjusted up to
0.5 eV by controlling the immersion time®’. In another study, the improvement of graphene LED electrodes by p-doping
was achieved by immersing the graphene electrodes in 5, 10 and 20 mM AuCls solutions®®. It should be noted that in these
cases the Au (III) concentration was a factor 125 times higher than in the case reported here.

According to a combined experimental and DFT study, the apparent linear arrangement of three gold atoms as seen in
the HR-TEM in Figure 7 is not stable, but the triangle and the contact to the graphene is made by a single Au atom. Small
gold clusters and sub-nanometer clusters with Auz and Aug clusters were found to be stable on a graphene field effect
transistor®”. This confirmed the results of a previous study that investigated the adsorption of Au; to Auy gold clusters on
graphene, focusing on electronic structure analysis*’. A further, extensive DFT study revealed the most stable orientation,
adsorption site, adsorption energy and diffusion barrier of 30 metal adatoms on graphene. For gold adatoms on pristine
graphene, the position on a tertiary carbon atom is favored with an adsorption energy of 0.11 eV°!. Gold was deposited on
a graphene layer at 18 K under ultra-high vacuum (UHV) conditions, where the single atoms and small clusters showed no
mobility. Between 18 K and 210 K, the measured mobility was increased by a factor of three°>. Increasing the temperature
favored the formation of clusters, as demonstrated by atomic force microscopy. This is consistent with an ab initio DFT
study with van der Waals corrections combined with electron microscopy data, which showed that gold atoms have a low
migration barrier, indicating high mobility at 300 K. STEM of gold on multilayer graphene revealed that gold prefers the
positions at the edges of the layers. The results suggest that the single Au atoms found in this work were stabilized by
graphene defects, especially at the sheet edges”*. An example of the strong interaction of Au atoms with graphene edges
was filmed, showing that the embedded Au atom can be moved between energy favorable positions under STEM electron
beam conditions **.

The sorption of 0.2 mM Ir (IV) with GNP had a 7/, exp of 0.3 min (Table 3), and the decrease in Ir (IV) concentration
is best evaluated with a pseudo-first order rate constant (Table 5). Two Ir (IV) doses within 30 min resulted in iridium
saturated GNP. The maximum loading was high at 0.93 atom% (12.9 mass%) iridium (Table 9), but significantly lower
than for gold. According to HR-XPS, iridium (IV) is deposited on the GNP as anhydrous and hydrated iridium (IV) oxide
(Figure 9), while no mixed-valence IrOy ** or metallic iridium was found. Formally, the sorption is not a redox reaction,
but rather a solvolysis, although the hydrolytic stability of Ir (IV)-chlorine complexes under the applied conditions and
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the rapid sorption of Ir (IV) suggest a reaction. According to the literature >, a reduction to oligomeric mixed Ir (III)
di-p-oxo-bridged hydroxides could have occurred, as it was found in the anodic regime on iridium electrodes for the OER.
A subsequent oxidation reaction with the oxygen dissolved in the water may have produced hydrated iridium (IV) clusters
that retain the linear structure. STEM-EDS showed a random distribution of Ir species (Figure 10), while HR-STEM
showed single Ir atoms, which are more likely to be IrO, molecules and clusters of anhydrous and hydrated iridium
dioxide (Figure 11). These species could also explain the linear atomic columns in STEM-EDS. According to >, anhydrous
rutile-type iridium (IV) oxide which was inactive in OER, can be formed in a side reaction. Anhydrous IrO, was also
confirmed by HR-XPS in this study (Figure 9). Currently, nano-sized Ir (IV) oxide is being intensively investigated as an
electrocatalyst”®. The fact that GNP are reducing agents was demonstrated by the redox reaction of Ir (IV) with GNP via a
second reaction channel, leading to a solvated hexachloroiridate (IIT) complex **.

For platinum (IV) and palladium (II), the reactions with GNP were found to be pseudo-second order as with potassium
chromate?’. The ORP of 0.04 mM Cr (VI) was measured at 68.5 mV, which is comparable to 10 mM Pd (II) at 67.4 mV
(Table 6), resulting in similar coverage for Cr and Pd. The reaction of 0.04 mM Pt (IV) with GNP had a 7, exp of 0.5 min
for the first dose (Table 3), while a total of three doses of 0.04 mM Pt (IV) were applied over a period of 60 min to saturate
100 mg GNP with platinum. The observed pseudo-second order rate constants decreased from the 1% to the 3" dose,
which is expected since the reactive sites on the GNP decreased due to the coating with platinum (Table 5). The maximum
coverage of GNP was found to be 0.3 atom% (4.5 mass%) Pt. As for gold, the platinum was anchored on GNP in the three
oxidation states: 3.6% Pt (0), 86.6% Pt (II) and 9.9% Pt (IV) (Table 10). In contrast to gold, where the metallic form
predominated, the Pt (IV) was essentially reduced to Pt (II). For comparison, Pt (IV) reacted with activated carbon in acidic
media according to pseudo-first order kinetics and the loading was low (0.08 atom% Pt), with oxidation states fractions of
47% Pt (IT) and 53% Pt (IV)°”. Sorption of Pt (IV) on rGO was only successful when sodium borohydride was used as an
additional reducing agent, resulting in platinum nanoparticles with an average diameter of 1.9 nm on rGO?>2. This is due to
the lower reduction potential of rGO compared to GNP. The adsorption kinetics with GO was described as pseudo-second
order and resulted in a product with ~7 mass% Pt>?. Pt-GNP in this work were not stable due to electron bombardment
in HR-STEM as a volatile substance, e.g., hydrogen chloride, was released. Therefore, the chemical modification for
the Pt species was demonstrated. MESNA, which is known to reduce square Pt (IV) complexes to Pt (II), was selected
according to Equation (6) to form MESNA disulfide (DIMESNA)®!. In excess of MESNA, a ion exchange with chloride
and complexation with Pt (II) is likely. XPS shows that DIMESNA was adsorbed on the GNP with a Pt:S ratio of 1:4.0
(Table 11). This means that one molecule of DIMESNA or two molecules of MESNA were bound to GNP per platinum
atom.

[PtClg]*~ + 2HSCH,CH,SO3H — [PtCly]*~ +HO3SCH,CH,SSCH, CH,SO3H + 2HC (6)

According to STEM-EDS, the platinum was randomly distributed on the GNP (Figure 12). HR-STEM showed small
and medium-sized clusters (Figure 13) which were shielded by MESNA or DIMESNA. The presence of different oxidation
states in principle allows the manipulation of each oxidation state by appropriate complexation or reaction, thus broadening
the application of SACs 449

A study combining DFT and bond-order potential calculations provided information on the adsorption energetics,
structural features, and electronic structure of platinum nanoclusters supported on both defective and defect-free graphene.
Platinum clusters exhibited low-symmetry shapes similar to those at point defects in the graphene plane and at edge anchor
groups. The formation of metal-carbon bonds at support defects affects the bond length and strain in the metal cluster,
and stronger binding correlates with larger bond lengths. In addition, stronger binding of the cluster to the support leads
to increased charge transfer from the cluster to the substrate”®. The dynamics of Pt; to Pt; cluster growth on different
graphene substrates with vacancies was investigated by DFT. Calculations showed that Pt clusters bind more strongly
as the vacancy size increases. For a given vacancy size, increasing the cluster size leads to more endothermic formation
energy, which limits cluster growth. For pristine graphene, the energy of formation becomes more exothermic with
increasing cluster size. Again, platinum atoms on perfect and defective graphene sheets show asymmetric cluster growth

on only one side of the support. Calculations showed that oxidation of the defect weakens the binding of the Pt cluster,
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suggesting that oxygen-free graphene supports are critical for successful attachment of Pt to carbon-based substrates. Once
the nanostructure is formed, oxygen adsorption is more favorable on the cluster than on the support®”. A DFT study
of Pt;, clusters with n < 13 revealed that the sorption of single Pt atoms and Pt dimers is favored by docking at bridges
between neighboring carbon atoms. For small clusters, a vertical planar arrangement is more stable than a parallel planar
or 3-dimensional arrangement due to the stronger graphene interaction. As the number of cluster atoms increases, the
Pt-C interaction energy per contacting Pt atom decreases '°’. For Pt, clusters with n ranging from 4 to 27, a DFT study
showed that all clusters interact with the substrates through a single platinum atom, with adsorption at the bridging site
being the most stable; the adsorption energy of the Pt, clusters decreased uniformly as the number of platinum atoms
increased '°!. Platinum dimers on rGO were synthesized by a bottom-up approach, which could be detected by STEM,
where they showed Pt-Pt distance of 0.30 + 0.02 nm. For use as a catalyst in hydrolysis reaction, scanning transmission
electron microscopy, X-ray absorption spectroscopy and DFT calculations suggested that the Pt dimers are likely to exist
in oxidized form, e.g., Pt,Ox 102 This could also be the case for the small clusters found in this study, since they were
synthesized in air-saturated water.

In contrast to the other metals, 0.4 mM palladium (II) was reacted with 500 mg GNP in acidic solution to prevent
hydrolysis®°. The reaction had a 7|/, exp. of 0.75 min and can be evaluated with pseudo-second order kinetics (Table 5).
The ORP of Pd (IT) measured in 10 mM HCl was 67.4 mV, the lowest of the four noble metals studied. A dosage of 0.4
mM Pd (IT) resulted in the lowest coverage of 0.22 atom% (3.3 mass%) Pd (Table 12). HR-XPS (Figure 14) indicates the
formation of ~55% palladium (II) oxide and ~40% metallic palladium. For comparison, an activated carbon was coated
with 4.24 mass% Pd and the product was identified as PdCl,, while no reduction of Pd (II) to Pd (0) occurred '3, The
kinetics are described with an adsorption equilibrium for the tetrachloropalladate (IT) with PdCl, followed by the sorption
of the poorly soluble PdCl, '°*. The adsorption of Pd (IT) on GO was evaluated with a pseudo-second order law and resulted
in a material with ~8 mass% Pd, which may be due to the high functional group content in GO**. In this study, formal
hydrolysis of the tetrachloropalladate (II) complex resulted in the formation of palladium (II) oxide. It seems possible that
a redox reaction is involved in the formation of PdO, as in the case of Ir (IV), since tetrachloropalladate (II) is stable to
hydrolysis under the conditions used (10 mM HCI) and a reduction product with metallic palladium was formed. When
rGO is reacted with sodium tetrachloropalladate (II) and then subjected to a hydrothermal reaction at a temperature of 200
°C, a PdO network is formed on the GO*’. It has been reported that rGO react with tetrachloropalladate without additional
reductant to palladium nanoparticles with a size of about 1.4 nm>!. In this study, STEM-EDS elemental mapping revealed
randomly distributed palladium (Figure 15), while HR-STEM imaged predominantly single atoms and small clusters in
addition to a few medium-sized clusters (Figure 15).

DFT calculations of palladium adsorbed on graphene were performed. One result was that palladium atoms deposited
on graphene have a strong tendency to form clusters, with three-dimensional clusters being more stable than planar ones,
and that a strong Pd-Pd interaction is also relevant starting with Pd; '%°. A DFT study has been performed to evaluate the
influence of graphene monovacancies on palladium clusters for hydrogenation. The large binding energy of small Pd,
clusters with n =1 to 4 on these vacancies results from a strong hybridization between the unsaturated carbon and the Pd
atoms, and it indicates that anchoring avoids migration of Pd clusters on the graphene surface. Pd, clusters on graphene are
calculated to have a capacity to chemisorb four molecules of hydrogen, which should be advantageous for hydrogenation
and hydrogen storage '%°.

Thermally regenerated GNP were tested as a support to increase metal coverage. It is known that during storage GNP
react partly irreversibly with oxygen and adsorb trace organic substances from the air (e.g., hydrocarbons)’!. Thermal
regeneration leads to desorption, decarbonylation and decarboxylation. However, under otherwise identical conditions,
the kinetics of Pd (II) resulted in a rate constant reduced by a factor of 2.7 and an occupancy reduced by a factor of 1.7.
The reason for this is probably the reduction of defect structures during thermal regeneration, which in turn indicates
their important function in binding the palladium. For palladium dimers on graphene, DFT calculations revealed that the
minimum energy configuration is an orientation of Pd, parallel to the graphene layer, with two atoms each occupying
the center of adjacent hexagonal rings. Small energy differences between the adsorption sites at low diffusion thresholds
indicate high mobility of the dimers. In the calculations, the dimers cause a significant deformation of the graphene layer

perpendicular to the plane 7.
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Dispersion in aqueous solution is a complex process because water forms two hydrophobic layers on graphene '%%.

The first layer is 0.5 nm above the graphene surface and the second layer is 0.5 nm away from the first layer. These must
be overcome by dissolved ions in the water before they reach the graphene surface. In this study, we used aerated water
with a low salinity or 10 mM HCI to aggregate the nanoplatelets into microparticles and enable at-line analysis. The
presence of dissolved oxygen in the water should also not be neglected, as it adsorbs on GNP but does not seem to have a
negative effect when a reaction takes place, as with oxometalates >’ or noble metal chlorometalates. The reactions of noble
metal chlorometalates with GNP presented here are heterogeneous reactions that can be described by the “shrinking core”
model, where the number of reactive sites decreases as the reaction progresses '°°. The kinetics are complex and consist
of at least three steps, although the reduction of the metal ions follows simple rate laws obtained by holding the reaction
conditions constant’. The first step is the diffusion of the chlorometalate from the bulk liquid to the GNP surface through
the concentration boundary layers, the sorption on the surface or on an already reduced metal atom or cluster, followed
by the reduction by the GNP, possibly mediated by the adatom. For a given surface, the mass transfer coefficient in the
concentration boundary layer during adsorption or the rate constant during a reaction and the concentration of the reactant
in the main liquid phase are decisive for the time-dependent mass transfer. Important factors that accelerate the kinetics are

- Increasing the surface area of the solid, here the GNP;
- Reduction of particle size, here nanoplatelets;

- Increasing the relative liquid/solid velocity, here achieved by stirring at 800 rpm.

In this respect, the process chosen here differs from the reduction of chlorometalates in solution to form clusters or
nanoparticles with subsequent adsorption on the support, or from the sorption of chlorometalates on GO with subsequent
reduction.

5. Summary and conclusions

Graphene nanoplatelets with a high specific surface area of 750 m?> g~ ! reacted with chlorocomplexes of gold (IIT) and

platinum (IV) in air-saturated water or 10 mM hydrochloride solution as in the case of palladium (II) to form single atoms
and clusters on GNP. HR-XPS was used to determine the elemental contents of the nanocomposites and the oxidation
states of the metals; HR-STEM was used to determine the distribution and size of the metals on the GNP. For gold, single
atoms and small clusters were found, mainly in the metallic state; for platinum, small and medium-sized clusters were
found, mainly as Pt (II) besides metallic Pt and Pt (IV); for palladium atoms, small and some medium-sized clusters
were detected, mainly consisting of palladium oxide (~55 atom %) and metallic palladium (~40 atom%). Iridium was
deposited as clusters as iridium dioxide in the anhydrous and hydrated states. Soluble hexachloroiridate (III) was formed as
a by-product. The noble metal content of the nanocomposites increased with the series: Pd (0.22 atom%), Pt (0.30 atom%),
Ir (0.93 atom%) and Au (5.0 atom%). The driving force for the reaction of higher oxidation state chlorometalates with
GNP is the potential difference between the graphene as reducing agent and the metal ion as oxidizing agent. Thus, the
metal loading increases with the oxidation potential of the noble metal ion. If the reduced metal species are insoluble, they
will be deposited on the GNP. Gold (III) and iridium (IV) with the higher ORP were best evaluated with pseudo-first order
kinetics, while platinum (IV) and palladium (II) with the lower ORP followed a pseudo-second order law. The presence of
different oxidation states has been documented for gold, platinum, and palladium, opening the possibility of specifically
modifying the oxidation state'-**>°_ This has been demonstrated for the reduction of platinum (IV) on GNP with MESNA.
The behavior of GNP towards the chlorometalate complexes of the noble metals is clearly different from that of GO and
finally rGO, which can be attributed to the decreasing reduction potential in the series GNP, rGO and GO. The GNP were
suspended as microparticles in water with a certain salinity, which can be separated by filtration, and the sorption of the
chlorometalates was monitored by at-line UV-Vis spectrometry at the specific LMCT wavelengths to obtain a kinetically
controlled, defined noble metal loading. As a contribution to sustainability, the reaction media, with the exception of Ir
(IV), can be recycled.
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organic synthesis

The metal-decorated graphene nanoplatelets are interesting materials to be tested as SACs in electrocatalysis 2,

110 "and photochemistry ''!. It would be a significant advance to use industrially produced, widely

available, and well-characterized materials as supports, which seems particularly important for graphene with its diverse

synthetic routes®".
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