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Preface

Ruthenium (Ru) is a promising next-generation interconnect material for back-
end-of-line (BEOL)-compatible processes owing to its low resistance to oxide, high
melting point, and low bulk resistivity.

The potential of material properties and device characterizations can be exploited in
the immediate future if more efficient hardware and devices are developed that meet
the special requirements of high-performance computing in scaling schemes. In this
book, we discuss the basic materials properties and potential device characterizations
of Ru in various advanced applications, such as non-volatile memory technology

(not restrained to any type of device) in combination with various hardware applica-
tions. This book provides a platform for interdisciplinary research into materials
science with emerging physical substrates. It includes studies in areas such as material
and physic modeling, materials physics and analytics, devices in miniature scale,
advanced functional circuits, high-speed computing systems and integration for
logic applications, and other novel emerging device concepts and circuit schemes for
potential biomimetic smart systems.

Yao-Feng Chang
Intel Corporation,
United States of America
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Chapter1

Ru Complex Ion Induces
Anomalous Enhancement of
Electrochemical Charge Transfer

Huanwen Han, Kazuyuki Nobusawa, Fumie Takei,
Ting-Chieh Chu, Noviyasu Hashida and Ichiro Yamashita

Abstract

Electrochemical impedance spectroscopy (EIS) is a highly sensitive observation
technique to detect the state of electrode surfaces in solution. A small amount of
[Ru(bpy) ,DPPZ]%*, a well-known DNA intercalator and fluorescent light switch, has
been found to abnormally increase the charge transfer of the mediator [Fe(CN)g] 34 at
the surface of carbon electrodes. When a very small amount of the Ru complex is added
to the EIS solution, a large impedance decrease occurs. This phenomenon is caused by the
carbon electrode, the mediator [Fe(CN)¢]*"* and [Ru(bpy)zDPPZ]z*. No other agents
are necessary. By adding [Fe (CN)¢]*™* and a very small amount of [Ru(bpy)zDPPZ]2+ to
the PCR solution, EIS measurements using a PVA-coated carbon electrode could monitor
PCR progress in real-time as an increase in impedance.

Keywords: electrochemical im/pedance spectroscopy (EIS), [Ru(bpy)zDPPZ]2 Y,
hexacyanoferrate, [Fe(CN)g]*™*, PCR, carbon electrode

1. Introduction

We are investigating electrochemical biosensors. Electrochemical biosensors have
attracted researchers’ attention because of their ability to operate under physiological
solution conditions and biochemical high salt concentration solutions, simple
configuration, and easy handling. In the electrochemical sensor, three electrodes,
the working electrode (WE), the counter electrode (CE), and the reference electrode
(RE), are immersed in the solution to be measured and detect changes in the charge
transfer between redox mediators added to the measurement solution and the
working electrode. A highly sensitive sensor can be realized by detecting changes in
impedance between WE and CE. Hexacyanoferrate, [Fe(CN)¢] 314 of a few mM is
often used as a redox mediator. The design of sensor systems varies widely, and to
date, a variety of electrochemical biosensors have been proposed and studied [1-9].

We have been applying this electrochemical biosensor for real-time detection
of polymerase chain reaction (PCR). PCR is a technique that amplifies the dSDNA
of a target by doubling and used for detection of infectious viruses [10, 11], identi-
fication of viruses and bacteria [12, 13], diagnosis of tumors [14], gene expression
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analysis [15] and single nucleotide polymorphisms [16]. It is usual that real-time
PCR detection has been realized using a fluorescent dye and optics-based sensing
method. However, conventional PCR detection requires a delicate and bulky opti-
cal fluorescence measurement system, and heavy equipment, which make the PCR
device fragile, not portable, and expensive. Replacing the optics with a small electri-
cal circuit should make PCR robust, compact, and cost-effective. It can be concluded
that the use of an electrochemical sensor would be quite advantageous. Although
there have been reports of electrochemical real-time PCR detection (quantitative
PCR, qPCR) using voltammetry measurement techniques and EIS measurement
methods [17-24], we have devised a completely new PCR detection system based

on the simple EIS method, but introducing the idea of adding a small amount of a
second mediator.

2. Electrochemical impedance spectroscopy (EIS)

We applied electrochemical impedance spectroscopy (EIS) as the biosensor detec-
tion technique. Three electrode system was employed, a working electrode (WE) a
counter electrode (CE), and a reference electrode (RE), which are immersed into the
solution, and the impedance between the WE and a CE is measured by applying AC
voltage of about 10 mV with sweeping frequency. Figure 1(a) [25-32].

When the current due to the redox reaction is measured, Nyquist plot of the com-
plex impedance is a combination of a semicircle and a straight line with a 45-degree
slope (Figure 1(b)). This spectrum can be interpreted by Randall’s equivalent circuit
(Figure 1(a)), which consists of the charge transfer resistance of the electrode sur-
face (Rct), the Warburg impedance due to mediator diffusion in the low-frequency
range (Rw), the electric double layer capacitance of the electrode surface (Cdl) and
the solution resistance (Rs). The semicircle is produced from the parallel junction
of Ret and Cdl, and its diameter is approximately equal to Rct. Depending on the
solution state, the charge transfer between the mediator and the electrode changes,
resulting in a change in Ret which is the sensor output. The straight line with a
45-degree slope in the low-frequency region is the Warburg impedance.

(a) (b)

RE 10kHz 0.1Hz
= MMAANANANA A
-%c\‘f.‘cé &
ElS WL e E
instrument 'j N
o Rw i
33385322222222 Ret
Vae v =
WV W o ke
Z real
Figure 1.

(a) Schematic drawing of charge transfer between hexacyanoferrate, [Fe(CN) o> mediator, and working
electrode (WE) with Randall equivalent civcuit. (b) A typical Nyquist plot of electrochemical impedance
spectroscopy (EIS).
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3. [Ru(bpy)zDPPZ]2+ in the electrochemistry; search for the mediator
of PCR

Our first step was to find a mediator molecule that would act as a mediator and
intercalator of dsDNA simultaneously. As the PCR progresses, the dsDNA intercalates
the mediator, resulting in an increase in Ret and allowing the PCR to be monitored
in real time. We have selected [Ru (bpy)zDPPZ]2+, aderivative of [Ru(bpy) 5]** that
interacts with dsDNA and acts as a mediator. [Ru(bpy),DPPZ] > was reported asa
strong intercalator [33]. It binds mainly to the small groove of dsDNA, plugging the
DPPZ portion between planar DNA base pairs [34, 35]. [Ru(bpy)zDPPZ]2+ also acts as
an optical switch for double helical DNA with high luminescence sensitivity [33, 36]. It
has therefore been studied in detail in chemosensors for the detection of luminescent
signals. However, there have been few reports on the electrochemical properties.

First, cyclic voltammogram (CV) measurements were performed to investigate
the electrochemical application of [Ru(bpy)zDPPZ]z*. Figure 2 shows the measure-
ment setup (Gamry. Instruments). The working electrodes of glassy carbon (GC)
were polished with 1 pm of diamond paste and 50 nm aluminum oxide particles for
5 min each and then sonicated in ethanol and pure water for 5 min each. Pt wire was
used for CE. The scan speed was 100 mV/sec and the potential range was -1V to 1 V.
(The same setting was used for the following measurements.) A solution of 10 mM
Tris (pH 8.0) + 50 mM KCl + 1.5 mM MgCl, (PCRi) was used as the basic solution.
Figure 3(a) shows the CV measurement result when 1 mM [Ru(bpy) ,DPPZ]* was
added. The redox peaks of [Ru(bpy) ,DPPZ]* were observed in the negative poten-
tial region. The potential difference of the redox peaks (AEp) was large, suggesting
that good charge transfer was not expected. For comparison, the CV, when 1 mM
[Fe(CN)¢]>"* was added to the PCRi solution is shown in Figure 3(b). The AEp was
about 170 mV, suggesting that charge transfer is sufficiently rapid.

Next, EIS measurements were performed with 10 mVac and 1 kHz ~ 0.1 Hz in the
PCRi solution. (The same conditions were used for the following EIS experiments).
Figure 3(e) shows the results. The spectrum was a line extending almost vertically.
The line was determined to be part of a semicircle with an extremely large Rct, and
the Ret could be at least several hundred kQ. This result indicated that the mediator
function of [Ru (bpy)zDPPZ]2+ was low, which was initially expected.

Since 1 mM [Ru(bpy)zDPPZ]2+ alone did not provide sufficiently good charge
transfer, we investigated whether the addition of 1 mM [Fe(CN)g]>"*, to this solution
would lower the Ret resistance. Figure 3(c) shows the CV measurement results. The

(a) (b)

$7¢ M |
AglAgCl ‘ &
(RE) (WE) 2
] instﬂ;ent

Pt-\mre GC {3 mm) Vac
(CE] Glass chamber with 1mL sol, WA

el ( = mL]

Figure 2.
(a) Schematic drawings of electrochemical measurement setting (3-electrode system) and a photo. (b) Desirable
[Ru(bpy) ,DPPZ]*" function as a mediator and intercalator.
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Figure 3.
CV and EIS results were obtained using PCRi solution with (a)(e) 1 mM [Ru(bpy),DPPZ]**, (b)(f) 1 mM
[Fe(CN) >, (¢)( 'g) both ions. The size of the CG-WE was ¢3 mm.

obtained CV characteristics were similar to the sum of the peak position and current
for 1 mM [Ru(bpy)zDPPZ]2+ and 1 mM [Fe(CN)g]>"*, except that the redox peaks
of [Fe(CN)¢]>"* showed a substantial change. The redox peak current was larger and
AEp was much narrower, about 90 mV. The result suggested that the charge transfer of
[Fe(CN)¢]>** mediator was enhanced by 1 mM [Ru(bpy)zDPPZ]2+ significantly. EIS
measurements also confirmed this charge transfer enhancement (Figure 3(f), (g)).
The spectra showed that the semicircle in Figure 3(f) decreased to the extent that the
semicircle is almost unobservable (Figure 3(g)). Rct decreased significantly.

From these measurements, we concluded that [Ru (bpy)zDPPZ]2+ alone cannot
be used as a mediator for EIS measurements. However, there was a new finding that
[Ru(bpy) ,DPPZ]* greatly enhanced the charge transfer of [Fe(CN)e] 314

4. Qualitative evaluation of charge transfer enhancement by
[Ru(bpy),DPPZ]*

We studied the dependence of charge transfer enhancement on the concentration
of [Ru(bpy),DPPZ]** by EIS. EIS measurements were repeated every 5 min and for the
first 60 min, we waited for the equilibration, “termination” of the glassy carbon WE ina
PCRi +1 mM [Fe(CN)¢]*>"*". After stabilization, [Ru(bpy) ,DPPZ]** was added stepwise
every 30 min to a final concentration of 1, 3, 5, 10, 30, 50, 100, 300, 500 nM, 1, 2, 3, 5,
10 pM, and 1 mM. After each addition, EIS measurements were performed every 5 min.
All obtained EIS spectra were then fitted with a Randle equivalent circuit, and Rets were
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Figure 4.
The dependence of Rct and 1/Rct on [Ru(bpy) ,DPPZ]* concentration. The charge transfer vesistances were
extracted from EIS spectra.

calculated using software (Gamry. Instruments). The obtained Rct and 1/Rct were plotted
against [Ru(bpy) ,DPPZ]** concentration in Figure 4.

Rct started to decrease from 1 nM concentration. At 100 nM concentration, Rct
was reduced by half and about 1/4 at 1 pM. The Rct continued to decrease to approxi-
mately 1/25 at 1 mM concentration. In terms of admittance, Rct increases from 0.57
mS to 13.9 mS, suggesting that this phenomenon is not saturated even at concentra-
tions above 10 pM. This result indicates that the charge enhancement effect of the
[Ru(bpy) ,DPPZ]?** occurs over a wide range of concentrations from 1 nM to 1 mM,
when the concentration of the [Fe(CN)¢]> " mediator is 1 mM.

5. Charge transfer enhancement arises from the combination of
[Ru(bpy)zDPPZ]2+, [Fe(CN)6]3'/4‘ and carbon electrode

The Ru effect was found to occur with very small amounts of Ru complex ions, but
the base solution contained 10 mM Tris pH 8.0, 50 mM KCl, and 1.5 mM MgCl,.

We first removed the ionic substances 50 mM KCl and 1.5 mM MgCl, from the
solution and performed EIS measurements. After stabilization, 0.5 pM and 1.0 pM
[Ru(bpy)zDPPZ]2+ were added in sequence and EIS measurements were performed.
Figure 5(a) (e) shows the change in EIS spectra and Rct decrease after the addition of
[Ru(bpy)zDPPZ]z*. Upon addition of 0.5 pM [Ru(bpy)zDPPZ]z*, the Rct decreased
rapidly and the Ret further decreased to almost 1/15 with f 1.0 pM. This result indicates
that these KCl and MgCl, ions are not related to the charge transfer enhancement effect.

Next, the buffer, 10 mM Tris pH 8.0 was replaced with 10 mM phosphate buffer pH 8.0,
and similar EIS measurements were performed. Figure 5(b) (f) shows the results. The addi-
tion of [Ru(bpy),DPPZ] 2z rapidly decreased Ret to about 1/15 at 1 pM, similar to the Tris
buffer, indicating that Tris buffer did not have the effect either.

To see the effect of pH, we also performed an experiment using 10 mM phosphate
buffer pH 6.5 + 1.0 mM [Fe(CN)¢] 314 Figure 5(c) (g) shows the results. As in the
case of pH 8.0, a sharp decrease in Rct was observed.
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Figure 5.

EIS spectra and time-dependency of Rct without (black), with 0.5 uM (blue) and 1.0 uM (red)
[Ru(bpy),DPPZ]*" in (a) (e)10 mM Tris pH 8.0 and 1.0 mM [Fe(CN) >, (b) (f) 10 mM phosphate buffer
pH 8.0 and 1.0 mM [Fe(CN) >, and (c) (g) 10 mM phosphate buffer pH 6.5 and 1.0 mM [Fe(CN) >, (d)
(h) 1.0 mM [Fe(CN)¢?>*. EIS spectra were drawn every 10 min. The white (/\) and black (A) mark the time
points at which 0.5 uM and 1 uM of [Ru(bpy),DPPZ]** were added, respectively.

Finally, the buffer was removed. EIS measurement was performed with only
1 mM[Fe(CN)¢]*"* in pure water. The pH of the solution was about 6.5. Figure 5(d) (h)
shows the EIS results. Even in a simple solution of 1 mM [Fe(CN )6]>* alone, the addition
of [Ru(bpy) ,DPPZ]* ions promotes charge transfer, resulting in a significant decrease in
Ret, which eventually reaches less than 1/20 of Rct.

Figure 5(e)-(h) shows the time dependence of Rct calculated from EIS measure-
ments. In all cases, the Ret decrease was completed in about 20 minutes.

From these results, we can conclude that the newly discovered charge
transfer enhancement effect is caused by the combination of [Ru(bpy),DPPZ]
[Fe(CN)g]>"*, and a carbon electrode. The [Ru(bpy)zDPPZ]2+ enhances the charge
transfer between the carbon electrode and [Fe(CN)g]>"* by some mechanism. This
effect is also observed at various carbon electrodes [37].

2+
5

6. PCR monitoring by EIS

Based on the new findings, we conceived the idea of applying the charge transfer
enhancement effect by the DNA intercalator to the real-time monitoring of PCR
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[38]. In PCR, forward and revers primers of ssDNA are annealed to the DNA tem-
plate, and DNA polymerase synthesizes dsDNA amplicons in heat cycles. Therefore,
if [Fe(CN)¢]*>* and a small amount of [Ru(bpy)zDPPZ]2+ are added to the PCR
solution and EIS measurement is performed using a carbon electrode, the progress of
PCR can be monitored. The Rct would initially be low and as the PCR proceeds, the
generated dsDNA would intercalate [Ru(bpy) ,DPPZ]*, and the Rct increases. The
progress of PCR can be monitored by Rct.

To realize this monitoring method, we must first make a porous protective layer on
the carbon electrode. We coated the carbon electrode with polyvinyl alcohol (PVA).
Carbon electrodes were immersed in 0.1% PVA (30 k-51 kDa) for 1 hour and EIS
measurements were performed in PCRi +1 mM [Fe(CN)¢]*>"* solution, then 1 pM
ssDNA (17 nt) and 1 pM dsDNA (60 bp) were added sequentially. The EIS spectrum
remained almost unchanged from its initial shape, indicating that DNA adsorption
was prevented (Figure 6).

-Zimg. ( kKQ)
S ANWAEO O N®

0 2 4 6 8 10 12 14 16 18 20
Zreal (kQ)

Figure 6.
EIS measurements using carbon electrode with PVA layer. (i) in PCRi + 1 mM, [Fe(CN) JFH solution.
(ii) after 1 uM ssDNA (17 nt) addition, (iii) after 1 uM dsDNA (60 bp) addition.

Integrating the results, PCR was performed; 3 mM [Fe(CN)e]>"* and 5 pM
[Ru(bpy)zDPPZ]2+ were added to the PCR solution, and PCR progress was moni-
tored by EIS using a screen-printed carbon electrode. Template DNA concentrations
were 100 ng/mL, 1 ng/mL, 10 pg/mL, and 0.1 pg/mL, and EIS measurements with
a frequency range of 1 kHz to 0.5 Hz, open circuit potential, and 100 mVac were
conducted during PCR extension steps.

A1 EIS spectra were fitted to a Randle equivalent circuit and Rcts were calculated.
Figure 7(a) shows the change in Rct for each template DNA concentration versus heat
cycle. Rets were approximately 10-20 kQ (See Figure 7(d)), however, its absolute
value varied from sensor to sensor depending on the electrode preparation condi-
tions, as is often the case [39]. To easily compare the results, all Rcts were normalized
by setting the Rct at the eighth heat cycle as 1.0, and Rets were overdrawn.

In the beginning, Rct increased gradually due to the adsorption of minute impu-
rities on the electrode. Unlike this gradual increase, a clear abrupt increase in Rct
occurred around 13, 21, 28, and 35 thermal cycles at DNA template concentrations of
100 ng/mL, 1 ng/mL, 10 pg/mL, and 0.1 pg/mL, followed by a gradual increase in Rct.
This rapid increase in Rct is the result of the exponential amplification of the dsSDNA
amplicon and intercalation of [Ru(bpy)zDPPZ]2+.
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Figure?7.

Monitoring results of PCR with DNA template concentrations of 100 ng/mL, 1 ng/mL, 10 pg/mL, and 0.1 pg/mL
(a) Ret calculated from EIS by fitting to the Randle circuit with constant phase element, (b) ARct; Rct increase
at each heat cycle, and (c) optical fluorescence increase. Background without template DNA is shown as a broken
black line. All data are three moving averages. (d) One example of changes in EIS spectra during PCR at the
extension step. The Arrow indicates spectral changes along the heat cycle.

The change in Rct is more clearly confirmed by ARct, the increase in normal-
ized Rct at each thermal cycle (Figure 7(b)). The vertical axis is 1/100th scale of the
Rct@8th.

The more DNA template in the initial solution, the earlier by 7 cycles the heat
cycle where the peak starts, increasing by seven cycles each. Theoretically, the
number of amplicons would double with each cycle. The present results cor-
respond well to the theoretical values. Gel electrophoresis of the PCR amplicon
samples also confirmed that the target DNA was successfully amplified. It can be
concluded that the inhibitory effect of the addition of 3 mM [Fe(CN)¢]>/* and
5uM [Ru(bpy)zDPPZ]2+ is negligible. PCR monitoring with EIS was successfully
demonstrated.

Optical PCR was performed in parallel using the same PCR solution (micPCR,
Bio Molecular Systems, Australia). 20 pL of the solution was added with 1 U/L SYBR
Gold (Toyobo Corporation), PCR was performed, and fluorescence was measured.
Figure 7(c) shows the fluorescence intensity increase/cycle (Afluorescence).
Aflorescence showed a peak with 10 thermal cycle width. The peak positions by
impedance and optical methods were in good agreement. The critical threshold cycle
(Ct) was confirmed to be detectable by EIS.

The above results show that the electrochemical detection method which utilizes
the anomalous charge transfer enhancement effect can monitor the progress of PCR
in real time and realize quantitative PCR [38].

7. Conclusion
We proposed a new impedance detection method for real-time PCR based on EIS

and demonstrated its practicality. The simplicity of this impedance detection method
allowed us to fabricate qPCR with simple components and to realize a small, portable,
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Figure 8.
A possible charge transfer enhancement mechanism and the relation with [Ru(bpy) ,DPPZ]** and dsDNA.
[Ru(bpy),DPPZ]** adsorbs on the carbon electrode and enhances the charge transfer through the ligands.

robust, and inexpensive device. At present, the mechanism of this effect is not clear.
It was known that [Fe(CN)g]>* is a surface-sensitive mediator, therefore, the effect
may have been caused by interaction or specific adsorption of [Ru(bpy),DPPZ]**

on the basal or edge surfaces of the carbonaceous electrode, which facilitates charge
transfer (see Figure 8). This effect is observed in a variety of carbon electrodes,
including graphite, graphene, and screen-printed carbon, and is expected to be

widely applied beyond this PCR application.
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Leveraging Dendrimer
Macromolecules for the
Encapsulation and Stabilisation of
Nano-Sized Ruthenium Catalysts:
Evaluation of Catalytic Reaction
Kinetics in the Reduction of
Pollutants Organic Dyes, Oxidation

of Alcohols and Alkenes as Well as
Hydrogenation Reactions

Mulisa Maumela and Ndzondelelo Bingwa

Abstract

Encapsulation of nano-sized metal catalysts within the dendrimers macromolecules’
frameworks has been well documented thus far. Dendrimers are described as sym-
metric, monodispersed macromolecules resembling a tree-like branched structure and
have been utilised as both a template and stabilising agent for the fabrication of metal
(noble and non-noble) nano-catalysts. For this purpose, different types of dendrimers
can be employed. The use of dendrimers for metal catalysts stabilisation or encapsula-
tion offers several advantages in catalysis. For example, the dendrimer template allows
the synthesis of catalytically active monodispersed nanoparticles and the dendrimers
template itself does not passivate the metal active atoms during the catalytic process.
Additionally, dendrimers have the potential to act as a “vehicle” that can be lever-
aged for the fabrication of heterogeneous catalysts. For example, surface groups of
the dendrimers can be functionalised to chemically link the dendrimer-encapsulated
nanoparticles (DENs) with solid supports such as silica. A significant number of studies
on the synthesis and catalytic evaluation of dendrimer-metal nanocomposite materials
(e.g. Ruthenium-based) onvarious reactions can be found in the literature. This chapter,
however, will particularly focus on the recent developments on the synthesis, charac-
terisation and catalytic applications of dendrimer-derived (colloidal and supported)
Ruthenium catalysts.
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Keywords: dendrimers, ruthenium, dendrimer-encapsulated nanoparticles (DENs),
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1. Introduction

With the rapid increase in environmental problems such as pollution and climate
change, the search for chemical processes that offer solutions to mitigate these chal-
lenges has also intensively received a lot of attention from researchers around the
globe in the past decades. More recently, the revised Transformation Agenda by the
United Nation has firmly advocated for the attainment of Sustainable Development
Goals (SDG) by year 2030 [1]. As a result, more efforts have been projected into
the development of sustainable material science and nanotechnology. For example,
it has become more imperative to innovate materials and technology that can be
utilized in the nanoscale range. Additionally, the materials and technologies must
be environmentally friendly, recyclable, cost-effective and sustainable. The syn-
thesis of nano-sized metal and non-metal catalysts using “green” processes, among
other chemical processes, is one of the examples of the ongoing efforts by scientists
towards the attainment of SDG. This is because nanocatalysts derived from metal
nanoparticles have been found to possess different and unique chemical and physi-
cal characteristics as compared to those observed in their bulk counterpart catalysts
[2]. Some of these characteristics include higher surface area, robustness, and bet-
ter stability as compared to other conventional nanocatalysts [3-5]. Due to the high
surface area of metal nanoparticles, a significant portion of their active atoms are
available for catalysis. This in turn, results in the superior performance of nanopar-
ticle catalysts due to enhanced contact between the reactants and the catalysts
during the reaction process. It is also widely believed that as the size of the metal
NPs decreases, the surface area increase (and vice-versa) and that the catalytic rate
is directly proportional to the number of catalytic active sites exposed [6].

Because metal nanoparticle catalysts are well dispersed in solution, particularly
unsupported colloidal nanoparticles, it has always been tempting to often classify
them as “homogeneous” catalysts. However, these metal NPs have been perceived to
be insoluble in many organic solvents use for common yet important reactions. On
assumption that colloidal NPs do not dissolve in organic solvents that are often used
during chemical reactions, they are rendered to act as “heterogeneous green’ catalysts
[7]. As such, it is believed that these colloidal NPs can be recovered easily after the
reaction using suitable various techniques. However, the recovery and separation
of colloidal nanoparticles from the final reaction products have been found to be a
complex process and hence very little progress has been made on the advancement of
recycling these catalysts to this end [8-10].

Some attempts to establish whether nanoparticle catalysed reactions follow
a homogeneous or heterogeneous mechanisms have been made by few research-
ers. For example, in a study published by Nemanashi and Meijboom entitled; “cat
in a bag recycling of dendrimer encapsulated Au nanoparticles by use of dialysis
membrane bag in the reduction of 4-nitrophenol reduction: proof of heterogeneous
catalysis”, a heterogeneous type of mechanism was suggested [11]. In their study,
dendrimer encapsulated Au nanoparticles Au-DENs with an average particle size
ranging between 2.1 and 3.1 nm were trapped into a permeable dialysis membrane
bag which only allows for the diffusion (in and out) of small reactants molecules. The
entrapped Au-DENSs were dipped into a reaction flask containing aqueous solutions
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of 4-Nitrophenol and an excess reducing agent (NaBH,) while keeping the system
under stirring. The reactants molecules diffused inside the dialysis bag containing the
catalyst and made contact with the surface of the Au-DENSs catalyst for the product
formation. The product (4-aminophenol) formation was monitored by analysing a
reaction solution sampled over time using UV-vis spectrometry. Post-reaction char-
acterisation of the catalyst by techniques such as Transmission Electron Microscope
(TEM) revealed that the DEN catalysts retained their original particle sizes and
showed no leaching even after three reaction cycles. It was concluded that the cata-
lytic reduction of 4-NP occurs on the NPs’ surface as opposed to induced by leaching
of metal NPs atoms into solution. However, some researchers have suggested in their
review articles that both heterogeneous and homogeneous type of mechanisms for
various metal nanoparticles catalysed reactions [12, 13]. Narayan et al. have recently
reviewed the synthesis and utilisation of metal nanoparticles (NPs) as “green” cata-
lysts [7]. The issue of whether metal nanoparticles catalysis follows a homogeneous or
heterogeneous reaction mechanism remain an ongoing debate in catalysis research.

2. Synthesis of metal nanoparticles

Generally, two main approaches are employed for the synthesis of nanoparticles—
top-to-bottom method and the bottom-up [14]. The main distinct difference between
these two methods is the starting precursor for the formation of nanoparticles. For
instance, the top-to- bottom approach entails the process in which the bulk material is
used as a starting material and the particle size is reduced to nano-sized particles via
different physical, chemical chapter, or mechanical processes [15]. On the other hand,
the bottom-up approach involves making use of molecules, small particles or atoms as
starting materials for the assembling of nanoparticles via processes such as the liquid
state synthesis method (chemical reduction) [16]. This particular chapter will solely
focus on the latter approach for the synthesis of nanoparticle with more emphasis on
the synthesis of dendrimer stabilised Ruthenium nanoparticle catalysts. The synthesis
of dendrimer-based Ruthenium nanocatalysts (Ru-DENSs) will be discussed in detail
in the succeeding sections of this chapter.

Based on the afore-mentioned main two approaches that are used for the prepara-
tion of metal nanoparticles, different methods (physical and chemical processes)
can be explored for their synthesis depending on the targeted final physical and
chemical properties (size, morphology, application, etc) of the nanoparticles to be
produced. For instance, a physical process such as flame spray pyrolysis (FSP) can be
employed if the target is to produce nanoparticles on a large scale [17]. Alternatively,
the synthesis of monodispersed nanoparticles with a well-defined spherical shape can
be achieved by employing a chemical process proposed by J. Turkevich. For example,
Kimling et al. reported the synthesis of spherical, monodispersed Au nanoparticles
using the Turkevich method [18]. This was simply achieved by reduction of citrate
at 100°C, and subsequent mixing with gold hydrochlorate solution. To synthesise
nanoparticles of different sizes using this method, the concentration of citrate solu-
tion (capping agent) can manipulated.

Equally so, a variety of stabilising or capping agents can be employed depending
on the method chosen for the synthesis of metal nanoparticles. The use of a suitable
stabiliser during the synthesis of metal nanoparticles is vital, particularly those aimed
to be utilised in catalysis. This stabilisation is primarily vital to circumvent unwanted
phenomena to occur on the catalyst, particularly during the catalytic processes
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usually carried out under harsh conditions. For example, phenomena such as sinter-
ing, migration-coalescence, and agglomeration may lead to catalyst deactivation dur-
ing the catalysis process. Therefore, various organic ligands such as ionic liquids (ILs)
[2, 19-22], simple amines, phosphines, and thiols [12, 23, 24], cyclodextrins [25-29],
caliraxenes [30-32], polymers [7, 12, 33-35], surfactants [36, 37], and dendrimers
[38-43]. Of these metal nanoparticles’ stabilising agents, dendrimers have been found
to be versatile and potentially offer a considerable number of advantages, particularly
in catalysis [40, 43]. This chapter gives a comprehensive discussion on the utilisation
of dendrimers macromolecules as stabilising and encapsulating agents for ruthenium
metal nanoparticles as well as their applications in various reactions such as reduc-
tion of pollutants dyes, oxidation of methanol, hydrogenations of biomass-derived
molecules and other organic compounds.

Dendrimers macromolecules are classified as hyperbranched polymers, with a
well-defined, monodispersed, tree-like three-dimensional structure. These versatile
macromolecules possess three main structural components; (a) interior core, (b) inte-
rior branching units, and (c) the periphery, attached to the outermost branching unit
(see Figure 1). The synthesis of dendrimers is carried out using either the convergent
or the divergent methods. The divergent approach entails an iteration sequence of
reaction steps in which iteration from the core unit lead to higher dendrimer genera-
tion. On the contrary, the divergent method involves a process of synthesising the
dendrimer from periphery units towards the core units via a two-stage process. Vogtle
et al. reported the first synthetic procedure for the construction of well- defined
dendrimers in 1978 via divergent approach and referred to the used procedure as
“cascade synthesis” [45]. Few years later, Tomalia et al. reported the modified Vogtle’s
procedure for the synthesis of independent, divergent, and macromolecular “true
dendrimers”, poly(amidoamine) (PAMAM) dendrimers [46]. Newkome et al. also
reported the synthesis of what they termed “arborols” (a synonym for dendrimers)
during the same year as Tomalia and co-workers [47]. The first example for the conver-
gent synthesis of dendrimers was reported by Hawker and Fréchet in 1990 [48].

Since their (dendrimers) discovery, these materials have found a wide range of
applications in nanoscience. For instance, they have extensively been used in areas
such as in drug delivery [49], sensors [50], electronic devices [51], wastewater treat-
ment [52] and catalysis [53], to name just a few. However, this chapter will solely focus
on the latter applications, in which dendrimers are utilised for the stabilisation and

NH
Ha b) Branching Point g

HyN
c) Periphery

HyN NH;

Figure 1.
A typical schematic illustration of the structural components of poly (propylene imine) (PPI) dendrimer molecule [44].
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encapsulation during the synthesis of catalytically active homogeneous and heteroge-
neous metal nanoparticles, particularly ruthenium based.

3. Dendrimers for encapsulation of metal nanocatalysts

Green chemistry advocates for the use of set of principles that seek to promote
elimination or minimising the use or generation of hazardous chemicals during the
design, manufacture, and application of chemical products. Catalysis is one of the
outlined important principles (of the 12) of green chemistry. The evolution of nano-
materials (such as metal nanoparticles) in the past decades offers a great platform
for the attainment of sustainable, green catalysis practises. Many essential products
(such as medicine, polymers, fibres, fuels, paints, lubricants) used by humans in the
modern time are produced through catalytic processes. Therefore, catalysis plays a
pivotal role in chemical transformation in chemical industries. For example, it has
been reported that 90% of manufactured chemicals involves at least one catalytic
process [54]. Because nanocatalysts possess high surface energy, which renders them
thermodynamically unstable, possibilities of deactivation due to migration and
coalescence during catalytic processes are always high, especially for processes carried
out at elevated temperatures.

As a strategy for the fabrication of more stable, sustainable and catalytically active
“green” metal nanocatalysts, many researchers have explored the encapsulation of
metal nanocatalysts within different materials (encapsulating agents) using vari-
ous methods. These encapsulating agents include materials such as inorganic oxides
nanoshells (SiO,, TiO,, CeO,), nanoporous materials (mesoporous materials, zeolites,
metal-organic frameworks, covalent organic frameworks), and organic capsules
(dendrimers, porous organic cages) [55]. In most cases, the synergetic effect is
established between the metal nanoparticles and the encapsulating material and has
been observed to greatly enhance the catalyst’s activity and selectivity. More impor-
tantly, such catalysts are more stable and can easily be recyclable without losing their
activity, making them almost ideal “green” catalysts. This chapter will focus on the
encapsulation of ruthenium nanocatalysts within dendrimer frameworks (Ru-DENs),
their characterisation, and catalytic applications.

4. Synthesis and characterisation of dendrimer-encapsulated ruthenium
as well as their applications in catalysis

A simple two-step process involving complexation of the aqueous dendrimer solu-
tion and metal ions, followed by the reduction of the dendrimer-metal ions composite
precursors is generally carried out for the synthesis of DENs. The dendrimer-metal
ion composite, a precursor for DENS, is prepared by addition of the desired amount of
metal ions (such as Pt**, Pd**, Au*, Ag’, Cu?*, Ni**, Ru**) to the dendrimer solution
[43]. This process is usually carried out in aqueous media, however, in some cases,
organic solvents have been used [56]. Different generations of PAMAM dendrimers
having complexing (—NH) and non-complexing (—OH) peripheral groups have been
used for this purpose. It is noteworthy to mention that other types of dendrimers
have also been used successfully for the synthesis of DENs [57]. Metal ions partition
into the interior tertiary amine groups of the dendrimer for a complete complexation
of the dendrimer-metal ions composite. The extent of this complexation process
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can be monitored using simple characterisation techniques such as UV-vis, EPR,
MALDI-MS, and XPS [58]. For example, during the complexation of PAMAM
dendrimers with Cu®" ions for the preparation of Cu-DENS, a strong ligand-to-ligand
charge transfer (LMCT) band at A 300 nm and a 605 nm shift of the d-d optical
transition is observed [59]. Subsequent addition of an excess reducing agent (such as
NaBH, or H,) to the dendrimer-metal ion composite result in the formation of mono-
dispersed small nanoparticles trapped within the dendrimer cavities/framework.
Figure 2 gives an example of a schematic illustration for the synthesis of dendrimer
encapsulated mono- and bimetallic Ru nanoparticles. Various synthetic methods for
the preparation of bimetallic DENSs are detailed elsewhere [42, 60].

In cases where dendrimers used for the complexation of metal ions possess
primary groups, such as amine-terminated dendrimers, the reduction process may
lead to the formation of nanoparticles that are not entirely encapsulated within the
dendrimer frameworks. The coordination of metal ions to the primary amine groups
in such instance can be avoided by carrying out the synthesis under acidic conditions.
This is because, the commonly used dendrimers, PAMAM, are polyprotic bases pos-
sessing surface primary amine groups that are more basic than interior tertiary amine
groups. As such, acidic conditions have been shown to effectively drive the coordina-
tion of metal ions to the tertiary amines while avoiding coordination with surface
primary amine groups on the periphery [61].

There are several advantages outlined for the use of dendrimers as hosts materi-
als for metal nanoparticles intended for utilisation in catalysis in various reactions:
(i) because dendrimers themselves are of a uniform structure and composition, the
yielded encapsulated nanoparticles are of well-defined shape [62], (ii) since the
nanoparticles are encapsulated within the dendrimer frameworks, agglomeration,
which may lead to deactivation during catalysis is greatly circumvented [63], (iii)
the nanoparticles trapped within the dendrimer framework are confined primarily
by steric effects and a significant portion of their active atoms is unpassivated and
available to take part in catalytic reactions [10], (iv) dendrimer branches can be used
as selective gates to allow access of substrates molecules to the catalytically active

Bimetallic Route Monometallic Route

s‘?b
. 2,
Gn-Dendrimer o)
_ Complexation _
e N-Ru®*/ N-B™ Bonds
Reduction éé‘“ ef",
= “N-Ru¥ [ N-B"* — Ru’ /B~ = AP

Core-Shell DENs Alloy Random Ru-based DENs Alloy Ru-DENs

Figure 2.
Schematic illustration for the synthesis of monometallic and bimetallic Ru-DENE.
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encapsulated metal nanoparticles [64], and (v) the primary groups on the periphery
of the dendrimers can be tailored to control the solubility of the hybrid nanocompos-
ite and used as a “vehicle” for linking nanoparticles to the surfaces and other poly-
mers for “heterogenization” of colloidal nanoparticles [65, 66].

With the advancement of technologies in recent years, these as-synthesised DENs
catalysts have been characterised using more sophisticated techniques [67]. This charac-
terisation is carried out to determine physical and chemical properties such as the actual
size, surface structure, valency, chemical composition, electron band gap, light emission,
absorption, and scattering and diffraction properties. The most commonly used charac-
terisation techniques for this purpose include nuclear magnetic resonance spectroscopy
(NMR), infra-red spectroscopy (IR), ultra-violet and visible spectroscopy (UV-vis),
transition electron microscopy (TEM), scanning tunnelling microscopy (STM), scan-
ning electron microscopy (SEM), energy dispersive X-ray spectrometer (RDS), X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), ultraviolet photoelectron
spectroscopy (UPS), extended X-ray adsorption fine structure spectroscopy (EXAFS),
X-ray absorption near-edge spectroscopy (XANES), atomic force microscopy (AFM).

Crooks and co-workers pioneered the synthesis of DENs. The first example
of the synthesis of DENs was reported for Cu-DENSs by the same research group
of Crook [59]. Fourth-generation hydroxyl-terminated PAMAM dendrimers
(G4-PAMAM-OH) was used as a templating agent for this purpose. UV-vis spec-
troscopy was used to monitor the coordination of Cu” ions with the tertiary amine
groups of dendrimers. For example, the weak, broad absorption band responsible
for aqueous Cu”* ions at A 810 nm significantly shifted to 605 nm and the emergence
of a new strong band at 300 nm in the case of G4-PAMAM/Cu’* composite solution.
Titration experiments conducted for the coordination of Cu’* ions to the tertiary
amine groups of the dendrimers led to the conclusion that each Cu”* ion is more likely
to coordinate with two tertiary amine groups of the G4-PAMAM-OH dendrimers.
Subsequent reduction of the G4-PAMAM/Cu’* composite solution by excess NaBH,
resulted in the formation of Cu-DENs having an average particle diameter of less than
1.8 nm as determined by TEM. The formation of these Cu-DENs was also evidenced
by the disappearance of the initial bands of the G4-PAMAM/Cu®* composite solu-
tion. Additionally, a change in solution colour from blue to golden brown colour was
observed as an indication for the formation of Cu-DENS.

Since then, there has been a plethora of publications covering the use of den-
drimers for the encapsulation of other noble and non-noble metals such as Pt, Au, Ag,
Pd, Rh, and Ru [41, 67]. However, this chapter will exclusively put more focus on the
synthesis of Ru-DENSs (colloidal) and Ru-DENs derived supported Ru catalysts as well
as their applications in various reactions such as hydrogenation of alkenes or carbonyl
compounds, and oxidation of alcohols. Additionally, the bimetallic alloys of Ru-based
DEN catalysts prepared will also be fully explored. Ruthenium based catalysts
(supported or unsupported) were rarely used in the past to catalyse hydrogenation
reactions involved in the petrochemical industry and chemical synthesis. Instead,
optimum activities and selectivities of the desired products for these reactions were
achieved by utilisation of other catalysts such as platinum, palladium, rhodium, or
nickel. However, ruthenium catalysts have been found to exhibit superior activity in
such reactions in the past few decades [68-70]. For example, a review article entitled
“heterogeneous Ru catalysts as the emerging potential superior catalysts in the selec-
tive hydrogenation of bio-derived levulinic acid to y-valerolactone: effect of particle
size, solvent, and support on activity, stability, and selectivity” has been recently
published by Maumela et al. [71].
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The first example for the synthesis of dendrimer-encapsulated Ru nanoparticles was
reported by Lafaye et al. [72]. Aqueous solutions of hydroxyl-terminated fourth genera-
tion PAMAM dendrimers and RuCl; were used for the preparation of the dendrimer/
metal ion composite using a metal ion to dendrimer molar ratio of 40:1. The coordination
of the Ru’" ions to the dendrimer amine groups was monitored by UV-vis spectroscopy
in this case. Absorption peaks at 286 and 400 nm were both attributed to the com-
plexation of the Ru** ion and the tertiary amine groups within the PAMAM dendrimer
template. However, when this complexation is allowed to occur for a lengthy period of
time (3 days) under inert conditions, the shift in the initial peaks was observed. For
example, the absorption peak initially at 286 nm shifted to 280 nm, while that at 400 nm
shifted to 407 nm. These peaks were still assigned to the Ru-amine complexation that
formed within the dendrimer structure. The reduction of the composite solution was
carried out by bubbling H, for 1 h at room temperature, yielding nanoparticles with
a narrow size distribution and an average diameter of 1.2 nm (see Figure 3a). These
as-synthesised Ru-DENs were subsequently immobilised onto Al,O; support via wet
impregnation method, followed by the removal of the dendrimer template by thermal
treatment at 300°C. The thermal treatment, however, resulted in an increase in particle
size by almost 50%, with average size being measured to be 2.0 nm (see Figure 3b),

mean particle diameter = 1.2 nm

0
04 07 1 13 16 19 22 25 28 3.1 34 37 4 43 46 49
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04 07 1 13 16 1.9 22 25 2.8 3.1 34 37 4 43 46 49
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Figure 3.

HRTEM images and metal particle size distribution of (a) the Ru-G,OH PAMAM dendrimer nanocomposite
precursor, (b) a 1%wt Ru/Al,O, catalyst prepared from the Ru-G,OH PAMAM dendrimer nanocomposite
precursor and reduced for 2 h at 300°C [72].
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though still well-dispersed on the alumina support surface. The increased in particle
sizes was attributed to sintering which may have occurred during the dendrimer removal
process. No catalytic applications experiments were reported for these catalysts.

The same research group investigated the effect of support material on the sinter-
ing by immobilisation of dendrimer-derived Ru nanoparticles onto three different
support materials (low-surface-area y-alumina, high-surface-area y-alumina, and
Si0,) few years later [73]. In this case, the ability of dendrimers to allow for the
synthesis of particles with varying sizes was tested by using different generations
(G 4-5) of hydroxyl-terminated PAMAM dendrimers as well as dendrimer-to-metal
molar ratios were used to prepare the Ru-DEN precursors. For instance, for genera-
tion 4 dendrimers, a dendrimer-to-metal molar ratio of 1:20 and 1:40 were used,
while for generation 5, dendrimer to metal ion molar ratios of 1:60 and 1:100 were
used. The average particle sizes determined by high resolution TEM were measured
tobe 0.9 nm and 1.2 nm for 1:20 and 1:40 molar ratios, respectively. For generation
5, particle sizes for 1:60 and 1:100 molar ratios were determined to both have average
sizes of 1.4 nm. These average particle sizes were found to be 10-20% greater than the
expected calculated theoretical average sizes. As in the previous case, the immobilisa-
tion of these DEN precursors onto different support materials resulted in an increase
of particle sizes by 75%, attributed to sintering. However, this sintering was found not
to be induced by the type of support materials used.

4.1 Synthesis, characterisation and catalytic applications of unsupported
colloidal mono- and bimetallic Ru-DENs

4.1.1 Monometallic Ru-DENs/DSNs for reduction of 4-Nitrophenol

4-Nitrophenol (4-NP) and its derivatives are considered among some of the major
pollutants, hazardous waste [74]. The United State Environmental Protection Agency
(US EPA) has labelled these pollutants as priority toxic pollutants [1]. 4-NP and its
derivatives are generally generated from agricultural sectors and manufacturing indus-
tries. For example, it is a waste product from companies that manufacture explosives,
dyes, and other chemical products [75]. This has rendered these organic compounds to
be the most common non-biodegradable and toxic persistent pollutants in industrial,
agricultural wastewater and aquatic environment [76]. Moreover, 4-NP is produced in
large quantities worldwide and is considered the most toxic as compared to other mono-
nitrophenols [1]. The presence of nitrogen group on this compound makes it more stable,
as a consequence, chemical and biological degradation of wastewater polluted with 4-NP
is challenging. Therefore, the development of sustainable and environmentally friendly
methods to remove these compounds from wastewater is of great importance.

More recently, Ru-DEN catalysts have been found to exhibit excellent activity in the
conversion of 4-NP to 4-aminophenol (4-AMP) and other organic pollutants in the pres-
ence of excess reducing agents such as NaBH, or H; [38]. 4-AMP, on the other hand, isa
commercially valuable intermediate for the synthesis of anti-pyretic and analgesic drugs
[77]. The reduction of 4-NP is analysed by monitoring the change in the absorbance
peak at around A 400 nm (maximum absorption peak for 4-NP) and the emergence
of a new absorption peak around A 310 nm, which is attributed to the formation of the
4-AMP product. This reaction is accompanied by the formation of isosbestic points on
the UV-vis spectra, signalling that there is no side product (except 4-AMP) formed.

One of the earliest example of Ru-DENs catalysed reduction of 4-NP to 4-AMP
can be traced back to the work published by Antonels and Meijboom [78]. Generation
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4-6 of commercial hydroxyl-terminated PAMAM dendrimers were employed for
the synthesis of Ru-DENs with varying particle sizes. Characterisation techniques
such as IR, UV-vis, and TEM were used for the synthesis process as well as deter-
mining the resulting Ru-DENs morphology and sizes. Notably, the increase in
dendrimer generation resulted in an increase in average particle sizes. For instance,
the nanoparticles, with almost-spherical shape, prepared using generation 4, 5, and 6
PAMAM dendrimers were determined to have average particle sizes of 1.2 + 0.07 nm,
1.4 + 0.12 nm, and 2.2 + 0.26 nm, respectively. It should be noted, however, that dif-
ferent metals to dendrimer molar ratios were used for different dendrimer generation.
Figure 4 shows TEM images and particle size distribution reported in Ref. [78].

The catalytic investigation of these Ru-DENS catalysts was performed in the selec-
tive reduction of 4-NP to produce 4-AMP. This reaction was set up under first-order
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Figure 4.

(a) HRTEM image of G4-RuDEN, (b) histogram for the particle distribution for G4-RuDEN, (c) HRTEM
image of G5-RuDEN and (d) histogram for the particle distribution for G5-RuDEN, (¢) HRTEM image of
G6-RuDEN, and (f) histogram for the particle distribution for G6-RuDEN [78].
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conditions, by ensuring that the reducing agent, NaBH,, is always in large excess
relative to the 4-NP substrate. The calculated apparent rate constants (k) for the
generation 4, 5, and 6 dendrimer catalysts were determined to be 3.96 x 107*s7,

640 x 10™*s™1, and 2.90 x 10™*s7}, respectively. The kinetic analysis was done based
on the assumption that the reaction occur on the nanoparticle surface and hence
follow the Langmuir-Hinshelwood mechanism. For this purpose, two sets of kinetic
data were collected. One set of k,,, data was collected by varying the concentration
of 4-NP while keeping BH,™ concentration and temperature constant. The second

set of k,y,, data was collected by varying the BH,™ concentration while the 4-NP
concentration and temperature were kept constant. It was observed that the appar-
ent rate constant appear to increase with the increase in BH,™ concentration. On the
contrary, the k., was found to decrease as the concentration of 4-NP is increased. The
observed decrease in the apparent rate constant as 4-NP is increased was attributed
to the fact that as the more 4-NP is injected into the reaction system, the catalyst’s
surface becomes more saturated as less active atoms are available for the BH,™ to react
with the catalyst. This suggests that there is a competition for adsorption between the
substrate and the reactant with the nanoparticle surface.

Another example of Ru-DENS catalysed reduction of 4-NP was reported by
Murugan and Pakrudheen [79]. Their study entails the initial synthesis of the genera-
tion 2 amphiphilic poly(propylene imine) (PPI) dendrimer template. The characterisa-
tion of the synthesised dendrimer template was done using various techniques such
as FT-IR, NMR, and MALD-TOF. The as-synthesised dendrimer was further utilised
for the stabilisation and encapsulation of Ru nanoparticles (Ru-DENs), which were
characterised using UV-vis, FT-IR, TEM, and XRD. For example, characterisation by
TEM revealed that the formed Ru-DENSs had an average particle size of 0.8 + 0.3 nm.
The formation of these ultra small-sized Ru-DENs was attributed to the smaller
hydrodynamic diameter of PPI dendrimers as compared to that of PAMAM coun-
terparts. Therefore, the interaction between the metal ions and the tertiary amine of
the PPI dendrimers is believed to be stronger, allowing for the formation of smaller
nanoparticles. The catalytic properties of the prepared Ru-DENs were evaluated in
the reduction of 4-NP to yield 4-AMP. As with other related studies, the pseudo-first-
order reaction kinetics conditions were applied in this case too. The observed reaction
rate constant of 15.95 x 10 s, The increase in the concentrations of BH,™ and the
catalyst while keeping other parameters constant was found to result in an increase in
the reaction rate constant. For instance, an increase in the borohydride concentration
from 20 mM to 60 mM resulted in the increase of the rate constant from 4.66 x 10™*s™
t0 8.92 x 10~*s7". Similarly, an increase in the rate constant from 7.93 to 15.95 was
observed as the concentration of the catalyst is varied from 0.02 mM to 0.08 mM.

4.1.2 Bimetallic of Ru-based DENs/DSNs catalysts for reduction of 4-Nitrophenol
and hydrogenation reactions

A synthesis of a series of Ru-Ni bimetallic DEN catalysts via intradendrimer redox
displacement was reported by Marvin et al. [80]. In their study, nickel was chosen
as an appropriate metal partner for a displacement method to prepare Ru and RuNi
bimetallic DEN catalysts. Generally, the displacement synthetic method was carried
out by the initial formation of Ni DENs (1:30 of dendrimer: metal ion molar ratio)
using commercially obtain generation 4 hydroxyl-terminated PAMAM dendrimer.
The synthesis of Ru or bimetallic RuNi DENSs can be obtained by addition of equimo-
lar of Ru** or any molar ratio smaller than that initially used for Ni** for the formation
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of Ni DENS, respectively. For instance, a variety of bimetallic RuNi DEN catalysts
were prepared via displacement using molar excess ratios ranging between 5 and 20
for Ru** and Ni**. The resulting bimetallic DEN catalysts were labelled as RusNiso,
RuyoNijo, RuysNizg, and RuyoNizo-DENSs. The catalytic activity of these DEN catalysts
was evaluated in the reduction of 4-NP. All RuNi bimetallic DEN catalysts were found
to display a superior activity as compared to either monometallic Ru- or Ni-DEN cata-
lysts. Among all bimetallic DEN catalysts, the highest average rate constant (2.2's™")
was observed for the Ru;oNizo DEN catalyst. On the contrary, the nickel dominated
bimetallic catalyst (RusNizo) showed the smallest average catalytic rate (0.95 sh.

Wang and Peng reported the synthesis of new class of fourth-generation
poly(propylene imine) dendrimer functionalised with 32 triolefinic 15-membered
microcycles on the surface (G5-M). The synthesised G4-M dendrimer was character-
ised using NMR, IR, and elemental analysis (EA). The prepared G4-M dendrimer was
utilised for the fabrication and stabilisation of bimetallic RuRh nanoparticles (RuRh-
DSNs) via co-complexation method [81]. Stabilisation was achieved by ensuring that
metal ions of Ru and Rh are coordinated with both the surface groups and the tertiary
of the PPI dendrimer prior to the reduction of the dendrimer-metal ions composite
with excess NaBH,. In this study, dendrimer stabilised bimetallic RuRh nanoparticles
with various molar ratios (G4-M (Ru,Rhy)) were prepared and characterised using
high-resolution TEM and EDS techniques to determine the particle sizes and mor-
phology. The average nanoparticles diameter for the G4-M (Ru;Rh;), G4-M (RusRhs),
G4-M (RuzRh;) bimetallic catalysts were determined to be 6.1 + 1.4 nm, 4.5 + 1.5 nm,
7.7 + 2.1 nm, respectively. The morphology of these nanoparticles was observed to be
nearly uniform and almost spherical with a Gaussian-like size distribution.

The catalytic activity of the RuRh bimetallic nanoparticles was investigated in
the hydrogenation of nitrile-butadiene rubber (NBR). The hydrogenation capability
of these catalysts was measured in terms of the degree of hydrogenation (HD). All
bimetallic RuRh DSNs were found to give larger HD as compared to the correspond-
ing monometallic Ru or Rh DSN, despite the latter having smaller average particle
sizes. The G4-M (RuzRh; catalyst was found to exhibit higher catalytic hydrogenation
activity than the other evaluated two bimetallic ones. The recycling study performed
using the G4-M (RusRh; catalyst showed that only a slight loss of catalytic activity
was observed even after 3 reaction cycles. Higher catalytic activities displayed by the
bimetallic catalysts were attributed to the electronic effect. Some other catalytic reac-
tions involving monometallic and bimetallic colloidal Ru-based DEN catalysts have
been summarised in Table 1.

4.2 Synthesis, characterisation and catalytic applications of supported mono- and
bimetallic Ru-DENs

These coming sections will focus on the synthesis and characterisation of sup-
ported monometallic Ru-DEN and bimetallic Ru-based DEN catalysts as well as their
catalytic applications in the hydrogenation reactions involving aromatic compounds
(such as phenols), methanol and biomass-derived molecules (such as levulinic acid).

4.2.1 Monometallic supported Ru-DENs/DSNs catalysts for hydrogenation reactions

More recently, an interesting study on the synthesis of new two types of second-
generation dendrimers using the divergent approach has been reported by Keshtiara
etal. [91]. The first-generation dendrimer (a precursor for second-generation) was
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Catalyst Substrate Time Conversion Current TOF Ref
(h) (%) density/ (hh)
mA+ cm?

Ruyo-DENs LA 5 >99 5025 [82]
Ruyo@Meso-TiO, LA 5 92 3878 [82]
Ruyo@Meso-SiO, LA 5 94 5314 [82]
G4-RuSil60 Citral 4 84 — [83]
G5-RusSil60 Citral 4 22 — [83]
G6-RuSil60 Citral 4 12 — [83]
0.15 wt% G4-RuSil100 Toulene — 73.5 — [84]
Ru-DENs PMHS 2 44 — [85]
Ru7Rh3-DENs PMHS 2 71 — [85]
Ru5Rh5-DENSs PMHS 2 79 — [85]
G40H-PtyoRu,/C* Methanol — — 178 + 2.4 — [86]
G40H-PtyRuy/C° Methanol — — 136+ 46 — [86]
20% Pt-Ru PAMAM/ Methanol —_ —_ 0.25 — [87]
CNF

PPI-dendr-PEG-Ru-90 Benzene 2 29 — [88]
PPI-dendr-PEG-Ru-20 Benzene 2 >85 — [88]
PPI-dendr-PEG-Ru-90 Phenol 2 >80 — [88]
PPI-dendr-PEG-Ru-20 Phenol 2 >70 — [88]
Ru,,-nSTDP Cyclooctene 4 93 13.84 [89]
Ru,,,-nSTDP Cyclohexene 4 90 13.39 [89]
Ru,,,-nSTDP Benzyl 4 90 17.85 [89]

alcohol

Dendrimer-Derived 3,4-epoxy-1- — — 1162° [90]
PtRu/SiO, butene

PMHS = poly (methylhydro)siloxane.” Catalyst activated at 500°C.
bCatalyst activated at 400°C.

¢ -1

mimn .

Table 1.
Summary of dendrimer stabilised /encapsulated Ru-based catalysed reactions.

prepared from hexakis(bromomethyl)benzene (hex) core and vanillin branches. The
second step for the synthesis of two types of second-generation dendrimers involves
the reaction of the first-generation dendrimer precursor with ortho-aminopyridine (py)
and para-aminobenzoic acid (bza) to produce second-generation dendrimers, hexpyD
and hexbzaD, respectively. The produced dendrimers were characterised using tech-
niques such as attenuated total reflectance-infrared (ATR-IR), field-emission scanning
electron microscopy (FE-SEM), NMR, and TEM, among others. These dendrimers
were subsequently reacted with Ru** ions (in DMF solvent) to form hexanuclear Ru
(I11) chloride complexes. The formed complexes were each immobilised on a silica sup-
port in 2-methoxyethanol solvent and allowed to mix for 24 h. An excess of NaBH, was
then added to these complexes-silica mixtures, resulting in the formation of dendrimer
encapsulated/stabilised Ru nanoparticles immobilised on silica support (S-D/RuNPs).
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TEM analysis of the S-D/TEM catalysts revealed that the Ru nanoparticles synthesised
from hexpyD and hexbzaD have average sizes ranging from 0.2-4 nm to 0.6-20 nm,
respectively. Small sized-Ru nanoparticles obtained for S-D/RuNPs composite material
was attributed to the steric hindrance that exists on the periphery of the hexpyD den-
drimer template. Figure 5 shows TEM images (captured on different scales) for silica
supported Ru nanoparticles synthesised using hexpyD dendriemer. These TEM results
correlated well with the XRD analysis. For example, the broad peaks observed around
26 = 21.8° on the XRD patterns for S-D/RuNPs synthesised from hexpyD and hexbzaD
(Figure 6a and b) were attributed to the presence of amorphous silica. While the peaks
observed at 20 = 21.8° (Figure 5a and b) were assigned to the existence of RuO that may
have formed because of the surface oxidation of metallic Ru NPs. On the other hand,
isotherms collected from BET N, adsorption-desorption analysis showed characteristics
of mesoporous materials (type IV isotherms) and possess relatively high BET surface
area and narrow pore size distribution (see Figure 7a and b). The specific surface area
of 165 and 303 m*/g was measured for S-D/RuNPs derived from hexpyD and hexbzaD,
respectively.

The catalytic evaluation of these S-D/RuNPs catalysts was performed in the hydro-
genation of citral to 3,7-dimethyloctanol. Significant conversion rates (about 40%)
were observed for both catalyst only 30 min of the reaction at the optimum reaction
conditions applied and as such, turnover frequencies (TOFs) for these catalysts were
calculated based on the first 30 min of the reaction. The S-D/RuNPs prepared using

Figure 5.
TEM images of S-D/RuNPs prepared from hexpyD [91].
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XRD patterns of amorphous silica (a), and S-D/RuNPs prepared from hexpyD (b) and hexbzaD (c) [91].
a Adsorption/ desorption isotherm b BJH-Plot
300 . 0.15 4
'72 200 A01 e
- s
2 =
E =
i\ 100 0.05 /
0 0 008
0 05 1 1 10 100
- -~
Figure7.

Nitrogen adsorption-desorption isotherms (77 K) (a) and pove size distribution (b) of S-D/RuNPs prepared
from hexpyD [91].

the hexbzaD dendrimer was found to exhibit greater TOF as compared to the one
prepared using the hexpyD dendrimer. This was attributed to less sterically hindered
surfaces of the hexbzaD dendrimer as well as the large particles for RuNPs prepared
from hexbzaD, which provide a large number of adsorption sites.

The hydrogenation of alkyl-substituted phenols to the corresponding alkyl
substituted cyclohexanols over organo-silica supported dendrimer-stabilised Ru
nanocatalysts catalyst has also been reported by Karakhanov et al. [92]. In this case,
two types of silica support materials were fabricated through the modification of the
dendrimer template. Ideally, the PPI dendrimers were modified with (3-glyidoxy-
propyl)trimethoxysilane using ethanol as a solvent. After this, the acid-catalysed
hydrolysis and polymerisation of Si(OEt), occur for the formation of ordered porous
dendrimer-silica materials (dendr-G3-SiO,). Alternatively, mesoporous dendrimer-
silica materials were prepared by the addition of aqueous Pluronic P123 polymer to

31



Ruthenium — Materials Properties, Device Characterizations, and Advanced Applications

the previously modified dendrimer-silica materials (dend-G3-meso-SiO,). The PPI
dendrimers were playing the templating role for the pore formation for both cases.
These materials were thoroughly characterised using IR, XPS, NMR, and TEM to
confirm the coordination of the dendrimer with the silica support.

The synthesis of Ru nanoparticles immobilised onto these dendrimer-modified
silica supports was carried out by using the wetness impregnation method, which
involved the addition of an aqueous solution of Ru’* ions to either of the dendr-G3-
SiO; or dendr-G2-meso-SiO, support networks. This resulted in the coordination of Ru
ions with the amino groups of the dendrimer frameworks. The reduction of Ru** ions
was carried out using NaBH, in water-ethanol medium, at room temperature, result-
ing in the formation of dendr-G3-SiO,-Ru and dendr-G2-meso-SiO,-Ru catalysts. The
average Ru nanoparticles in the dendr-G3-SiO,-Ru and G2-meso-SiO,-Ru catalysts,
as determined byTEM analysis were found to be 0.97 + 0.09 nm and 1.28 + 0.09 nm,
respectively. These catalysts were evaluated in the hydrogenation of alkyl substituted
phenols. The dendr-G2-meso-SiO,-Ru catalyst was found to generally exhibit superior
activity as compared to the dendr-G3-SiO,-Ru catalyst. For instance, the hydrogena-
tion of meta-substituted phenol turnover frequency for the hydrogenation of meta-
substituted phenol was calculated to be 6090 h™" for the dendr-G2-meso-SiO,-Ru
catalysts as compared to 1841 h™! obtained for the dendr-G3-SiO,-Ru catalyst under
similar reaction conditions. Both catalysts, however, displayed appreciable stability as
could be re-used several times without any significant loss in their initial activities.

The same research group of Karakhanov also reported the hydrogenation of
a sustainable, biomass-derived molecule, levulinic acid (LA) and its esters to
y-valerolactone (GVL) catalysed by similar type of catalysts (G3-dendr-SiO,-Ru
G2-dendr-meso-SiO,) as those used for the hydrogenation of phenols [93]. The reac-
tion rate and the yield for GVL were found to be influenced by several factors such
as temperature, H, pressure, solvent, and support nature. For example, the mesopo-
rous silica supported dendrimer stabilised Ru catalyst gave quantitative GVL yields
(above 95%) within 2 h when the reaction temperature is set at 120°C. However,
when the reaction temperature is decreased from 120 to 80°C, it took 6 h to obtain a
quantitative yields of GVL. Similarly, when excess amount of water solvent is used
(LA:H,0 = 1:2) the conversion of LA was found to also increase. The promoting effect
of water on the hydrogenation of LA has also been reported by other authors [71].
Just like in the case of catalytic hydrogenation of phenols (using similar catalysts)
reported by this group, the G2-dendr-meso-SiO; catalyst was found to display superior
activity compared to its counterpart, G3-dendr-SiO,-Ru catalyst under similar reac-
tion conditions. This enhanced activity observed for the G2-dendr-meso-SiO, catalyst
was attributed to the carrier structure of the catalyst.

4.2.2 Bimetallic supported Ru-DENs/DSNs catalysts for hydrogenation and
oxidation reactions

Bimetallic Ru-containing DEN catalysts have also been reported to exhibit supe-
rior catalytic activity, particularly in reactions such as oxidation of methanol. Of
these Ru-based bimetallic DEN catalysts, supported Pt-Ru dendrimer encapsulated/
stabilised nanoparticles appear to have been well investigated, especially in the
oxidation of methanol. For example, Calderdn et al. reported the electro-oxidation
of methanol catalysed by carbon-nanofibers (CNF) supported dendrimer stabilised
Pt-Ru nanoparticles [94]. Different generations (G0-3) of PAMAM dendrimers were
used for the stabilisation of the synthesised supported Pt-Ru bimetallic nanoparticles
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in this case. The dendrimer generation was found to have an effect on the resulting
bimetallic nanoparticles. For instance, TEM analysis revealed that nanoparticles
synthesised using generation zero had low dispersion on the CNF support. Moreover,
the average particle size was found to decrease with an increase in dendrimer genera-
tion. For example, the average nanoparticle size of 3.7 + 0.1 nm was obtained for
generation-zero dendrimer, while generation three nanoparticles had an average size
of 1.9 + 0.4 nm prior to heat treatment. The heat treatment applied to clean the sur-
face of the nanoparticles (and possibly remove the organic dendrimer template) also
generally resulted in an increase in average particle sizes irrespective of the dendrimer
generation.

Preliminary catalytic activity of both sets of catalysts (non-heat treated and
heat-treated) in the electrochemical oxidation of methanol was evaluated in the
supporting electrolyte. The non-heat treated catalysts, particularly those prepared in
generation 0, 2, and 3 dendrimers, showed high capacitive currents for the hydrogen
adsorption-desorption process. The decrease in capacitive currents was observed for
all heat-treated catalysts, indicating a possible removal of the dendrimer template
during heat treatment process of the catalysts. The catalytic activities for electro-
chemical oxidation of methanol for all catalysts were done using voltamperometric
studies. All heat-treated catalysts were found to have higher activities (high current
densities) for methanol oxidation. This was attributed to the high content of Ru
oxides on the surface of these heat treated catalysts, which is believed to enhance the
oxidation of methanol.

Bimetallic PdRu nanoparticles prepared based on the stabilisation using third-gen-
eration PPI dendrimers crosslinked by hexamethylene diisocynate (HMDI) support
have also been utilised for the catalytic hydrogenation of aromatic compounds such as
benzene and its derivatives under two-phase condition [95]. The synthesised bimetal-
lic PdRu nanoparticles were determined to have a small average size of 0.8 + 0.1 nm
by TEM Although the bimetallic PdRu catalyst showed an increased hydrogenation
rate for benzene substrate (due to synergistic effect of Pd and Ru) as compared to its
monometallic Ru catalyst counterpart, its (bimetallic) activity drastically dropped
in the case of substituted aromatic compounds. This was attributed to the steric
hindrance that exist in the third-generation dendrimer structure. Table 1 contains
a summary of the reported catalytic system involving supported monometallic and
bimetallic dendrimer-derived Ru catalysts.

5. Effect of optimization/modification of dendrimer macromolecules on
the size of the NPs

Cognizant of all the discussion on the leveraging of dendrimers for stabilisation
and encapsulation of metal nanoparticles outlined in this chapter, it is imperative
to highlight that the optimization of the dendrimer macromolecule structure has
also been found to have an effect on the size of the formed NPs. The dendrimer
macromolecules condition can be can be optimised in few ways. For instance,
peripheral groups of the dendrimer can be functionalized or protonated. For
example, dendrimer-metal composite synthesised using amine- or carboxylic
acid-terminated dendrimers usually favours the complexation of the metal ions on
both the periphery groups and the tertiary amines. Reduction of such dendrimer-
metal ions composite will yield the mixture of both inter- and intradendrimer
nanoparticles. The interdendrimer nanoparticles (DSNs) are usually bigger than
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the intradendrimer nanoparticles (DENs). This is because DSNs are stabilised by
primary groups and are therefore prone to agglomeration as opposed to the DENs.
In order to avoid the formation of a mixture of both DSNs and DENS, the peripheral
groups can be functionalized or protonated (pH adjustment) [42]. For example, the
pH of the aqueous dendrimer solution can be adjusted to be in the range between
pH 2 and 5 to protonate the primary amine groups, leaving tertiary available for
complexation with metal ions. Subsequent reduction will favour the formation of
small-sized, monodispersed, and nearly spherical DENs. Alternatively, the surface
groups can be functionalized to quaternary ammonium terminated groups to cir-
cumvent complexation of metal ions with primary groups, which in turn promote
the formation of DENS.

6. Conclusions

Dendrimers can be leveraged for the synthesis of stable and catalytically active
Ru (and nanoparticles (and other noble metals). Different nanoparticle sizes of the
Ru-DEN catalysts can be tailored by manipulation of the dendrimers-to-metal ions
molar ratios. The size of the dendrimer and the encapsulated nanocatalyst can have
an effect on the catalytic performance. Although the synthesis of these Ru-DENs
(and other metal DENs) may look straightforward in theory, it is actually tedious and
has to be carried out cautiously to avoid errors as very low concentrations are used,
particularly for academic research purposes. Dendrimer-derived Ru catalysts have
been proven to be excellent catalysts in the hydrogenation and oxidation reactions
involving several substrates such as phenols, citral, and methanol. The use of emerg-
ing technologies such as liquid handling robotics can also assist in minimising these
potential human errors. Although there is a plethora of research publications for the
synthesis of DEN catalysts emerging from academic researchers around the globe, it
must poignantly be hinted that commercial dendrimers are excessively commercially
expensive for emerging researchers to afford, particularly from developing countries
as those found in the African continent. Therefore, research on the use of low-cost,
“in-house” synthesised dendrimers for nanocatalysts encapsulation must be pro-
moted to enhance participation from emerging young researchers coming from poor
countries or institutions. Additionally, although the use of these types of catalysts
(DENSs) have shown great potential to catalyse various reactions, their use in the
manufacturing industries is still lacking.

Dendrimer-derived bimetallic Ru-based catalyst proved to have superior activity
compared to monometallic Ru catalysts, particularly in reactions such as methanol
oxidation and hydrogenation of aromatic compounds. However, the synthesis of
Ru-DENS catalysts using sustainable and environmentally friendly reagents is yet
to be exploited. For example, the use of environmentally friendly precursors and
solvents for the synthesis of metal catalysts is still to be fully exploited. More impor-
tantly, synthetic methods that make use of sustainable and environmentally friendly
templating agents such as biopolymers (such as chitosan) for the encapsulation of
nanocatalysts must be developed.

34



Leveraging Dendrimer Macromolecules for the Encapsulation and Stabilisation of Nano-Sized...
DOI: http://dx.doi.org/10.5772/intechopen.111453

Author details
Mulisa Maumela™ and Ndzondelelo Bingwa2

1 Department of Mathematics, Science and Technology Education, University of
Limpopo, Sovenga, South Africa

2 Center for Synthesis and Catalysis, Department of Chemical Sciences, University of
Johannesburg, Johannesburg, South Africa

*Address all correspondence to: mulisa.maumela@ul.ac.za

IntechOpen

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

35



Ruthenium — Materials Properties, Device Characterizations, and Advanced Applications

References

[1] 4-Nitrophenols. Washington, DC:

Health and Environmental Effects Profile

in US Environmental Protection Agency;
1980. p. 135

[2] Hu H, Xin JH, Hu H, Wang X, Miao D,
LiuY. Synthesis and stabilization of
metal nanocatalysts for reduction
reactions—A review. Journal of Materials
Chemistry A. 2015;3:11157-11182

[3] Yang Q, Xu Q, Jiang HL. Metal-
organic frameworks meet nanoparticles:
Synergistic effect for enhanced
catalysis. Chemical Society Reviews.
2017;46:4774-4808

[4] Hunt ST, Milina M, Alba-Rubio AC,
Hendon CH, Dumesic JA,
Romadin-Leshkov Y. Self-assembly of
Noble metal monolayers on transition

metal carbide nanoparticle catalysts.
Science. 2016;352:974-978

[5] Saxena V, Kumar N, Saxena VK. A
comprehensive review on combustion
and stability aspects of metal
Nanoaprticles and its additive effect on
diesel and biodiesel fuelled C.I. Engine.
Renewable and Sustainable Energy
Reviews. 2017;70:563-588

[6] Hvolbaek H, Janssens TVW,
Bjerne BS, Falsig H, Christensen CH,
Norskov JK. Catalytic activity of

Au nanoparticles. NanoToday.
2007;2:14-18

[7] Narayan N, Meiyazhagan A, Vajtai R.
Metal nanoparticles as green catalysts.
Materials. 2019;12:1-12

[8] Majedi SM, Lee HK. Recent advances
in the seperation and quantificatrion of
metallic nanoparticles and ions in the
environment. TrAC Trends in Analytical
Chemistry. 2016;75:183-196

36

[9] Shylesh S, Schiinemann V, Thiel WR.
Magnetically seperable nanocatalysts:
Bridges between homogeneous and
heterogenenous catalysis. Angewandte
Chemie, International Edition.
2010;49:3428-3459

[10] Chechik V, Crooks RM. Dendrimer-
encapsulated Pd nanoparticles as
fluorous phase-soluble catalysts. Journal
of the American Chemical Society.
2000;122:1243-1244

[11] Nemanashi M, Meijboom R.

"Cat in bag" recycling of denderimer
encapsulated Au nanoparticles by
dialysis membrane in the reduction of
4-nitrophenol: Proof of heterogeneous
catalysis. Catalysis Communications.
2016;83:53-57

[12] Astruc D, Lu F, Aranzaes JR.
Nanoparticlesc as recyclabe catalysts:
The frontier between homogeneous and
heterogeneous catalysis. Angewandte
Chemie, International Edition.
2005;44:7852-7872

[13] Tabor C, Narayanan R,

El-Sayed MA. Catalysis with transition
metal nanoparticles in colloidal
solutions: Heterogeneous or
homogeneous? Model Systems in
Catalysis. 2009:395-414

[14] Jamkhande PG, Ghule NW,

Bamer AH, Kalaskar MG. Metal
nanoparticles synthesis: An overview
on methods of preparation, advantages
and dissadvantages, and applications.

Journal of Drug Delivery Science and
Technology. 2019;53:1-11

[15] Meyers MA, Mishra A, Benson DJ.
Mechanical properties of nanocrystalline
materials. Progress in Materials Science.
2006;51:427-556



Leveraging Dendrimer Macromolecules for the Encapsulation and Stabilisation of Nano-Sized...

DOI: http://dx.doi.org/10.5772/intechopen.111453

[16] Mukherjee P, Ahmad A, Mandal D,
Sainkar SR, Khan MI, Parishcha R, et al.
Fungus mediated synthesis of silver
nanoparticles and their immobilization
in the mycelia matrix: A novel biological

approach to nanoparticle synthesis. Nano
Letters. 2001;1:515-519

[17] Grohn AJ, Prastinis SE,
Sanchez-Ferrer A,MezzengaR, WegnerK.
Scale-upofnanoparticlesynthesisbyflame
spray pyrolysis: The high-temperature
particle residence time. Industrial

and Engineering Chemistry Research.
2014;53:10734-10742

(18] Kimling J, Maier M, Okenve B,
Kotaidis B, Ballot V, Plech H. Turkevich
method for gold nanoaprticle synythesis
revisited. The Journal of Physical
Chemistry. B. 2006;110:15700-15707

[19] Karakhanov EA, Maskimov AL,
Zolotukhina AV, Kardasheva YS.
Hydrogenation catalysts based on metal
nanoaprticles stabilized by organic
ligand. Russian Chemical Bulletin.
2013;5:1465-1492

[20] Gonzalez-Galvez D, Lara P, Rivada-
Wheelaghan O, Conejero S,

Chaudret B, Philippot K, et al. NHC-
stabilized ruthenium nanoaprticles as
new catalysts for the hydrogenation

of aromatics. Catalysis Science &
Technology. 2013;3:99-105

[21] Lara P, Philippot K,

Chaudret B. Organometallic ruthenium
nanoaprticles: A comparative study

of the influence of the stabilizers on
their characteristics and reactivity.
ChemCatChem. 2013;5:28-45

[22] Maskimov AL, Kuklin SN,
Kardasheva YS, Karakhanov EA.
Hydrogenation of phenols in ionic liquids
on rhodium nanoparticles. Petroleum
Chemistry. 2013;53:157-163

[23] Dawson R, Cooper AL, Adams DJ.
Nanoporous organic polymer networks.

37

Progress in Polymer Science.
2012;37:530-563

[24] Axet MR, Philippot K. Catalysis
with colloidal ruthenium nanoparticles.
Chemical Reviews. 2020;120:1085-1145

[25] Hasegawa S, Tsukuda T. Exploring
novel catalysis using polymer-stabilized
metal clusters. Bulletin of the Chemical
Society of Japan. 2021;94:1036-1044

[26] Kuklin SN, Maximov A,

Zolotukhina AV, Karakhanov EA. New
approach for highly selective
hydrogenation of phenol to
cyclohexanone: Combination of rhodium
nanoparticles and cyclodextrins. Catalysis
Communications. 2016;73:63-68

[27] Noél S, Léger B, Ponchel A,
Philippot K, Denicourt-Nowicki A,
Roucoux A, et al. Cyclodextrin-based
systems for the stabilization of metallic
(0) nanoaprticles and their versatile
applications in catalysis. Catalysis Today.
2014;235:20-32

[28] Liu Y, Hartman RL. Reaction
kinetics of a water-soluble palladium-
p-cyclodextrin catalyst for a suzuki-
miyaura cross-coupling in continous
flow. Reaction Chemistry and
Engineering. 2019;4:1341-1346

[29] Cocq A, Bricout H, Djedaini-Pilard F,
Tilloy S, Monflier E. Rhodium-catalyzed
aqueous biphasic olefin hydroformylation
promoted by amphiphilic cyclodextrins.
Catalysts. 2020;10:56

[30] HucV, Pelzer K. A new specifically
designed calix[8]arene for the synthesis
of functionalized, nanometric

and subnanometric Pd, Pt, and Ru
nanoparticles. Journal of Colloid and
Interface Science. 2008;318:1-4

[31] Zhang Q, Catti L, Tiefenbancher K.
Catalysis inside the hexameric



Ruthenium — Materials Properties, Device Characterizations, and Advanced Applications

resorcinarene capsule. Accounts of
Chemical Research. 2018;51:2107-2114

[32] Gaeta C, Talotta C, Rosa MD,

Manna PL, Soriente A, Neri P. The
hexameric resorcinarene capsule at work:
Supramolecular catalysis in confined

spaces. Chemistry - A European Journal.
2019;25:4899-4913

[33] Zhang W, SunY, Zhang L.
Fabrication of high efficient silver
nanoparticles catalyst supported
on poly(gylcidylmethacrylate)-
polyacrylamine. Industrial and
Engineering Chemistry Research.
2016;55:12398-12406

[34] Malakhova I, Privar Y, ParotkinaY,
Mironenko A, Elisseikina M, Balatskiy D,
et al. Rational design of polyamine-
based cryogels for metal ion sorption.
Molecules. 2020;25:4801

[35] Dzhardimalieva GI, Uflyand IE.
Preparation of metal-polymer
nanocomposites by chemical reduction
of metal ions: Functions of polymer
matrices. Journal of Polymer Research.
2018;25:255

[36] Ohde H, Wai CM, Kim H, Kim J,
Ohde M. Hydrogenation of olefins in
supercritical CO, catalyzed by
palladium nanoparticles in a water-CO,
microemulsion. Journal of the American
Chemical Society. 2002:4540-4541

[37] Yoon B, Kim H, Wai CM. Dispersing
palladium nanoparticles using a water-
in-oil microemulsion-homogenization
of heterogeneous catalyisis. Chemical
Communications. 2003:1040-1041

(38] Illunga AK, Meijboom R. A review
of dendrimer-encapsulated metal
nanocatalysts applied in the fine
chemicals transformation. Catalysis
Letters. 2019;159:84-99

[39] Huang W. Dendrimer-encapsulated
metal nanoparticles: Synthesis and

38

application in catalysis. In: Current
Trends of Surface Science and Catalysis.
Springer; 2014. pp. 65-87

[40] Myers VS, Weir MG, Carino EV,
Yancey DF, Pande S, Crooks RM.
Dendrimer-encapsulated nanoaprticles:
New synthetic and characterization

methods and catalytic applications.
Chemical Science. 2011;2:1632-1642

[41] Karakhanov E, Maximov A,
ZolotukhinaA.Heterogeneousdendrimer-
based catalysts. Polymers. 2022;14:981

[42] Scott RW], Wilson OM,

Crooks RM. Synthesis, characterization,
and applications of dendrimer-
encapsulated nanoparticles. The
Journal of Physical Chemistry. B.
2005;109:692-704

[43] NiuY, Crooks RM. Dendrimer-
encapsulated nanoparticles and their
applications to catalysis. Comptes Rendus
Chimie. 2003;6:1049-1059

[44] Nemanashi M, Noh J-H,

Meijbbom R. Dendrimers as alternative

templates and pore-directing agents for

the synthesis of micro- and mesoporous

materials. Journal of Materials Science.
2018;53:12663-12678

[45] Buhleier EW, Wehner W,

Végtle F. Cascade -and nonskid-chain-
like. Syntheses of Molecular Cavity
Topologies, Synthesis. 1978;2:155-158

[46] Tomalia DA, Baker H, Dewald JR,
Halls M, Kallos G, Martin S, et al. A new
class of polymers: Starburst-dendritic

macromolecules. Polymer Journal.
1985;17:117-132

[47] Newkome GR, Yao Z-Q, Baker GR,
Gupta K. Micelles. Part 1. Cascade
molecules: A new approach to Micelles.
A [27]-arborols. The Journal of Organic
Chemistry. 1985;50:2004-2004



Leveraging Dendrimer Macromolecules for the Encapsulation and Stabilisation of Nano-Sized...

DOI: http://dx.doi.org/10.5772/intechopen.111453

[48] Hawker CJ, Fréchet JMJ. Preparation
of polymers with controlled molecular
architecture: A new convergent approach
to dendritic macromolecules. Journal

of the American Chemical Society.
1990;112:7638-7647

[49] Sandoval-Yafiez C, Rodriguez C.
Dendrimers: Amazing platforms for

bioactive molecule delivery systems.
Materials. 2020;13:570

[50] Balzani V, Ceroni P, Gestermann S,
Kauffmann C, Gorka M, Vogtle F.
Dendrimer as fluorescent sensors with
signal amplification. Chemical
Communications. 2000:853-854

[51] Astruc D, Boisselier E, Ornelas C.
Dendrimers designed for functions:
From physical, photophysical,

and supramolecular properties to
applications in sensing, catalysis,
molecular electronics, photononics,
and nanomedicine. Chemical Reviews.
2010;110:1857-1959

[52] Wazir MB, Daud M, Ali F,
Al-Harthi MA. Dendrimer assisted dye-
removal: A critical review of adsorption
and catalytic degration for wastewater

treatment. Journal of Molecular Liquids.
2020;315:113775

[53] Astruc D, Chardac F. Dendritic
catalysts and dendrimers in catalysis.
Chemical Reviews. 2001;101:2991-3024

[54] Thomas JM. The enduring relevance
and academic fascination of catalysis.
Nature Catalysis. 2018;1:2-5

[55] Gao C, Lyu F, Yin Y. Encapsulation
of metal nanoaprticles for catalysis.
Chemical Reviews. 2020;121:834-881

[56] Niu 'Y, Crooks RM. Preparation of
dendrimer-encapsulated nanoparticles

using organic solvents. Chemistry of
Materials. 2003;15:3463-3467

39

[57] Rangasamy R, Lakshmi K,

Selvaraj M. Synthesis of ultrafine AuPd
bimetallic nanoaparticls using a
magnetic-cored poly(propyleneimine)
dendrimer template and its sustainable
catalysis of the Suzuki coupling
reaction. New Journal of Chemistry.
2021;45:14227-14235

[58] Crooks RM, Zhao M,

Sun L, Chechik V, Yeung LK. Dendrimer-
encapsulated metal nanoparticles:
Synthesis, characterization, and
application to catalysis. Journal of

the American Chemical Society.
2001;34:181-190

[59] Zhao M, Crooks RM. Preparation
of Cu nanoclusters within dendrimer
templates. Journal of the American
Chemical Society. 1998;120:4877-4878

[60] Wang H, Rempel GL. Bimetallic
dendrimer-encapsulated nanoparticle

catalysts. Polymer Reviews.
2016;56:486-511

[61] Chechik V, Zhao M, Crooks RM. Self-
assembled inverted micelles prepared
from a dendrimer template: Phase
transfer of encapsulated guests. Journal
of the American Chemical Society.
1999;121:4910-4911

[62] Zhao M, Crooks RM. Homogeneous
hydrogenation catalysis using
monodispersed, dendrimer-encapsulated
Pd and Pt nanoparticles. Angewandte
Chemie, International Edition.
1999;38:364-366

[63] Yeung LK, Crooks RM. Heck
heterocoupling within a dendritic
nanoreactor. Nano Letters. 2001;1:14-17

[64] Zhao M, Tokuhisa H, Crooks RM.
Interactions between organized, surface-
confined monolayers and liquid-phase
probe molecules. 5. Molecule-sized gates
based on surface-confined dendrimers.



Ruthenium — Materials Properties, Device Characterizations, and Advanced Applications

Angewandte Chemie (International Ed.
in English). 1997;36:2596-2598

[65] Lang H, May RA, Iverson BL,
Chandler BD. Denrimer-encapsulated
Nanoaprticles precursors to supported
platinum catalysts. Journal of

the American Chemical Society.
2003;125:14832-14836

[66] Nemanashi-Maumela M, Nongwe I,
Motene RC, Davids BL, Meijboom R.
Au and Ag nanoparticles encapsulated
within silica nanospheres using
dendrimers as dual templating agent
and their catalytic activity. Molecular
Catalysis. 2017;438:184-196

[67] Yamamoto K, Imaoka T, Tanabe M,
Kambe T. New horizon of nanoparticle

and cluster catalysis with dendrimers.
Chemical Reviews. 2020;120:1397-1437

[68] Seretis A, Diamantopoulou P,
Thanou I, Tzevelekidis P, Fakas C, Lilas P,
et al. Recent advances in ruthenium-
catalyzed hydrogenation reactions of
renewable biomass-derived Levulinic
acid in aqueous media. Frontiers in
Chemistry. 2020;8:1-22

[69] Montgomery TP, Johns AM,

Grubbs RH. Recent advancements in
stereoselective olefin metathesis using
ruthenium catalysts. Catalysts. 2017;7:87

[70] Saadatjou N, Jafari A, Sahebdelfar S.
Ruthenium nanocatalysts for ammonia
synthesis: A review. Chemical

Engineering Communications.
2015;202:420-448

[71] Maumela M, Sanette S,

Meijboom R. Heterogeneous Ru catalysts
as the emerging potential superior
catalysts in the selective hydrogenation
of bio-derived Levulinic acid to
y-valerolactone: Effect of particle size,
solvent, and support on activity, stability,
and selectivity. Catalysts. 2021;11:292

40

[72] Lafaye G, Williams CT,

Amiridis MD. Synthesis and microscopic
characterization of dendrimer-derived
Ru/ALO; catalysts. Catalysis Letters.
2004;96:43-47

[73] Lafaye G, Siani A, Marécot A,
Amiridis MD, Williams CT. Particle
size control in dendrimer-derived
supported ruthenium catalysts. The
Journal of Physical Chemistry. B.
2006;110:7725-7731

[74] Azzam MO, Al-Tarazi M, TahboubY.
Anodic destruction of 4-chlorophenol
solution. Journal of Hazardous Materials.
2000;75:99-113

[75] Jiang S, Ni H, Li P, Wang ], Ren H.
Metal/N-doped carbon (metal = Ag,
Cu, Ni) nanocatalysts for selective
hydrogenation of 4-nitrophenol.
Catalysis Communications.
2021;152:106280

[76] Megharaj M, Pearson HW,
Venkateswarlu K. Toxicity of phenol
and three nitrophenols towards

growth and metabolic activities of
Nostoclinckia isolated from soil. Archives
of Environmental Contamination and
Toxicology. 1991;21:578-584

[77] Vaidya MJ, Kulkarni SM,

Chaudhari RV. Synthesis of
p-aminphenol by catalytic hydrogenation
of p-nitrophenol. Organic Process

Research and Development.
2003;7:202-208

[78] Antonels NC, Meijboom R.
Preparation of well-defined dendrimer
encapsulated ruthenium nanoparticles
and their evaluation in the reduction
of 4-nitrophenol according to the
Langmuir-Hinshelwood approach.
Langmuir. 2013;29:13433-13442

[79] Murugan E, Pakrudheen I. Efficient
amphiphilic poly (propylene imine)



Leveraging Dendrimer Macromolecules for the Encapsulation and Stabilisation of Nano-Sized...

DOI: http://dx.doi.org/10.5772/intechopen.111453

dendrimer encapsulated ruthenium
nanoparticles for sensing and catalysis
applications. Science of Advanced
Materials. 2014;6:1-11

[80] Marvin KA, Thadani NN,
Atkinson CA, Keller EL, Stevenson KJ.
Preparation and catalytic evaluation
of ruthenium-nickel dendrimer
encapsulated nanoparticles via
Intradendrimer redox displacement
of nickel nanoparticles. Chemical
Communications. 2012;48:6289-6291

[81] Wang Y, Peng X. RuRh bimetallic
nanoparticles stabilized by 15-membered
macrocycles-terminated poly (propylene
imine) dendrimer: Preparation and
catalytic hydrogenation of nitrile—
Butadiene rubber. Nano-Micro Letters.
2014;6:55-62

[82] Nemanashi M, Noh J-H,

Meijboom RM. Hydrogenation of
biomass-derived Levulinic acid to
Valerolactone catalysed by mesoporous
supported dendrimer-derived Ru and Pt
catalysts: An alternative method for the
production of renewable fuels. Applied
Catalysis. 2018;550:77-89

[83] Antonels NC, Meijboom RM.
Preparation of well-defined dendrimer
encapsulated ruthenium nanoparticles
and their application as catalyst and
enhancement of activity when utilised
as SCILL catalysts in the hydrogenation
of citral. Catalysis Communications.
2014;57:148-152

[84] Antonels NC, Williams MB,
Meijboom RM. Well-defined dendrimer
encapsulated ruthenium SCILL catalysts
for partial hydrogenation of toluene

in liquid-phase. Journal of Molecular
Catalysis A: Chemical. 2016;421:156-160

[85] Peng X, Pan Q, Lu X.
Regioselective catalyzed modification

of poly(methylhydro)siloxane
M

using RuRh and RuPt bimetallic
dendrimer-encapsulated nanoparticles.
Journal of Applied Polymer Science.
2011;122:334-341

[86] GuY, Wu G, Hu XF, Chen DA,
Hansen T, Loye H-C, et al. PAMAM-
stabilized Pt-Ru nanoparticles for

methanol electro-oxidation. Journal of
Power Sources. 2010;195:425-434

[87] Maiyalagan T. Pt-Ru nanoparticles
supported PAMAM dendrimer
functionalized carbon nanofiber
composite catalysts and their
application to methanol oxidation.
Journal of Solid State Electrochemistry.
2009;13:1561-1566

[88] Karakhanov E, Maximov A,
Zolotukhina A, Kardasheva,

Talanova M. Thermo-responsive
ruthenium dendrimer-based catalysts
for hydrogenation of aromatic
compounds and phenols. Journal of
Inorganic and Organometallic Polymers.
2016;26:1264-1279

[89] Kashani SH, Moghadam M,
Tangestaninejad S, Mirkhani V,
Mohammadpoor-Baltork I. Ruthenium
nanoparticles immolized on nano-

silica functionalized with thiols-

based dendrimer: A nanocomposite
material for oxidation of alcohols and
epoxidation of alkenes. Catalysis Letters.
2018;148:1110-1123

[90] Liu D, Jestis YML-D, Monnier JR,
Williams CT. Preparation,
characterization, and kinetic evaluation
of dendrimer-derived bimetallic Pt-Ru/
SiO; catalysts. Journal of Catalysis.
2010;269:376-387

[91] Keshtiara P, Hadadzadeh H,
Daryanavard M, Mousavi N, Dinari M.
New dendrimers containing ruthenium
nanoparticles as catalysts for
hydrogenation of citral to



Ruthenium — Materials Properties, Device Characterizations, and Advanced Applications

3,7-dimethyloctanol. Materials
Chemistry and Physics. 2020;249:122962

[92] Karakhanov E, Maximov A,
Zolotukhina A, Mmadli A,

Vutolkina A, Ivanov A. Denrimer-
stabilized Ru nanoparticles immobilized
in organo-silica for hydrogenation of
phenols. Catalysts. 2017;7:86

[93] Maximov AL, Zolotukhina AV,
Mamedli AA, Kulikov LA,
Karakhanov EA. Selective levulinic
acid hygrogenation in the presence

of hybrid dendrimer-based catalysts.
Part I. Monometallic. ChemCatChem.
2018;10:222-233

[94] Calderén JC, Calvillo L,

Lazaro MJ, Rodriquez JL, Pastor E. Effect
of dendrimer generatioin used in

the synthesis of Pt-Ru nanoaprticles
supported on carbon nanofibers on the
catalytic activity towards methanol
oxidation. Energies. 2017;10:159

[95] Karakhanov EA, Maximov AL,
Zolotukhina AV, Terenina MV,
Vutolkina AV. Nanoheterogeneous
ruthenium-containing catalysts based
on dendrimers in the hydrogenation

of aromatic compounds under two-
phase condition. Petroleum Chemistry.
2016;56:491-502

42



Section 2

Device Characterizations

43






Chapter 3

Inertness and Other Properties of
Thin Ruthenium Electrodes in

ReRAM Applications

Amrita Chakraborty, Mohammad Al-Mamun and
Marius Orlowski

Abstract

Building nonvolatile memory such as resistive random access memory (ReRAM)
directly into a CMOS backend (BEOL) would reduce latency in connectivity-constrained
devices and reduce chip’s footprint by stacking non-volatile memory (NVM) on top of
the logic circuits. This co-integration is facilitated by a broad commonality between
ReRAM and BEOL as both rely on the same basic metal-insulator-metal (MIM) struc-
ture. One good candidate for a ReRAM cell is the Cu/TaO,/Pt device. As platinum (Pt) is
not an economic choice, a BEOL-compatible replacement is desirable. A good candidate
to replace Pt electrode is ruthenium (Ru), currently being used as a liner/diffusion
barrier in sub-15 nm technology nodes and soon to supplant tungsten as via, and copper
(Cu) as interconnect materials. We report on extensive characterization of a Cu/TaOy/
Ru device and compare its performance and reliability with extant ReRAM devices.
Against the background of well-characterized non-Ru ReRAM devices, Cu/TaO,/Ru cell
constitutes a micro-laboratory for testing a wide range of Ru properties with the Cu
nanofilament as a probe. Since the temperature of the cell can be controlled internally
from 27°C to ~1100°C, thin Ru layers can be subjected to much more comprehensive
tests than it is possible in the interconnect MIM structures and reveal and confirm
interesting material properties, including the impact of embedment.

Keywords: chemical inertness, surface roughness, thermal conductivity, grain
nucleation, columnar grains, stopping power, diffusion barrier, melting temperature,
layer embedment, surface nucleation, adatom surface diffusion

1. Introduction

This chapter looks at the material properties of thin Ru films from the perspective
of their suitability for use as an inert electrode in ReRAM cells, such as Cu/TaO,/Ru
[1], that lends itself to be readily integrated in the CMOS back-end-of-line (BEOL)
[2]. Advanced interconnects at 10 nm half-pitch, in order to overcome the scaling
issues with Cu interconnects, increasingly pin hopes on ruthenium metallization, not
only as a liner and diffusion barrier for Cu, but also as a stand-alone material for
contact plug, via, and even interconnect lines [3-5]. Such integration of ReRAM

45 IntechOpen



Ruthenium — Materials Properties, Device Characterizations, and Advanced Applications

memory into BEOL has the potential of reducing the latency in connectivity-constrained
computational devices and of bringing logic and memory closer together [6-8]. This
co-integration is rendered possible and viable as low-k dielectrics and Cu/Ru/Co inter-
connect lines already prefigure a ReRAM device as a MIM structure, and the crossbar
architecture of a typical two-terminal ReRAM memory array consists of electrode lines
that may serve as interconnect lines and vice versa with metal vias being replaced by
ReRAM switching layer. The replacement of the via material with the switching layer
leads to the concept of formation of conductive vias on the fly, by an application of an
electric pulse after the IC chip has been already manufactured [9]. Building NVM directly
into a CMOS low-k interconnect back-end, would not only reduce latency in connectivity
constrained computational devices but also reduce the footprint of a chip by stacking
memory on top of the logic. Upon successful integration, the interconnect information
bottleneck could be untied and morphed into several system architectures using the same
basic universal hardware platform.

Given the auspicious circumstances, we elucidate in this chapter the material
properties of Ru in the light of comparison of the performance of a Cu/TaO,/Ru
device with its well-researched ReRAM counterparts. In addition, as the ReRAM
devices, such as Cu/TaO,/Ru, can be intrinsically and locally heated up to ca 1100°C,
thin Ru layers can be subjected to much more comprehensive tests than it is possible
in the interconnect MIM structures to reveal material properties of as a stand-alone
and as an embedded Ru material.

The ReRAM devices, by themselves, have recently been of great interest to both
industry and academia as a potential replacement for a stand-alone volatile dynamic
random-access memory (DRAM) and nonvolatile flash memories (NVM) that are
nearing the end of their dimensional scaling roadmaps [7]. These two-terminal
devices exhibit figure eight-like pinched current-voltage (I-V) hysteresis switching
between a high resistance OFF state (Ro¢) and a low resistance ON-state (R,,) with
memristive characteristics [10-12]. Resistive memory cells also hold promise for
neuromorphic applications [13-15]. A specific subcategory of a ReRAM device, the
conductive bridge random access memory (CBRAM) is being extensively explored as
a promising candidate for a resistive memory device [16] and serves here as a probe
into Ru property materials. In general, a CBRAM device consists of an active anode, an
insulating layer, and an inert cathode. The anode consists of Cu, Ag, or Ni, which can
dissolve in the solid electrolyte layer [17, 18]. The resistive switching (RS) behavior
can be explained by a formation and rupture of a Cu conductive filament (CF). The
insulating layer, a dielectric, also called the switching layer, such as Ta,0s, TaOy,
GeSe, GeS,, Al,03, and SiO, [19], allows for ion and defect electromigration when an
electric field is applied. When a positive voltage is applied to the Cu electrode, Cu*
cations are generated according to the redox reaction, Cu—Cu’+e”, which dissolve,
and migrate into the solid electrolyte [20]. Cu” cations, after traversing the switching
layer under the influence of an electric field, are electrochemically reduced on the Pt
cathode which acts as an effective diffusion barrier for Cu atoms. As more Cu atoms
accumulate, a nanoscale conductive filament (CF) is formed, shorting the two elec-
trodes in so-called FORM and SET processes. The FORM operation describes the
formation of the CF for the first time in a virgin memory cell. The SET operation is the
restoration of an already-formed conductive filament after it had been partially rup-
tured in the so-called RESET operation. The ON state is characterized by the resis-
tance of the Cu CF, R,,, and when the CF is ruptured the device reverts to a high
resistance OFF-state, characterized by the off-resistance, Rog. The ON/OFF ratio of
CBRAM is usually significantly higher than 10° [21] and potentially allows multilevel
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switching in a single memory cell to store more than one bit of data [22]. To date, Cu/
TaO,/Pt based devices have proven to be one of the more popular types of CBRAM
devices due to numerous reports of excellent unipolar and bipolar switching charac-
teristics, device performance, retention, reliability, endurance, and yield [23, 24].
Commercialization of non-volatile memory products based on RS devices derived
from a Cu/TaO,/Pt cell has also been reported [25].

Against this backdrop, the main focus of the chapter lies on the Cu/TaO,/Ru
device. As already mentioned, Ru is a good candidate to replace Pt and has been
already deployed in the earlier CMOS BEOL technology nodes supplanting Ta or TaN
as the liner material [26, 27]. Ru is ca. 45 times less expensive than Pt but has similar
inertness properties as Pt. Pt and Ru are both transition metals with almost identical
outer shell structure: The electron configuration for Ru is [Kr] 4d’5s! for Pt [Xe]
4f*54%6s', where Kr and Xe denote the noble gases, Krypton and Xenon, respectively.
Ru has a single electron in the fifth orbital and 15 electrons in the fourth orbital, while
the larger Pt atom has a single electron in the sixth orbital and 17 electrons in the
incomplete fifth orbital. In addition, the Ru-Cu phase diagram shows negligible solid
solubility between the two elements, even at 900°C, rendering Ru an excellent diffu-
sion barrier for Cu diffusion [28]. The work function of Ru of 4.75 eV is comparable to
that of Cu 4.7 eV and much lower than that of Pt of 6.35 eV which has the highest
work function among metals. The material properties of metals under consideration in
this investigation are summarized in Table 1. The work function difference between
Cu and Pt/Ru is partly responsible for the higher forming and set voltages in Ru
devices as compared with Pt devices.

The chapter is organized as follows: In Section 2, we describe briefly the fabrication
process of the ReRAM cells employed here. In Section 3 we establish the characteristic
features of the electrical performance of a Cu/TaO,/Pt device, serving as our base line
device, for comparisons with its counterparts, the Ru and cobalt (Co) devices. In
Section 4 we discuss the analogous electric characteristics of the Cu/TaO,/Ru, or Ru
device for short. In this framework, we discuss how the performance of the Ru device
differs from the performance of derivative devices and how these differences in
performance can be related to material properties of Ru. In Section 5, we analyze how
the surface roughness (SR) properties of the metals, established by Atomic Force
Microscope (AFM) measurements, have an impact on the electric performance of the
respective devices. In Section 6, we present results on reliability and endurance tests
of the three devices, which show that Ru shows markedly degraded reliability behav-
ior compared with the Pt devices. In Section 7, we present evidence that different
embedment scenarios of the same identical Ru device, lead to significantly different
electrical performance and reliability of Ru devices. Finally, in Section 8, we present
x-ray diffraction (XRD) studies of the pertinent layer systems annealed at elevated

Work Fct. [eV] Therm. Cond. [W/mK] Melt. Temp. [°C] S.R. at 27°C [nm]

Cu 4.7 386 1084 2.7

Pt 6.3 69 1770 1.8

Ru 4.7 116 2334 1.5

Co 5.0 69 1495 2.3
Table 1.

Material properties of metals: Work function, thermal conductivity, and melting temperature, and surface
roughness at 27°C after EBPVD deposition of metals used in our vesistive switching devices.
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temperatures and show that at annealing temperatures higher than 425°C, interlayer
reactions in terms of formation of ruthenium and copper silicide occur, and lead to
degraded functionality, particularly of the Ru devices.

2. Fabrication of ReRAM devices

Figure 1a shows the optical micrograph of the crossbar architecture and the device
cross section of a typical Cu/TaO,/Pt resistive switch. The devices are fabricated in a
crossbar array on a thermally oxidized Si substrate with a SiO, thickness of 730 nm.
Both metal electrodes and the metal oxide were deposited by electron beam physical
vapor deposition (EBPVD) and patterned by layer lift-off technique. A thin titanium
(Ti) layer of 25 nm was used between Pt/Ru/Co and SiO, to improve the adhesion of
the Pt/Ru/Co layer. The thickness of the TaO, switching layer is 25 nm. The width of
metal lines varies between 5 and 35 pm resulting in rectangular device areas of the
device in the range of (5 to 35) x (5 to 35) pm?. The distance between the metal lines is
150 pm. All metal layers (Cu, Pt, Ru, Co, Cr, Ti) were deposited by EBPVD in a Kurt
Lesker e-beam PVD-250 chamber. I-V characteristics were measured by a Keithley
4200-SCS at room temperature. The oxygen-deficient TaOy (x ~ 1.9) was deposited
also in the PVD-250 chamber by evaporating Ta,Os pellets without O, injection into
the evaporation chamber. The thicknesses of Ru, Pt, Co, and Cu layers are 50, 50, 50,
and 150 nm, respectively. The details of the sample manufacturing process have been
given in [21, 29] where the role of the stoichiometry parameter x in TaO, on resistive
switching properties is being discussed in detail.

Figure 2 shows the cross-section view of five devices that have been manufactured
for this study. Figure 2a shows the base line device of Cu/TaO,/Pt including the two
derivative devices, where Pt has been replaced by Ru and Co electrodes. Figure 2b
shows a different embedment of an identical Cu/TaO,/Ru device as in Figure 2a,
where an additional TaOy layer has been inserted below the device proper, between
the 730 nm thick field oxide and the Ti glue layer. Figure 2c shows still another
embedment case of the Ru device, where the Ti glue layer has been replaced by a
Chromium (Cr) glue layer. The additional 30 nm thick TaOy layer, and the Cr layer
have also been deposited by EBPVD.

Cu/TaOx/Pt device

LE06 *
LE07 .
LE08 ’ I
LEO9 Vrese: Vset
LE10
- 4 ] 1 2 3 ) s
(a ) [h) Voltage (V)

Figure 1.

(a) Optical micrograph of the crossbar architecture of the Cu/TaO,/Pt, Cu/TaO/Ru, and Cu/TaO,/Co devices.
(b) Set and reset operation of the Cu/TaOx/Pt device with I, = 10 pA. The I-V characteristics of Cu/TaO./Ru
and Cu/TaO,/Co devices look very similay. The critical switching voltages, Viopm Vier, and Vi for the Cu/TaO./
Pt, Cu/TaO,/Ru, and Cu/TaO,/Co devices are summarized in Table 2.
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Figure 2.

Cross-sections of the five ReRAM devices. (a) Baseline Cu/TaOx/Pt device with two derivative devices, where Pt is
veplaced by Ru and Co. (b) Identical Ru device as in (a) but with additional TaO, layer inserted between Ti glue
layer and 730 nm thick field oxide. (c) another case of embedment of the Ru devices where the Ti glue layer has
been replaced by a Cr glue layer.

3. Electrical properties of ReRAM cell (Cu/TaO,/Pt)

In this section, we establish the basic device properties of the Cu/TaO,/Pt device.
Those properties will serve as a base line comparison for the performance of the Cu/
TaO,/Ru device. The analysis of the differences between those devices and the Cu/
TaO,/Co device allow us to assess the material properties of Ru. When a positive
voltage applied to the Cu electrode of a Cu/TaO,/Pt is swept at a constant voltage
ramp rate rr [V/s], the current will remain substantially zero until a critical voltage,
Vet is reached, at which a Cu CF is formed connecting the Cu and Pt electrodes with
each other, and the cell switches from a high resistive state (HRS) characterized by
Rosr (1-900 MQ) to a low resistive state (LRS) characterized by R, (702-15 kQ),
yielding a ratio of Ry/Rop & 103-10’. When the voltage is swept back, ohmic behavior
is observed until a negative voltage V.. is reached when the CF is ruptured and the
current collapses to a very small value. A typical log-scale I-V switching characteristic
of the Pt device is shown in Figure 1b. When the cell is set to an ON-state for the very
first time, one speaks of a forming operation, characterized by the forming voltage,
Vform- Since, during the set operation relatively few Cu atoms have to be added to
pluck the gap of the ruptured filament, V. is usually substantially smaller than Viop,.
For Cu/TaO,/Pt devices, we find distribution of V¢, with a mean, Viormm = 4.5V
and a standard deviation of 6 = 0.6 V, the V., distribution with a mean, Vg, = 2.8V,
and standard deviation, ¢ =0.6 V. The rupture of the CF is triggered mainly by Joule’s
heating at a critical current I es = Vyes/Ron. The Vi distribution of our Cu/TaO,/Pt
devices is characterized by Viesm = —0.9 Vand 6 =0.3 V. The electric characteristics in
terms of threshold voltages for all devices are summarized in Table 2. These distribu-
tions apply roughly both to a multitude of devices as well as to a single device that has

Vormm V] 6m [Vl Veem V] 6Vl Viem[V]  6res[V]
Cu/Ta0,/Pt 4.5 0.6 2.8 0.6 -0.9 0.3
Cu/TaO,/Ru 7.3 0.7 4.4 0.8 —-3.4 0.7
Cu/Ta0,/Co 4.7 2.2 2.7 0.9 —-1.0 0.6

Table 2.
Critical switching voltages, Viorms Vies and Vs for the Cu/TaO,/Pt, Cu/TaO,/Ru, and Cu/TaO,/Co devices
along with their sigma distribution values.
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been switched repeatedly. The endurance of the Pt devices depend on the I current
during the set operation. For not too low I.. (>10 pA) and not too high I.. (<5 mA),
the device can be switched very often. Typically, in a few cases, a device was switched
for 220 times, and it could still be switched even further. In most instances, a compli-
ance current I is imposed, lest the devices be damaged. No I current limitation is
applied during the reset operation. R,, of the LRS state depends on I via Eq. (1),
where the exponent n for cation filaments is very close to unity.

Ron = A/I" (1)

The Rop—I.. relation in Eq. (1) has been reported to be valid for numerous anode/
electrolyte/cathode material systems [30-32] with n ~ 1. For Pt devices we obtain
A =0.5Vandn = 1.01. In ref. [1] it has been shown that the constant A in Eq. (1) is
universally correlated to the minimum set voltage for all metallic conductive filaments
reported so far. During the reset operation, the ReRAM cell is exposed to large
currents which raises the temperature of the filament by depositing Joule’s heat,
primarily, in the Cu CF. When critical temperature in the filament has been reached,
the Cu atoms begin to diffuse out and the filament is ruptured. The reset currents
defined as I.es = Vies/Rop are typically in a few mA range. Hence, most of the Joule’s
heat, Qi deposited during the reset operation is given by Eq. (2)

Lres ‘/2 t Vm/ [ tz V3 I
Q]H:J R()dtzj T = e 2
0 on

0 Ron T 3xmwxK

where V. is the reset voltage, t..s = Vy.¢/1T is the reset time. The reset ramp rate,
rr, and the compliance current, I.., may be used to control amount of heat deposited
in the cell. Depending on chosen values for I.. and rr, Qj can vary from 3 to 60 pJ
[33]. The possibility of controlling the dissipated heat in the filament in terms of
compliance current, I.., and ramp rate, rr will be important for the characterization
and analysis of the electrical performance of the Ru, Pt, and Co devices.

The geometrical shape of the filament has considerable implication of the reset
operation. Three different shapes of Cu CF are shown in Figure 3. In Figure 3a, a CF
in the shape of a truncated cone with a sharp constriction at the top is shown. The bulk
of its resistance is concentrated at the tip of the cone. Filaments with a sharp

Cu Electrode Cu Electrode Cu Electrode

- : \ 4
Dielectric 1 O T |le \\: ‘/cwﬂun

Cu
T :
TaO, CuC a0y CF SLi_f.:_d#f/f/ CF \_.

vV
Inert Electrode Inert Electrode Cu diffusion into
a) b) c) theinert electrode
Figure 3.

Three different shapes of the Cu filament that may occur at different SET operation conditions with location of the
highest temperature during RESET operation indicated. (a) Highly resistive Cu CF with sharp constriction at the
top of the cone. (b) a low resistance Cu CF of cylindrical shape. (c) Constructive and destructive Cu fluxes during
formation of Cu CF.
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constriction at the top of the cone easily can be ruptured since the maximum Joule’s
heat is deposited at the tip and leads there to a high local temperature, which, in turn,
triggers Cu out diffusion and formation of a gap in the filament. When the filament is
ruptured, the HRS state of the cell is being restored. In contrast, the cylinder shape of
a robust Cu filament shown in Figure 3b leads to much lower resistance and the
temperature hot spot is moving away from the Cu/TaOy, interface to midway between
the electrode interfaces, where it is much more difficult to reach high temperature and
cause out-diffusion of a larger number of Cu atoms to form a gap. Experimentally, we
consistently find that the rupture of a filament is more difficult at lower R,,, resis-
tance, that is, formed at higher I.. than at high R,,, resistance formed at low I..

During the final stage of the set operation there are two Cu fluxes that are respon-
sible for the formation of the filament as shown in Figure 3c. The constructive flux
occurs at the tip of the filament where the voltage drop is the largest and creates high
electric field between the filament tip and the Cu electrode, which, in turn, allows for
an enhanced transport of Cu" ions from the Cu electrode to the filament even after
establishing the initial connection between the Cu filament and the Cu electrode. The
role of I is to limit the resulting voltage drop and thus to set a limit on the electric
field driving the Cu” ion transport. When sufficient number of Cu atoms is deposited
at the tip, the resistance of the filament decreases, reducing the electric field at the tip
and bringing the formation of the filament to a halt at a given I... When I is
increased, then the electric field at the tip increases proportionally, triggering addi-
tional arrival of Cu” ions until the resistance of the filament drops sufficiently to
reduce the electric field and, thus, to halt further Cu” ion transport. The other Cu flux
is the Cu atom diffusion flux that weakens the base of the filament leading to a gradual
change of the filament’s shape from a truncated cone to cylinder-like shape. The
second Cu flux has two components: (i) Lateral Cu diffusion along the TaO,/inert
electrode interface, and (ii) Cu diffusion into the inert electrode. The Cu atom diffu-
sion flux out of the filament at the base is impacted by the thermal conductivity of the
inert electrode. Ceteris paribus, the inert electrode with high heat conductivity will be
able to remove heat at a higher rate than an electrode with low heat conductivity. The
larger heat removal rate will result in lower attainable maximum temperature of the
Cu CF. Hence, a cell with inert electrode of low thermal conductivity is bound to
display enhanced Cu diffusion and structural weakening of the filament at a lower Vi
voltages than high thermal conductivity electrode. The high temperature in the fila-
ment during the reset will trigger Cu diffusion near the base of the filament partly into
the dielectric, partly along the TaO,/inert electrode interface, and partly into the inert
electrode if the inertness of the electrode be somehow compromised. The net result of
those diffusion components is a weakening of the base of the cone and a gradual
transformation of the shape of the filament from a sharply cone-shaped into a more
cylinder-shape filament as shown in Figure 3b. Once the shape of the filament is
sufficiently close to that of a cylinder, it becomes very resistant to rupturing, and the
number of switching cycles comes to a halt.

4. Electric characteristics of the ruthenium (Cu/TaO./Ru)

The electrical characterization of the Ru device reveals that the device behaves
very much like Pt and Co devices, albeit with some notable differences that can be all
satisfactorily explained in terms of the material properties of the three metals given in
Table 1.
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Table 2 summarizes the critical switching voltages for the three devices and shows
that all the critical voltages of the Ru devices are considerably higher than those of Pt
devices: AVgym(Ru-Pt) = 2.7 V, AV (Ru-Pt) = 1.6 V, and AV, (Ru-Pt) =2.5V. One
notices that the work function difference A@(Ru,Cu)/q = 1.6 V between Pt and Ru
corresponds exactly to AV, = 1.6 V between Pt and Ru devices indicating that V.
values are being reached at the same strength of the electric field. Since the work
function contributes to the internal electric field across the dielectric, this difference
was to be expected. Comparing now Vg, of Pt and Ru devices one notes that Vo,
for Ru is higher by 2.8 V than Vy,,,, for Pt, significantly higher than 1.6 V. This
differential can be accounted in part by 1.6 eV as a difference of the work function
between Pt and Ru, as discussed before.

The remaining voltage differential of 1.2 V can be attributed to the electric field
enhancement factor that is correlated to the higher SR of Pt (1.8 nm) than that of Ru
(1.5 nm). Higher SR, in general, causes a higher local field across the oxide at the same
voltage, or in other words, the same critical field required for the Cu CF formation is
reached at lower voltage in Pt than in a Ru device. In Table 2, one observes also that
Vtorm for Co device is only slightly higher than Vg, for Pt device, despite a work
function difference of Ag(Pt-Co)/q = 1.3 V. Based on the work function argument,
one would expect a higher Vg, by about 1 V for Co devices than for Pt devices.
However, one notes that the surface roughness of Co (2.4 nm) is significantly higher
than that of Pt (1.8 nm). (SR will be discussed in more detail in Section 8.) The higher
surface roughness of Co leads to a large enhancement factor of the local electric field
due to the smaller curvature radius at the tip of the asperity. For a more detailed
discussion of how the field enhancement factor correlates with SR, see ref. [34]. The
differences in SR explain that in order to reach a critical field required for the forma-
tion of a filament a lower voltage is needed in case of a rougher surface of Co than for
smoother interfaces of Pt or Ru. Both effects help lower the Vg, voltage of Co
devices to a voltage only slightly higher than Vi,,,, for a Pt device. These comparisons
show that for the filament formation the local electric field, and by extension, the
surface roughness, is an important factor. One also notices that the surface roughness
correlates well with the standard deviation of the Vi, distributions of the three
metals. The highest standard deviation observed for Co (Gform(co) = 2.2 V) correlates
well with highest surface roughness of SR(c,) = 2.4 nm of the cobalt devices, com-
pared with the respective values of 6¢orm®u) = 0.6 V and SR(gy) = 1.5 nm for Ru, and
Gform(pr) = 0.6 V and SR(pyy = 1.8 nm. for Pt devices.

Because of the work function difference between Pt and Cu of 1.6 eV, there is a
considerable built-in field that favors Cu” ion transport toward the Pt electrode. In
fact, it has been observed [35] that even at a TaO, thickness of 25 nm, the work
function difference is sufficiently high to set the device spontaneously into a conduc-
tive state after the device has previously been reset. This means that the electric field
in the ruptured gap of the filament has reached the critical field of 3 x 10° V/cm [36]
to set the device spontaneously. Not a single instance of spontaneous setting of the
devices has been observed for the Ru and Co devices tested at the same conditions.
Thus, the spontaneous forming of a ruptured filament is enabled by the high work
function difference between Pt and Cu metal electrodes. Therefore, in the absence of
the built-in electric field, the electric field in Ru device has to be increased consider-
ably by application of external bias to reach the critical field strengths in the TaOy
dielectric. It has been shown [36] that a field of ~ 2.9 x 10° V/cm has to be reached in
order to establish a Cu CF across a thin TaOy dielectric layer, independently of the
nature of the inert electrode.
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Next, we discuss the large difference in V.., between Ru and Pt device, AV ¢
(Ru-Pt) = 3.4-0.9 = 2.5V, see Table 2. There is a general consensus that the
rupturing of the Cu filament is attributed to the partial dissolution of the filament
due to the Joule’s heating. The local temperature at the thinnest part of the
filament can reach temperature in excess of 1084°C [37]. 1084°C is the melting
temperature of Cu (see Table 1) and melting of Cu electrodes has been
experimentally observed after excessive heating of a ReRAM cell [38]. At such high
temperature, the Cu atoms of the Cu CF diffuse out, may undergo the redox reaction
in TaOy, and are returned as Cu® ions by the electric drift fields back to the Cu
electrode or stay immobilized in TaO, material. The dissolution of the filament,
triggered primarily by the Cu out-diffusion into the TaOy matrix, depends on the
critical temperature reached in the constriction of the CF. The overall balance of heat
stored in the nanofilament is given by the resistive Joule’s heating of the nanofilament
and via heat removal mainly by the heat sinks of the two relatively cold mesoscopic
electrodes. The largest interface of the nanofilament is formed with the inert electrode
(Pt, Ru, and Co) which forms the base of a truncated cone or a cylinder of the filament
with the inert electrode (Figure 3). In this context, one notices that Ru has thermal
conductivity of 119 W/Km almost twice those of Co and Pt of 69 W/Km (Table 1).
Thus, lower thermal conductivity of the inert electrode requires less Joule’s heating
than an inert electrode with high thermal conductivity as the heat accumulates in the
nanofilament in a shorter time than in the case of high thermal conductivity of the
inert electrode. When inspecting the V., voltages of the three devices in Table 2, one
notices that the V. values for Pt (—0.9 V) and Co (—1.0 V) devices are essentially the
same, which correlates again very well with the same thermal conductivities of the
two metals of 69 W/Km.

Since the Cu filament in all three devices serves as our probe into the analysis of
the material properties of the three inert electrode metals (Ru, Pt, Co), it is instru-
mental to ensure that the nature of the Cu CF probe is the same in the three devices.
To this end, we have measured R,, dependence on I.. of the three devices. We find
that all devices display the same dependence given in Eq. (1) with exponent n being
very close to 1, and the constants A of eq.(1), being 2.0 V, 0.5V, and 0.5V, for Ru, Pt,
and Co devices. These values correlate very well with the V. values for these devices
given in Table 2. The high A value for Ru is consistent with the interpretation given in
[1] that A reflects the lowest possible set voltage of the device.

Conductive filaments can also be fingerprinted by their temperature coefficient of
resistance (TCR), a, as defined by the temperature dependence of the Ry, resistance:
R(T) = R(T,) x [1 + a(T-T,)], which sensitively depends on the strength of the Cu
filament. We have extracted the TCR from resistance measurements of R.,, of Cu CF
as a function of temperature, T. We find for a weak Cu CF of R,,, = 15 kQ
(corresponding to I.. = 10 pA) following TCR values for the three devices: TCR (Ru
device) = 0.00236 K, TCR(Pt-device) = 0.00235 K%, and TCR(Co
device) = 0.00235 K™ . It can be seen that they are almost identical. The same TCR
measurements have been repeated for stronger (lower resistance) Cu CFs set at three
orders of magnitude higher I, I.. = 10 mA. For I.. = 10 mA we obtain much lower R,,,
value for the Cu filaments of 510 Q, 230 Q, and 315 Q for the Ru, Pt, and Co devices,
respectively. For the three robust CFs we obtain very similar TCR values are extracted:
TCR (Ru device) = 0.0035 K~ ', TCR(Pt device) = 0.0036 K™, and TCR(Co
device) = 0.0036 K-1, which are, again, very similar. These values are typical of strong
Cu filaments; for comparison the TCR of bulk Cu is 0.0039-0.004 K *. These results
ensure that in all the three devices the Cu filaments have the same properties
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conferring, thus, confidence that the Cu CF may serve as a reliable probe into the
properties of the inert electrode materials Ru, Pt, and Co.

5. Surface roughness studies of Ru, Pt, Co, and Cu

In this section, we investigate the surface roughness of Ru, Pt, Co, and Cu thin
films (50 nm) as a function of anneals at elevated temperatures for two cases: free and
passivated metal surfaces. The impact of SR of metal electrodes on local field
enhancement, dielectric breakdown, including ReRAM performance is well known
and has recently attracted a lot of interest. A review of the impact of surface roughness
on numerous devices and phenomena, including gas breakdown, dielectric break-
down in RF MEMS devices, in triboluminescence, MIM structures, capacitors, and
ReRAM memory cells can be found in [34]. As early as 1928, Eyring et al. [39] found
that logarithms of currents of extracted electrons from asperities display linear rela-
tion with the reciprocal of electric field strength at the tip of an asperity. The asperity
has been modeled as a prolate spheroid of length ¢ and base radius b. A field enhance-

ment factor has been derived:
c/r
S A 3
/ <ln (2% —1> 2

where r = b*/c. For micro size asperities with ¢ = 16 pm and b = 0.7 pm one obtains
an enhancement factor of p = 187. Countless studies have confirmed since then the
impact of the electric field enhancement factor on various physical systems [34].

Separately from the ReRAM devices, we have deposited by EBPVD blanket layers
of the four metals (Pt, Ru, Co, and Cu), each 50 nm thick, and using Rapid Thermal
Annealing (RTA) annealed them at various temperatures with free and SiO,-passiv-
ated surfaces — mimicking, thus, conditions that are likely to occur in the actual
ReRAM cell during the switching events. Using Atomic Force Microscope (AFM), we
have measured the surface roughness of the Pt, Ru, Co and Cu at room temperature,
that is, just after their depositions by EBPVD, and after anneals using RTA of the free
surfaces at 425°C for 8 min, 600°C for 5 min, and at 900°C for 2 min. As the SR of free
surfaces after an anneal at 425°C, 600°C,and 900°C are not expected to be entirely
representative of what may happen inside the memory cells, where the critical sur-
faces are interfaced with a SiO, or a TaOy, switching layer, we have passivated the
surfaces of all metals with 30 nm SiO, layer and subjected the samples to the same
anneals at 425°C for 8 min, at 600°C for 5 min, and at 900°C for 2 min. After the
anneals are done, the 30 nm SiO; layer has been removed by a soft buffer oxide
etchant (BOE) etch, highly selective to the metals, to expose the surface of the inert
metals for the subsequent AFM measurements. The results of surface roughness
measurements are summarized in Table 3.

Several interesting observations can be drawn from Table 3. In general, the surface
roughness of a free surface increases with increasing anneal temperature. This
increase is much larger for free than for passivated surfaces. It can be seen that an
anneal at 600°C or 900°C with a passivated surface, leads to a smoothing effect of the
surface compared to a free metal surface. However, occasionally, some irregularities
defy the general trend. For example, the surface roughness of Co annealed at 600° is
higher with passivation than without it. It is seen that at room temperature (27°C) out
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27°C F.S. 600°C F.S. 900°C Si0, 425°C Si0, 600°C Si0, 900°C

5 min 2 min 8 min 5 min 2 min
Pt 1.8 2.4 4.9 1.6 1.3 23
Ru 1.5 2.0 4.2 13 1.4 21
Co 2.4 2.8 14.0 7.3 5.0 2.4
Cu 2.2 4.4 12.0 4.1 3.0 6.5

Table 3.

Surface roughness of metal surfaces in wm as a function of temperature and presence or absence of a SiO,
passivation layer. F.S. denotes a free metal surface annealed at different temperatures. SiO, denotes the cases in
which the metal was covered by a 30 nm SiO, during the anneal, and the SiO, was removed by a soft oxide etch
after the anneal [34] © The Electrochemical Society reproduced by permission of IOP Publishing. Chakraborty A,
Al-Mamun M, Orlowski M. Impact of surface roughness and material properties of inert electrodes on the
threshold voltages and their distributions of ReRAM memory cells” ECS J. Sol. St. Sci. Technol.2022;11:104007;
DOI: 10.1149/2162-8777/ac9c91.

of the four metals the lowest surface roughness has ruthenium of 1.5 nm. The surface
roughness of a free Pt surface increases moderately after the 600 and 900°C anneals to
2.4 and 4.9 nm, respectively. When, however, Ru (Pt) is covered during the anneal
with SiO,, the surface roughness after 600°C anneal is measured to be only 1.4 nm
(1.3 nm) and climbs to 2.1 nm (2.3 nm) at 900°C. Thus, the surface roughness of Ru
and Pt with passivation, when annealed at 600°C, are even smaller than at 27°C. The
low increase of surface roughness of Ru with temperature compared to other metals is
consistent with the fact that Ru has the highest melting temperature (2334°C) of the
four metals, see Table 1. The highest surface roughness of a free surface at 27°C is
found for Cu and Co to be 2.2 nm and 2.4 nm, respectively. The surface roughness of
Co increases to 2.8 nm after an anneal of 600°C for a free surface, but becomes very
large for free surfaces annealed at 900°C yielding 14.0 nm for Co and 12 nm for Cu.
One observes that with SiO, passivation the surface roughness increase is much more
moderately and is capped at 5.0 nm for Co and by 6.5 nm for Cu. It is noted that the
highest surface roughness for Cu and Co and correlates well with their low melting
temperatures, Cu (1084°C) and Co(1495°C). The SR of Pt displays an intermediate
behavior between Ru and Co. The SR of Pt is smaller than that of Co and Cu but is
higher than that of Ru. After anneals at 425, 600, and 900°C with passivated surfaces,
the SR Pt increases moderately slightly more than that of Ru. This correlates well with
the melting temperature of Pt (T,, = 1770°C) and that of Ru (T, = 2335°C). These
results for surface roughness apply to thin layers deposited by EBPVD. Similar trends
are expected to hold for other deposition techniques. It is known, for example, that SR
of Pt films deposited by plasma enhanced atomic layer deposition [40] is lower than
that of PVD and lies usually below 1 nm. Nevertheless, because the metals are depos-
ited by the same method where the deposition rate has been kept the same for all four
metals, the surface roughness results should be indicative of their differences in
material properties.

Figure 4 shows the AFM pictures of free surfaces of the metals at room tempera-
ture (27°C) and after an RTA anneal at 600°C for 5 min. One can see that the Ru
surface is most stable of all metals, while the surface of Cu undergoes a significant
reconstruction. The cases of Co and Pt lie in-between, showing a strong correlation
between surface roughness and the corresponding melting temperature. Thus, with
the exception of Cu, the topology of surface and surface roughness of the metals do
not change appreciably. In case of Cu, however, a complete surface reconstruction is
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600°C 5 min 600°C 5 min
SR= 2.4 nm
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Figure 4.

AFM pictuves of free surfaces of Pt, Ru, Co, and Cu at 27°C and at annealed at 600°C for 5 min with the average
surface roughness indicated [34] © The Electrochemical Society reproduced by permission of IOP Publishing.
Chakraborty A, Al-Mamun M, Orlowski M, “Impact of Surface Roughness and Material Properties of Inert
Electrodes on The Threshold Voltages and Their Distributions of ReRAM Memory Cells” ECS J. Sol. St. Sci.
Technol.2022;11:104007; DOI: 10.1149/2162-8777/ac9c91.

being observed. While at room temperature, the Cu surface resembles that of the inert
electrode metals Pt, Ru, and Co, the Cu surface at 600°C shows formation of large
clumps or hillocks of more than 100 nm size in diameter, while the finer dendrites on
those hillocks appear to have the same needle-like structure as Cu at the 27°C. The
similarities extend even to the surface morphology as both surfaces for Cu and Co
undergo surface reconstruction, particularly severe in case of Cu and Co at 900°C. In
Figure 5, the surface roughness of the metals is shown after being passivated and
annealed at 600 and 900°C with a SiO, passivation layer on top. Before the AFM
measurement the SiO, layer has been removed by a soft HF etch.

At 600°C, for Cu and Co, one can see hillock formation with SR higher than that at
27°C but significantly smaller than that of the free surfaces annealed at the same
temperatures. It can also be seen that for Ru and Pt the SR is much smaller than for
free surfaces and even smaller than their SR at room temperature. Thus, with respect
to the surface roughness, the metals Pt and Ru may rightfully be called inert metals
with respect to the thermal properties of their surfaces. After a 900°C anneal, the
topography of the Ru, Pt, and Co surfaces does not change much, and the SR increases

600°C 5 min
si0; cap

Figure 5.

A}g‘;\l/l pictures of passivated surfaces of Pt, Ru, Co, and Cu annealed at 600 and 900°C. Before taking AFM
measurements the SiO2 passivation layer was stripped by a soft etch [34] © The Electrochemical Society
reproduced by permission of IOP Publishing. Chakraborty A, Al-Mamun M, Orlowski M. “Impact of Surface
Roughness and Material Properties of Inert Electrodes on The Threshold Voltages and Their Distributions of
ReRAM Memory Cells”, ECS ]. Sol. St. Sci. Technol.2022;11:104007; DOI: 10.1149/2162-8777/ac9c91.
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moderately over those measured at 27°C and the anneal at 600°C. Overall, it can be
concluded from Table 3 that a passivation layer suppresses the increase of SR with
increasing temperature significantly.

We have also measured the surface roughness of the switching layers SiO, and
TaOy, deposited in both cases by PVD directly on oxidized Si-wafers. We obtain SR at
room temperature of 0.9 and 1.0 nm, for SiO;, and TaO,, respectively, and annealed at
600°C the SR drops to 0.53 and 0.62 nm, respectively. The reflowing property of SiO,
and TaOx has a significant smoothing effect on the surface roughness of the inert
electrode. Our results confirm the findings that nanometer thin SiO, [41] and
TaOy [42] have much better reflow properties than their mesoscopic or bulk
counterparts which need doping such as boron and/or phosphorous to lower the
reflow temperature.

The reflow properties of SiO, and TaOy, layers have been confirmed by measure-
ments of surface roughness of Ru covered with SiO,, the electrolyte with the smallest
native surface roughness. Even the mere deposition of SiO; has a smoothing effect. In
case of Ru, the SR at room temperature is 1.5 nm, but when covered with PVD-SiO,
the surface roughness of the SiO,/Ru bilayer is only 1.2 nm. Since SR of SiO, deposited
directly on the oxidized Si wafer is 0.9 nm, it can be seen that the composite surface
roughness of the two layers is not additive and that SiO, exerts a smoothing effect. If
the cumulative SR were additive, the SR would add up to 2.4 nm. Even more remark-
ably is the smoothing effect of SiO, at higher temperatures: the surface roughness of
SiO, on Ru after the anneals of 250°C for 5 min, 600°C for 5 min, and 900°C for 2 min
remains at a more or less constant value of 1.3 nm. This is contrasted with the surface
roughness of a free Ru surface after the 900°C anneal when the SiO, layer has been
removed after the anneal of 2.1 nm and the SR of a free Ru surface after 900°C anneal
of 4.2 nm. Thus, dielectrics such as SiO, or TaOy display even stronger surface
smoothing action at elevated temperatures. These results suggest a method of reduc-
ing the surface roughness of metals by depositing a thin sacrificial layer of dielectric
such as TaOy, or SiO, followed by an anneal at moderate temperatures such as 425°C
before removing the passivation layer by a soft BOE etch.

Finally, we wish to comment on how the surface roughness relates to the electric
field enhancement factor, B, given in Eq. (3). The p enhancement factor depends
largely on the curvature radius at the top of an asperity. Surface roughness, on the
other hand, quantifies only the deviations of the asperities in the direction normal to
the surface and does not account for the curvature radius of the tip. Nevertheless, as
seen from Figure 4, the surface morphology of the four metals at room temperature is
very similar and the respective field enhancements may still be expected to correlate
well with the surface roughness as a lump parameter.

6. Degraded reliability and endurance of Cu/TaO,/Ru device

The major drawback of the Ru devices as compared to their Pt counterparts is their
limited switching capacity. While Pt devices can be switched repeatedly back and
forth for at least 220 times, Ru devices are becoming non-resettable after several set-
reset operations (usually less than 13), and sometimes even after the first set opera-
tion, when the set operation is performed at high I... In some cases, it was even
difficult to reset a high resistance Cu filament in a Ru device formed at I as low as
5 pA. The failure of the Ru devices after a few switching cycles is likely to be related to
the specific geometric configuration of the Cu filament which may be caused either by
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the diminished stopping power of the Ru electrode for Cu diffusion into the Ru film or
by an increased surface diffusion as compared to that for the Pt electrode.

It is well known that even in extant ReRAM devices, including Pt devices, it is
difficult and sometimes impossible to reset the cell if the cell has been set at high I..
For alow I, the shape of the CF can be approximated by a truncated cone as shown in
(Figure 3a) where the bulk of the CF’s resistance resides in the tip of the cone. Since
during the reset the power dissipated in the filament is equal to Lo X Rop, the highest
temperature is reached in the constriction at the tip of the cone, where the rupturing
of the filament is easy. At high I, the R,,, decreases sharply by adding Cu atoms to the
upper section of the cone, rendering filament’s shape more and more cylindrical
(Figure 3b). In this case, the maximum temperature, in the absence of any pro-
nounced constriction, is reached in the middle section of the cylinder, where the low
resistance filament is relatively strong. Hence, rupturing of the CF becomes difficult
or impossible.

The cylindrical shape of the CF may also be obtained if the base of the cone in
contact with Ru electrode erodes, see Figure 6. As the bottom base of the CF is
reduced, while new Cu" ions are added from the top during the set operation, the
shape of the filament will transform gradually into a cylindrical shape. There are
several possible mechanisms for the erosion of the base of the filament: (i) Cu surface
diffusion along the Ru interface (ii) crystallization of Ru and out-diffusion of Cu along
the Ru grain boundaries, (iii) formation of Cu and Ru silicides. Those degradation
mechanisms are depicted in Figure 6a and will be discussed further in Section 8.
Whereas, with a nearly perfect stopping power, the shape of the filament in the Pt
device can be assumed to remain conical with more or less sharp tip at the Cu
electrode, the shape of the Cu filament in a Ru device is more cylinder-like, especially,
when the Ru device was self-annealed by undergoing several set-reset switching
cycles. We find also large variability of performance among Ru devices becoming
noticeable after a few switching cycles. This variability may be explained by the
relative location of the Cu filament with respect to the locations of the Ru grain
boundaries as illustrated in Figure 6b. When there is no such overlap, the cell would
perform well for several switching cycles. If, however, there is overlap of the base of

a) Sufilaiect b) Cu filament
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R Cu diffusion
Uiy, Cu,Si, a)
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Ru
grains 5 Ru grains
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Figure 6

( /,z%‘;’ossible mechanisms of the hypothesized degradation of the Ru electrode. Elevated local temperatures in the
immediate vicinity of the filament may cause Si diffusion into Ru, possibly along Ru grain boundaries and lead to
Ru,Siy, reactions. Cu may use the Ru grain boundaries as diffusion paths and may also undergo a silicidation
reaction. (b) Relative location of the Cu filament with vespect to the Ru grain boundaries likely to explain the large
variability of performance see in Ru devices [35] © The Electrochemical Society reproduced by permission of IOP
Publishing. Al-Mamun M, King, S, Orlowski M. “Thermal and Chemical Integrity of Ru Electrode in Cu/TaOx/
Ru ReRAM Memory Cell”, ECS J. Sol. St. Technol.2019; 8: N220; DOI: 10.1149/2.0121912jss.
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Figure 7.

The vetention of Ru and Pt devices (a) for the on-state chavacterized by R,,, and (b) for the off-state characterized
by Ry [35] © The Electrochemical Society reproduced by permission of IOP Publishing. Al-Mamun M, King, S,
Orlowski M. “Thermal and Chemical Integrity of Ru Electrode in Cu/TaOx/Ru ReRAM Memory Cell”, ECS ].
Sol. St. Technol.2019; 8: N220; DOI: 10.1149/2.0121912jss.

the filament with one or more grain boundaries, then Cu atoms may be easily depleted
from the filament via enhanced Cu diffusion along the grain boundaries.

In this context, we wish to mention that in ref. [21] other related ReRAM devices,
such as Cu/TaO,/Ti and Cu/TaO,/Ta have been compared to the benchmark device
Cu/TaO,/Pt and were found significantly inferior to the Pt device. The Ru device is
found to perform better than the Ti and Ta devices.

As already mentioned, in terms of endurance Pt devices are by far best, switching
over 200 times, followed by Co devices that can be switched at optimum conditions
up to 40 times, while Ru devices could be switched at best 13-14 times. The retention
of both binary states characterized by R,, and R for all three devices is good. In
Figure 7 the retention of the on- and off-states for Ru and Pt devices is shown.

It can be seen from Figure 7 that the level of noise for Ru devices is higher than for
Pt devices for both bit states, characterized by R,,, and Ro¢. While Ry fluctuations of
Ru devices are irrelevant as the outlier lie in the tens of GQ range, the outliers for R,,
are more of a concern, as its variation can be as high as 75%. Such large fluctuations
could pose, inter alia, a problem for the multibit storage applications and for the
stability of the sense amplifiers when reading the cell. For comparison the variations
of R,,, and R ¢ in Pt devices are less than 10% as discussed in more detail in ref. [35].

Before focusing on specific mechanisms that degrade the inertness properties of Ru
films, we will discuss performance changes of nominally the same devices caused by
their different integration scheme, called here the “embedment” aspect.

7. Impact of embedment on the performance of Cu/TaO/Ru devices

To study the relative degradation of Cu/TaO,/Ru vs. Cu/TaO,/Pt devices, we have
manufactured two nominally identical Cu/TaOy/Ru devices (where the layers of the
device proper have been processed at the same time), however embedded differently
on the Si wafer as shown in Figure 2b and c. The Ru device A has the same substrate
as the Pt device, that is Ti(25 nm)/SiO,(730 nm)/Si-wafer, while the Ru device B is
manufactured on the layer stack Ti(20 nm)/TaO,(30 nm)/SiO,(730 nm)/Si-wafer.
Thus, Ru device B has an additional TaO,-30 nm layer inserted between SiO, and Ti
layers as shown in Figure 2b. We find that the Ru device B with the additional TaO,
layer shows much better performance (up to 37 switching cycles) than the Ru device
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A, at all test conditions, although to a varying degree. The degree of the improvement
in the switching properties between the two embedment scenarios, depends on the
amount of internal Joule’s heat exposure and varies with the levels of applied compli-
ance current and ramp rate, which control the amount of heat according to Eq. (2).
The highest improvement of device B over the device A is found for I.. = 50 pA and
rr = 0.2 V/s (high heat dissipation), and little improvement in performance between
the two devices can be observed for the condition I.. = 1 pA and rr = 2.0 V/s (small
heat deposition) - a regime where both devices perform the best. It is found that at
Icc = 50 pA and rr = 0.2 V/s the Ru device A does not display resistive switching
behavior at all, i.e., the device is dysfunctional. The device A cannot be reset after
the filament has been formed the very first time. However, when the reset ramp rate
is increased fivefold to rr = 1 V/s — thus reducing the Joule’s heat dissipated in the
device - the device A can be neither set or, if the set operation is eventually successful,
the device cannot be reset, that is, the resistive switching cell has been permanently
damaged. In contrast, device B, with the additional TaOy, layer shows some resistive
switching behavior for a few cycles (maximum 6). Hence, it can be concluded that
high heating effects are detrimental to both devices. But, while Ru device B displays
some, if small, degree of resistive switching behavior (5-6 switching cycles), Ru
device A does not display resistive switching at all. Keeping the reset ramp rate at
0.2 V/s but now reducing the I . current from 50 pA to 1 pA, we observe improved
resistive switching behavior for both devices with the frequency of the Ru devices B
being twice as high (maximum 22 cycles) as for the Ru devices A (maximum

10 cycles). These results clearly demonstrate that the endurance of the device is
directly related to the amount of heat deposited in the devices leading to some
adverse reactions which are mitigated by the insertion of the TaOy layer subjacent to
the Ru film.

Another embedment case has been implemented when two identical devices Cu/
TaO,/Ru have been fitted with different glue layers as shown in Figure 2c [2]. Here,
the Ti glue layer for the inert electrode has been replaced with a Cr glue layer of
30 nm. It was found that the electric performance of nominally identical devices
depends sensitively on the nature of the glue layer. We find that the V¢ value for Ru/
Cris 0.4 Vlarger (Vyes(ru/cry = —3.8 V) than for the Ru/Ti device (Vies(ru/Ti) = —3.4 V).
This could have been predicted on the grounds of four times higher thermal conduc-
tivity for Cr [94 W/mK] than that of Ti [22 W/m'K] leading in case of Ru/Cr to much
higher heat removal rate from the Cu CF during the reset operation, as discussed
already in Section 4. In case of Ru/Ti, the Joule’s heat generated in the filament
cannot be as easily dissipated, and lingers therefore for some time around the hot spot
in the filament, as in the case of the Ru/Cr device. Both embedment experiments
suggest that the heat generated in the memory cell may trigger some kind of chemical
or grain growth reactions that can be somewhat mitigated by the insertion of the
TaOy layer.

8. XRD studies of different embedment of Ru layers

In order to find out what kind of chemical reactions may occur in the Ru devices at
various temperatures, we have manufactured among many auxiliary blanket multi-
layer structures on oxidized Si wafers following samples: (i) Ru(50 nm)/Si, (ii) Ru
(50 nm)/Si0,(611 nm)/Si, and (iii) Ru(50 nm)/Ti(40 nm)/Ta0,/SiO,(611 nm)/Si that
we consider here. The auxiliary samples are bound to avail some information on Ru
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crystallization and the presence of new materials such as silicides using the XRD
technique. The XRD measurements have been performed on the three samples for
three annealing conditions: (i) unannealed, that is, at 27°C, (ii) annealed at 600°C for
10 min, and (iii) annealed at 900°C for 30 min. In Figure 8a, a Ru crystallization peak
at 42.15° can be seen on the XRD spectra for all samples with a Ru layer at 27°C and
after an anneal at 600°C, and 900°C. This is in agreement with XRD studies of similar
layer systems reported in [43]. XRD signals for samples of Ru/Si at 300 K, Ru/Si after
an RTP anneal at 600°C for 10 min, and for Ru/SiO,/Si after an anneal at 600°C for
10 min are also shown in Figure 8a. It is seen that a Ru,Si; crystallization peak appears
as a result of the 600°C anneal. An XRD signal (more of a shoulder than a peak) of
ruthenium silicide Ru,Si; at 44.7° is observed next to a broad Si wafer peak only after
900°C anneal as shown in Figure 8a. This is in agreement with observations of Ru,Si;
XRD detection made in ref. [44]. We observe this peak on the following samples: Ru/
Si, Ru/SiO,/Si, Ru/Ti/Si0,/Si, and Cu/Ru/Ti/SiO,/Si. The strongest Ru,Si; signal can
be seen for the Ru/Si and Ru/SiO, samples. From comparison of Figure 8b with
Figure 8a it, can be seen that the XRD signal at 44.7° is absent for the anneal at 600° C
and also for the unannealed sample. The Ru,Sij; shoulder is either not there or very
weak, as seen in Figure 8b. From Figure 8b it is also seen that the Ru,Si; peak at 41.7°
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Figure 8.

XRD spectra of (a) three-layer structures: Ru/SiO,/Si as deposited, Ru/Si and Ru/SiO,/Si after a 600°C 10 min
anneal. The Ru crystallization peak has been also observed at other layer structures with a Ru layer only after a
600°C anneal. The peak is very weak at room temperature and disappears after an anneal at 900°C for 30 min.
(b) Four-layer structures annealed at 900°C for 30 min: Ru/Si, Ru/SiO,/Si, Ru/Ti/SiO,/Si and Ru/Ti/TaO./
Si0,/Si. On all structures a Ru,Si; shoulder can be observed at 44.7°C next to a large signal 45.12°C which stems
from the Si wafer as verified by XRD spectra on Si and SiO,/Si structures [35] © The Electrochemical Society
reproduced by permission of IOP Publishing. Al-Mamun M, King, S, Orlowski M. “Thermal and Chemical
Integrity of Ru Electrode in Cu/TaOx/Ru ReRAM Memory Cell”, ECS J. Sol. St. Technol.2019; 8: N220;

DOI: 10.1149/2.0121912jss.
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Figure 9.
XRD spectra of the same layer structuves as in Figure 8b but capped by Cu layer. A Cu silicide peak can be
observed at 44.8° only after the anneal at 900°C [35].

disappears at 900°C, again in agreement with observations made in [43]. In layer
structures of Figure 8b that have been capped with an additional Cu layer, the XRD
spectra show formation of copper silicide at 44.8° only at 900°C as shown in Figure 9.
Thus, at high temperatures Cu and Si may diffuse through Ru/Ti and Ru/Ti/TaO
layers to undergo a copper silicide reaction.

In summary, the XRD studies have revealed formation of Ru grains, formation of
two kinds of Ru silicides, Ru,Siz and Ru,Si3, and that insertion of the TaO, layer
between SiO, and Ti acts as a diffusion barrier for Si and suppresses the Ru,Si;
reaction. The XRD study corroborates not only the difference in electrical perfor-
mance between Pt and Ru device but also among the Ru devices embedded on
different substrates. Considering these results, it appears that while the inertness
properties of Pt and Ru are similar up to about 200°C, at elevated temperatures, Pt is
by far more inert than Ru ensuring superior switching performance of the Cu/TaO,/Pt
over the Cu/TaO,/Ru device.

9. Conclusions

Against the backdrop of analogously characterized Cu/TaO/Pt and Cu/TaO,/Co
devices, we have used electrical properties of a Cu/TaO,/Ru ReRAM cell, to
elucidate material properties of 50 nm ruthenium films. The circumstance
that an electric switching operation of a ReRAM cell allows to raise temperature of
the Cu filament inside a ReRAM memory cell from 27°C up to ca. 1100°C, in a
controlled way [45], turns the Cu/TaO,/Ru device into a nano-laboratory for
investigation of the material properties of Ru at different temperatures. The
present electric analysis of the devices has been complemented by extensive
material studies of relevant layer systems annealed at various temperatures using
XRD, and by studies of the surface roughness of free and passivated metal
surfaces, both unannealed as well as annealed at elevated temperatures, using AFM.
From these studies, a consistent picture emerges allowing a compelling explanation of
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all differences of the ReRAM cell’s electric characteristics in terms of the Ru material
properties.

Cu/TaO,/Ru devices compared to Cu/TaO,/Pt devices have higher forming, set,
and reset voltages. The higher Vg,,,,, and V., voltages can be partly or entirely attrib-
uted to the work function difference between Pt and Ru of 1.6 eV and partly to the
significant difference in surface roughness between Pt and Ru. The higher V., voltage
for Ru device than for Pt or Co devices is a consequence of much higher thermal
conductivity of Ru than that of Pt and Co. It was also found that while Pt devices can
be switched more than hundred times, the number of switching cycles of Ru devices is
very limited. The performance deterioration of Ru devices is particularly conspicuous
when the cell is exposed to high Joule’s heat dissipation during the set and reset
switching cycles. At low Joule’s heat dissipation, the switching performance of both Ru
and Pt devices is initially comparable. The Joule’s heat dissipation is, thus, a major
factor determining the endurance properties of the device as it triggers degradation of
the inertness properties of Ru caused by grain crystallization as well as silicide
formation. The degraded integrity of the inert electrode appears to have a major
impact on the Cu diffusional fluxes which, in turn, determine the geometrical shape
of the Cu conductive filament. Additional embedment experiments have corroborated
these conclusions. In an embedment experiment, an identical device proper is
embedded in different ways on the Si wafer. It has been demonstrated that the
electrical switching properties of nominally the same resistive switching device
Cu/TaO4/Ru, when embedded differently, Cu/TaO,/Ru/Ti/SiO,/Si vs. Cu/TaO,/
Ru/Ti/Ta0,/SiO,/Si, differ substantially. This is the result of chemical and
structural interactions of the device proper with its immediate environment. The
chemical and structural changes of Ru films are brought about by the nanometer
dimension of the layers involved and triggered by Joule’s heat deposition during the
switching of the ReRAM cell. This finding points to a broader and critical impact of
the device’s embedment on its structural, material integrity, and, eventually, its elec-
trical reliability and endurance properties. The insertion of a TaOy layer between the
SiO; and Ti glue layer suppresses the Ru crystallization and silicide reaction somewhat
and, eo ipso, improves the electrical performance and endurance of the Ru device on
the Ti/Ta0,/SiO,/Si substrate as compared to the Ru device manufactured on the Ti/
SiO,/Si substrate. Embedment structures with different glue layers (Cr vs. Ti) have
corroborated the role of thermal conductivity in determining the actual value of V..
The surface roughness studies have shown a strong impact of surface roughness on
Vtorm»> €videnced by the three devices. Furthermore, it turned out that deposition of a
sacrificial dielectric layer followed by an anneal leads to a drastic reduction of surface
roughness of a metal.

The advantages and disadvantages of Ru over Pt devices are summed up in
Table 4. The most important disadvantage of the Ru device is its limited switching
cycling ability. This could be perhaps addressed in future work by minimizing Joule’s

Inert electrode  Threshold voltages retention Endurance cycling ability BEOL integrability

Ru high (-) (+) <14 (-) (++)
Pt low (+) (++) >200 (++) )
Table 4.

Figure of merit comparison between Ru and Pt ReRAM device. (+) and (—) denote advantages and
disadvantages, vespectively.
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heat exposure during the switching operations. The use of ruthenium in ReRAM cells
appears to be viable if the internal temperature of the cell could be limited to temper-
ature not exceeding ca 350°C, which puts a severe constraint on how the cells are
being programmed and erased. Up to 440°C, Ru exhibits similar stopping power and
inertness properties as Pt. Hence, the deployment of Ru in BEOL, where the temper-
ature during a circuit operation does not exceed 440°C [46], appears to be viable.
However, at elevated temperatures above ca 400°C, the inertness properties of Pt are
vastly superior to those of Ru.
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Chapter 4

An Insight towards the Design of a
Ruthenium—Containing Biomaterial

Duduzile Nkomo, Maje Phasha and Hein Moller

Abstract

Ruthenium (Ru) is one of the platinum group metals (PGMs). These metals belong
to the transition metals group of the periodic table. They have excellent properties
such as high melting point and are inert with variety of substances, thus also called
noble metals. Currently, Ru is the cheapest of the PGMs, thus it is readily available
compared to other PGMs. Recently, incorporating PGMs in shape memory alloys
(SMAs) has been extensively explored, with titanium-nickel (TiNi) used as a bench-
mark material. TiRu is amongst the compounds that are currently explored for various
potential applications. This compound has an ordered B2 (CsCl-type) crystal struc-
ture. It is hard and brittle, thus some shape memory (SM) properties are difficult to
induce in this compound. However, due to Ru possessing some good biomedical
properties such as biocompatibility, corrosion resistance, improved radiopacity and
ultra-low magnetic susceptibility for MRI diagnostics, the mechanical properties of
TiRu must be improved for biomedical applications. Since niobium (Nb) is known to
be biocompatible and is usually studied in biomedical alloys, a systematic substitution
of Ti with niobium (Nb) was performed in an effort to reduce the stiffness (Young’s
modulus). This chapter gives an insight on the structural and mechanical properties of
biocompatible Ru-rich alloy compositions.

Keywords: ruthenium, materials design, biomedical alloys, elastic properties, SMAs

1. Introduction

The equilibrium phases of the Ti-Ru system are the disordered bec (BTi) solid
solution, the ordered cubic compound (B2) TiRu and the close-packed hexagonal solid
solution. Figure 1 shows the experimentally obtained phase diagram of the Ti-Ru
system. It can be observed that the p to o transformation temperature decreases from
882°C with an increase in Ru content up to 9 atomic percent (at.%), after which the
phase is stabilized. The maximum solubility of Ru in BTi is about 25 at.% at the
peritectic temperature of 1575°C. On the other hand, the B2 TiRu compound is
observed at composition range of 43-53 at.% Ru. TiRu congruently melts at 2130°C,
below which the B2 phase remains stable to low temperatures [1].

Due to lower cost compared to other PGMs, Ru addition has been explored in
different alloy systems (p and B2 type alloys) in order to improve various properties
[2-5]. In BTiND alloys which hold much promise in the biomedical field because of
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Figure 1.
Ti-Ru system phase diagram [1].

intrinsic properties such as low modulus, biocompatibility and shape memory prop-
erties, such as superelasticity (SE), Ru is expected to increase strength, corrosion
resistance, improve radiopacity and decrease magnetic susceptibility. Shape memory
effect (SME) typically encompasses the phase transformation between two phases.
For p-alloys, the reversion occurs between the high temperature p-phase and low
temperature orthorhombic martensite o’-phase at a critical alloying compositions,
whilst for CsCl-type intermetallic compounds-like alloys the reversion is typically
between the high-symmetry B2 and low-symmetry B19'/B19/B33/L1, phase [6]. It is
this phase transformation that governs the functionality of SMAs. SE is important for
biomedical applications such as orthodontic arc wires, bone plates and stents because
it allows for shape recovery after deformation [4, 7]. However, recoverable strain
have been found to be small in BTiNb alloys. Kim and Miyazaki [8] observed that
alloys containing more that 25 at.% Nb had a recoverable strain of about 2.5%, which
is much lower than that of TiNi alloys, which is ~8%.

In order to improve SE at room temperature, addition of ternary elements to TiNb
has been considered. The shape memory properties of ternary Ti-Nb-X (X = Si, Mo, O,
N, Zr, Pd, Al, Ag, Pt, etc.) alloys have been extensively investigated [9-18].

However, there are only limited studies that considered Ru as a ternary element in
TiNb alloys [4, 19]. This remains so despite several improvements that were observed
due to addition of Ru in Ti-20Nb-xRu (x = 0, 0.5, 1.0, 1.5 at.%). The yield strength
ranged from 560 to 900 MPa and the Young’s modulus ranged from 60 to 100 GPa,
with increasing Ru content. Furthermore, it was observed that Ru acted as a -phase
stabilizer and thus showed a potential to promote the existence of SE at room tem-
perature [4]. The occurrence of SE in shape memory alloys is detailed elsewhere [20].
Although, according to authors’ knowledge the SE of Ti-20Nb-xRu (x = 0, 0.5, 1.0,
1.5 at.%) has not been published, it can be deduced that 20 at.% Nb could still yield
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lower transformation strain as it is reported that this strain can only be improved at
Nb content less than 15 at.% [7, 8].

Previous studies [4, 19] have shown that Ru also improves properties such as
corrosion resistance and lower magnetic susceptibility. Corrosion resistance is an
important characteristic in biomedical alloys because corrosion results in harmful
ionic release into the body and poor osseointergration due to metal loss. The effect
of Ru addition in TiNb alloys has been reported from investigations of Ti-20Nb-xRu
by Biesiekierski et al. [19] and it was revealed that Ru-containing alloys were
more corrosion resistant compared to Ru-free alloys. Furthermore, it has been
reported that Ru can enhance the corrosion resistance of biomedical Ti-based alloys by
several orders of magnitude with even a 0.1 at.% addition in particular alloy systems
[19, 21].

Moreover, it has been reported that most conventional metallic biomaterials with
high magnetic susceptibility have adverse effects on the Magnetic Resonance Imaging
(MRI) and diagnostics as they would become magnetized in the intense magnetic field
of the MRI. This causes heat generation in the biomedical materials and therapeutic
devices, which leads to displacement of biomaterials and therapeutic devices, and
artifacts on the MRI. Such artifacts can distort the authentic bio-imaging of the human
organs and tissues around the implant. Materials and devices with an ultra-low
magnetic susceptibility are required for surgery and diagnostics performed under
MRI. The pZrRu alloys with ultra-low magnetic susceptibility have been developed
for biomedical and therapeutic devices. Here, adding Ru to Zr reduced magnetic
susceptibility, as shown in Figure 2 [2].

In ordered B2 systems, the effect of Ru addition has been reported in B2
TiSONisofoux’ Ti50Pt50,xRuX, eroPdSO,XRuX potential SMAs [3, 5, 22] . The phase
stability, transformation temperature and elastic properties has been studied in the B2
ZrsoPdso_xRuy (x = 0, 6.25, 12.50, 18.75) alloy compositions using computational
methods [5] . The transformation temperature of ZrsoPdso_ Ruy alloys was observed
to be sensitive to the Ru content, where B2 phase became more stable with Ru
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Figure 2.
The magnetic susceptibility of pure Zr and ZrRu alloys [2].
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The total energy difference (AE) between austenite and martensite phases of ZroPds,_cRuy alloys [5].

addition. This was shown by calculation of total energy difference (AE) between the
austenite B2 and orthorhombic martensite phase. It was observed that the total AE
decreased with increasing Ru content as shown in Figure 3, meaning that the trans-
formation temperature of ZrsoPdso_ Ruy alloys decreased with increasing Ru content.

Also, a preceding experimental study on similar alloys with even higher Ru con-
tents showed that transformation temperature decreased from about 620°C at x = 0
binary alloy to around 0°C for x = 35 alloy [5, 23], indicating the B2 phase-stabilizing
effects of Ru. These findings were similar to work done by Tsuji et al. [3], where
systematic substitution of Ni with Ru in TiNi stabilized the B2 phase to the point
where martensitic phase transformation completely diminished.

In B2 TisoPtso_xRuy, the partial substitution (5 at.%) of Pt with Ru decreased the
transformation temperature from martensitic finish (Mp) =1285K for TiPt to
My = 1129 K for TisoPtssRus, further proving the B2-stabilizing effect of Ru. The
compressive strength obtained at about 1129 K was slightly improved from ~500 MPa
for TiPt to ~700 MPa for TisoPt4sRus. This means that partial substitution of Pt with
Ru increased the critical stress for slip deformation. Furthermore, the recovery ratio
due to shape memory effect was improved from ~11% for TiPt to ~45% for
TisoPt45Rll5 [22] .

Furthermore, the B2 NbRu and TaRu have been studied as potential SMAs for high
temperature applications [24]. Both compounds exhibit a B2 phase at higher temper-
atures and starts transforming to tetragonal (L1,) martensitic phase below ~1158 K
for NbRu and ~1403 K for TaRu. The shape recovery of NbRu and TaRu was reported
to be 73% and 80%, respectively [24, 25], which is better than ones for B2 TiPt [22]
and TiRu [3] at higher temperatures.

Although Ru is expensive compared to other transition metals considered for bio-
materials, it is extremely promising for potential biomedical applications because it
exhibits low ionic cytotoxicity in vitro, has excellent biocompatibility i# vivo and no
evidence of mutagenicity or carcinogenicity [21]. Moreover, it has good osteocom-
patibility that can exceed that of conventional pure Ti and Ti-based biomaterials [2].
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At this point, the advantages of Ru addition in both  and B2-type alloys have been
outlined. In view of the biomedical properties improved by Ru, it is worth a while to
explore alloys with high Ru content, which means studying B2 alloys that form at high
Ru compositions. Thus, the current study starts with B2 TiRu alloy that is stable to
below ~874 K, a factor that often makes it difficult to obtain the SM properties. Since
SE is also dependent on the elastic moduli of material, the underlying mechanical
properties of B2-type alloys must be improved for consideration in biomedical appli-
cations. Specifically, in this case the aim is to improve the mechanical properties of
TiRu alloy for biomedical applications. Therefore, this chapter outlines the underlying
mechanical properties induced by addition of Nb in TiRu in order to give an insight
towards the design of a biomaterial with possible SME. The prediction of elastic
properties has been performed for the B2 Ti-Nb-Ru alloys using the DFT method to
guide the reader towards the design and development of Ru-rich biomaterials.

2. Computational details

To the authors’ knowledge, there is currently no experimental data available on the
alloy system investigated in this chapter. Therefore, the authors have used similar
approaches to that employed by other authors [5, 26-28] in order to have basis for the
current research. The calculations in this study were performed on a unit cell and 2 x
2 x 2 supercell of B2-type crystal structure with space group #221(Pm-3m) consisting
of 2 and 16 atoms, respectively, using DFT based CASTEP code embedded in Mate-
rials Studio 2020 software package [29]. Robust Vanderbilt ultrasoft pseudopotentials
[30] were used to describe the ion-electron interaction within the generalized gradient
approximation (GGA) [31] of Perdew-Burke-Ernzerhof (PBE) [32]. A plane wave
energy cutoff of 700 eV and k-point set of 16x16x16 and 8x8x8 for unit cell and
supercell, respectively, were sufficient to converge the total energy of the considered
systems [33]. The effect of high Ru content and then substituting Ti atoms with Nb on
the structure and elastic properties was determined. The starting composition was a
binary TigRug, representing 50 at.% Ru and 0 at.% Nb. Then, the ternary
compositions considered were of stoichiometry, Ti;Nb;Rug, TigNb,Rug, TisNb;Rug
and Ti4Nb4Rug representing 6.25, 12.50, 18.75 and 25.0 at.% of Nb, as shown in
Figure 4. All the ground-state structures were optimized using the Brayden-
Fletcher-Goldfarb-Shanno (BFGS) minimization scheme. The convergence criterion

Unit cell 2x2x2 supercell
o © “‘J‘J“ “ %Q%% <c<, «.‘cc @ (‘“on

C %%%%%%%%%%‘%ﬁ%mu
0 % ] e e e e e

TiRu TigRus Ti,Nb,Rug TigNb,Rug Ti,Nb,Rug

Nb=0at.% Nb = 6.25 at.% Nb =12.50 at.% Nb =18.75 at.%
Body centered Ti is replaced with Nb

Figure 4.
Crystallographic structures of B2 Ti(s5o_x)Nb,Rus, alloys.
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TisoRusg 3.078

Ti43.75Nbs 25RUs0 3.092

Tis7.50Nb12.50Ruso 3.104

Tiz1.50Nb1g soRuso 3.115

TisNbasRuso 3.280
Table 1.

Theoretical lattice parameters (A) of equilibrium cubic crystals (a,) of B2 Ti¢so_x)NbRus, alloy compositions.

of less than 1 x 107> eV/atom, the maximum residual forces of 0.03 eV/A, maximum
residual bulk stress of 0.05 GPa and maximum atomic displacement of 1 x 10> A
were utilized.

The theoretical lattice parameters for cubic crystals of B2 Ti(sg_)NbyRus, alloys
were calculated and are presented in Table 1. The experimental lattice parameter for
TisoRus is 3.067 A [1, 3], which agrees with the theoretical value within the percent-
age error of 0.36%. The experimental values for ternary alloys are not yet available in
literature. The atomic radii of Ru, Nb and Ti are 1.34, 1.47 and 1.46 A, respectively
[34]. Given that Nb and Ti have almost similar atomic size, it is noted that lattice
constant (a,) increased with increasing Nb content, owing to high coefficient of
thermal expansion of Nb. This has been observed in the work conducted by Bonisch
et al. [11] where the lattice parameters showed dependence on Nb content in TiNb.
The linear thermal expansion of the Nb-rich orthorhombic martensite phase was
found to be larger along the lattice parameter a than lattice parameters b and c. The
a expanded at a rate of 163 x 10~ °°C ™" at temperatures below 500 K, indicating
the high thermal expansion of 9.2 x 10%°C™" for Nb compared to Ti which is
8.4 x 107%°C~1 [35].

3. Mechanical properties
3.1 Mechanical stability

The mechanical properties of materials could be estimated to some extent by
analyzing the elastic constants. However, very accurate calculation of elastic constants
is essential for gaining meaningful insight into the mechanical stability and elastic
properties of materials. Elastic constants of a mechanically stable phase should meet
the requirements of mechanical stability based on the Born Standard. The elastic
behavior of a lattice is described by its matrix of second order elastic constants as

shown in Eq. (1) [36].
1 ([ &°E

Where: E is the energy of the crystal, Vj is the equilibrium volume and ¢ is strain.
The elastic matrix has a size of 6 x 6 and is symmetric, thus composed of 21 indepen-
dent components. A crystalline structure is stable in the absence of external load and
in the harmonic approximation only if all its phonon modes have positive frequencies
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for all wave vectors. The elastic energy E is given by Eq. (2), and Ej is the minimum
energy of a relaxed crystal structure. The equation gives the energy of the crystal from
the arbitrary deformation by an infinitesimal strain [36].

1
E=Ey+ Evozzjzlcij&ej +0 (83) )

For cubic crystals, the minimum energy conformation requires about four simula-
tions. The derivation of coefficients requires an additional three or four simulations
per independent coefficient. Fifteen energy calculations are required from which
three independent constants Cyq, C44 and Cy; are derived for a cubic crystal. The
mechanical stability criteria for cubic system is explained in [37] and is given as
follows:

C11 — C12>0;Cs4>0;C11 +2C12 >0 (3)

Using the calculated equilibrium lattice constants, the single-crystal elastic con-
stants for B2 Tiso_,NbyRusg lattice structures were calculated in the current study in
order to determine the effects of systematically substituting Ti with Nb on the stabil-
ity and elastic properties of the B2 phase. There is currently no experimental values
available for comparison for these ternary alloy compositions, only the Vickers hard-
ness (VH) of TiRu has been found to be around 400 GPa [3]. Based on these three
independent single crystal elastic constants of a cubic crystal, the tetragonal shear
modulus C' is determined using the following expression:

_ Cll - ClZ

¢ 2

(4)

The tetragonal shear modulus has been found to be significant in quantifying the
mechanical stability. A positive C’ indicates the mechanical stability of a crystal [38].
Table 2 shows the calculated elastic constants C;; and C'.

The calculated elastic constants are all positive, which indicates that the mechani-
cal stability criteria in Eq. (3) is satisfied. Also the tetragonal shear modulus C’ is
positive, which further indicates the stability of B2 phase. Since these calculations are
carried out at 0 K temperature, this therefore implies that B2 phase is stable even
below room temperature. Figure 5 shows the graphical presentation of the elasticity
data, and it can be observed that C’ decreases with increasing Nb concentration (i.e.,

x (at.% Nb) Elastic constants (GPa)

Cu Cuq Cia c’
0.00 421 88 114 154
6.25 401 86 119 141
12.50 396 87 133 132
18.75 342 84 160 91
25.00 297 84 195 51

Table 2.

Theoretical single-crystal elastic constants of B2 Tiso_xNb.Rus, alloys.
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Figure 5.
Elastic constants of Tiso xNb Rus, alloys as a function of Nb content.

with decreasing Ti concentration). While elastic constant C44 remains almost
constant, the C’ reduces slightly for Nb compositions up to 12.50 at.% (change

<15 GPa), mainly due to high mechanical stability of B2 TiRu and its strong bonding
character, hence the small increment in Nb does not create a significant change.
However, at 18.75 at.% Nb and above, the decrease in C’ starts to be more pronounced.
This decrease is attributed to higher content of more ductile Nb in the place of less
ductile Ti. As indicated, presence of Nb results in the expansion of the average
volume per atom in Ti-Nb-Ru, which means a decrease of the average bond strength
and consequently reduces the ability of the alloy to resist the tetragonal shear.
Furthermore, the crystal structure theory of transition metals states that solids with
increasing d-occupation number increases its metallicity, a factor that is linked to
ductility [39].

The stability of B2 TiRu phase has been experimentally studied by Murray [1] as
indicated by the phase diagram in Figure 1 in the introductory chapter. It was shown
that, the B2 phase undergoes congruent melting at about 2130°C. Below this temper-
ature the B2 phase remains stable to low temperatures for compositional ranges of 45
to 52 at.% Ru. The obvious observation here is that with higher Ru concentration the
crystal structure moves from being disordered f to ordered B2. At this point, it was
beneficial to study the mechanical properties of the ordered B2 structures in order to
further gain an insight on the underlying contribution of Ru. As indicated, the intro-
duction of Nb has proven to reduce the stability of B2 phase as shown by a substantial
decrease in C', thus we also further investigate the impact of Nb addition on other
mechanical properties.

3.2 Bulk modulus, B

The bulk modulus is a measure of resistance to volume change or to
compression deformation by applied pressure. Based on the three independent
single-crystal elastic constants of a cubic crystal, the bulk modulus B is expressed as
follows [40]:
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Figure 6 shows the graph of B for B2 Tiso_yNb,Rus alloys. The B varies with
increasing Nb content. Previous studies have suggested that crystals with larger lattice
constants possess lower average bond strength and thus can be easily compressed
compared to those with smaller lattice constants [39]. As such, an anomalous behavior
is observed in this study where in general both lattice parameter and B increase with
increase in Nb, despite the surprising decrease in B at 6.25 at.% Nb. This observation
can be explained using valence electron density theory. Previous studies have reported
that B has a direct relationship with valence electron density, that is, more electrons
will correspond to greater repulsions within a structure [41]. The bulk moduli for the
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Figure 6.
Bulle modulus B of B2 Tiso_xNbRus, alloys.
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Natural logarithm of bulk modulus as a function of atomic number [42].
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first 94 periodic table elements are shown in Figure 7 [43]. It is shown that the B of Ru
is amongst the highest values and that of Nb is greater than B of Ti. Also, it can be seen
that there are large variations in moduli with atomic number. The maxima is observed
when the valence shells of rows one and two are half full electrons and when the
transition shells d-orbitals (3d, 4d 5d) are roughly half filled.

3.3 Shear modulus, G

Shear modulus is a measure of resistance against changes in atomic bond length
and angle or resistance to shape change. It can be expressed using Eq. (6) [40]. A
larger shear modulus means greater ability to resist shearing forces. Figure 8 shows
that shear modulus decreases with increasing Nb content. At first, Nb additions
below 12.50 at.% show small change less than 5 GPa, then a significant decrease of
about 15 GPa is observed as the Nb content is increased beyond that. This demon-
strates that TisoRuso has a higher tendency to resist motion of planes within a solid
parallel to each other [42]. This is the reason why such an alloy is not desirable for
development of superelastic materials because from crystallographic point of view,
the transformation from B2 to low temperature phase occurs by Bain strain and
lattice-invariant shear. The Bain strain consist of atomic movements needed to pro-
duce new structure from the parent phase, while the lattice invariant shear is an
accommodation step.

The general mechanisms by which this happens is either by slip or
twinning. Twinning is unable to accommodate volume changes but,
accommodation is achieved by shape change in a reversible way. Therefore, here
we observe that the addition of Nb is necessary in order to induce (to a certain
degree) shear deformation that is required for phase transformation to occur by
twinning.

C11 —C12 +3Cys 5C44(C11 — C12)

6
5 4C44 +3(Cyp — Cn2) ©)

1
G=-
2
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80
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Figure 8.
Shear modulus G of B2 Tis,_Nb.Rus, alloys.
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3.4 Young’s modulus, E

Young’s modulus (E) is the measure of a material’s ability to withstand changes in
length when under tension or compression (material’s stiffness). This mechanical
feature is important in biomedical materials for determining the specific implant
application. For instance, if an implant has a greater E than the replaced bone, stress
shielding occurs. This stress shielding effect prohibit the transfer of needed stress to
the adjacent bone, which leads to bone resorption around the implant and conse-
quently cause death of bone cells. Therefore, an ideal biomedical material should have
combined properties of modulus closer to that of bone and high strength to sustain a
long term service period and reduce revision surgery. Figure 9 shows a typical com-
pressive E of different types of human soft bone [44].

Apart from transformation strain, it is also well established that SE is dependent on
the E of the material. The degree of SE is typically small for alloys with high E
compared to ones having low E, as shown in a schematic diagram in Figure 10 (Spring
back = SE) [45]. Here, the theoretical elastic constants data have been used to predict
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Figure 9.
Young’s modulus E (GPa) of human bone [44].
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Figure 10.
The relationship between E and SE [45].
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Figure 11.
Young’s modulus E of B2 Tiso_Nb.Rus, alloys.

the E of B2 Tisg_NbyRusg at 0 K. Figure 11 shows the E across different compositions.
The composition dependence trend is similar to that of shear modulus, with

highest value being 372 GPa for TisoRuso. Again, further substitution of Ti with Nb
reduces the E to less than 150 GPa. Based on the predicted trend, it is anticipated
that increasing Nb composition further than considered in this study might

result in E closer to 50 GPa which will be closer to that of B2 TiNi and human bone
[46, 47]. As a result, the current predicted data is encouraging to pursue this work
further.

On contrary to what has been believed to be a disadvantage in terms of high E,
recently other researchers have found that high E can be of advantage if all other
biomedical aspect are taken into consideration. For example, Nakai et al. [45]
discussed that surgeons specializing in spinal diseases pointed out that the amount of
SE in implant rods must be balanced such that it offers better handling during opera-
tion, but also be ductile enough not to create stress shielding for the patient. More-
over, biomaterials with higher E and consequent high yield strength have received
much attention lately in the development of alternative porous orthopedic implants
via powder metallurgy routes such as additive manufacturing (AM) techniques [48].
The porosity route is viewed as one of the viable means to reduce E and thus overcome
stress-shielding health-risk.

Therefore, in order to satisfy both surgeon and patient’s requirements, the E should
be adjusted by phase transformations. That is, during deformation, phase transfor-
mation occurs such that the new phase introduces high E, while the non-deformed
part remains low. That is, in orthopedic operations for treating spinal diseases, the
implant rod is bent so that it corresponds to the curvature of the spine. Thus, an
alloy with desired superelastic properties can be designed to suit the surgeon’s
requirement. Then during operation, while the material is bent, the new deformation-
induced phase with high Young’s modulus is formed for surgeon’s requirement
and the non-deformed part remains low for patient comfort. The illustration in
Figure 12 demonstrates how the Young’s modulus can be adjusted in p alloys [45].
This can similarly be true for B2 alloys, as we have observed that the effect of Ru is the
same in both p and B2 alloys, although with B2 alloys, the deformed part may need to
have lower E.
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Figure 12.
Tllustration of self-adjustment of Young’s modulus in implant rod [45].

3.5 Stiffness ratios

The brittle/ductile behavior of materials can be determined using the Pugh’s
modulus ratio k = G/B [40]. The k ratio highlights the relationship between the
elastic and plastic properties of crystalline materials, where brittle materials have high
k values (>0.57) and ductile materials have low ones (<0.57) [41]. It is known that
with approximately equal values of shear G and bulk B moduli under applied tensile
stress, atomic bonds in local volume tend to dilate and rotate. This occurs instead of
the domination of uniform rotation that leads to shear deformation in the plastic
stage in crystals whose B is significantly greater than G. This means that atoms
in local volume undergo a random movement under applied stress and if
strain rate exceeds the rate of atomic relaxation, the amorphous state may
result [49].

Moreover, in simple tension or compression tests, a force is applied to a rod
parallel to its axis creating a tensile or compression stress. The rod responds by
either elongating (tensile) or shortening (compression), leading to change in axial
strain (e = Al/I) to a fractional amount. This results in simultaneous decrease
(or increase under compression) of its cross-sectional area. The ratio of transverse
contraction, —(Ad/d), to the longitudinal extension, (+& = Al/l), is the Poisson ratio
v [43].

In order to predict the stiffness ratio of B2 Tiso_;NbyRusg alloy composition, we
used both Pugh’s ratio and Poisson ratio. Figure 13 shows the calculated ratios with
respect to composition. As expected, the k ratio plot trend shows that B2 TisoRus is
more brittle than presently considered ternary alloy compositions, as indicated by
decreasing values. This agrees well with experimental data that was reported by Tsuji
et al. [3], where TiRu was measured to have hardness of about 400 GPa and it was
deduced that the addition of Ru to TiNi increased hardness and thus, decreasing
ductility. Thus we see that high Ru alloys are brittle, leading to the need to introduce
Nb at the expense of reducing Ti in order to induce ductility. The Poisson ratio
increases with increasing Nb content, further indicating the improved ductility with
Nb additions.
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The calculated stiffness ratios of B2 Tiso_xNbRus, alloys.
Device type Ru-effect on properties
Spinal fixation devices ¢ Increased Young’s modulus reduces the spring-back during the
operation [45, 50]
¢ Ultra-low magnetic susceptibility [2]
Removable internal fixation « Inhibition of precipitation of calcium phosphate, thus allowing easy
devices, e.g. bone plates removal of an implant at the end of healing process [51]
Orthopedic implants ¢ Addition of Ru in BTiNb alloys increased tensile and fatigue

strength [2, 4]
* Stability of high temperature phase (p or B2) to low temperatures
improves possibility of superelasticity [10, 19, 21, 52]

Vascular stents ¢ Ultra-low magnetic susceptibility [2]
¢ Improved corrosion resistance [21]

Table 3.
Possible applications of Ru-rich biomaterials.

3.6 Possible biomedical applications of Ru-rich alloys

The possible applications of Ru-rich alloys in biomedical filed are summarized in
Table 3. The investigated alloys showed that the Young’s modulus of about 100 GPa is
attainable, which is attributed to high Ru content. The stiffness ratios also indicated
that even with high Ru content the alloy can still be mechanically adjusted to fit in the
application criteria. For example, an alloy composition with such high Young’s modu-
lus can be beneficial during the spinal fixation operations. Previously, surgeons had to
rely on the phase transformation of f-phase to brittle w-phase precipitates to prevent
the occurrence of superelasticity within the limited time of adapting the spinal fixa-
tion device to the physiological curvature of the spine [45, 51]. The currently investi-
gated alloys are structurally more ordered due to stabilizing effect of Ru, and thus the
phase transformation to brittle @-phase is suppressed. The result is that the Young’s
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modulus does not drastically change during deformation. It is only by continuous
cyclic loading after the installation of the implant that the transformation of B2 phase
to martensite phase can be observed and this is where the patient can receive the
benefit of precipitated soft phase to accommodate the surrounding human tissue and
prevent stress-shielding effect. Therefore, this means that the correct alloy composi-
tion of B2 Tiso_xNbyRusg can be developed for use in the design of spinal fixation
devices.

Other possible applications of Ru-rich biomaterials is in removable implants such
as the internal fixation devices implanted into the bone marrow (e.g. femoral, tibia
and humeral marrow), screws used for bone plate fixation and implants used for
children. These type of implants may grow into the bone, but it is essential to remove
the internal fixation device after surgery, owing to specific local symptoms indications
such as palpable hardware, wound exposure of hardware and also the implant may
need to be removed in the case where an athlete return to contact sports. Surgeons
have experienced difficulties with the removal of these fixation devices because dur-
ing the assimilation of the device with the bone there is precipitation of calcium
phosphate which might cause bone refracture [53].

Thus, in this instance, it is important to prevent the adhesion of the alloys with the
bone tissues. This implies that the newly developed alloy must be able to inhibit the
precipitation of calcium phosphate. The reactivity of Ru-containing alloys have been
found to decrease with increasing Ru-content in tetrazolium salt (MTS) assay, which
represents the body fluid [2, 4]. Also Ti has been observed to quickly facilitate the
formation of calcium phosphate in order to improve bone adherence. Previously, one
had to coat the Ti substrate with the Zr coating which could have resulted in other
properties being compromised. Thus for the current alloys with high Ru content, the
precipitation of calcium phosphate can be prevented because the Ti content has been
reduced and the Ru is non-toxic, allergy-free and has the potency to prevent quick
reaction of Ti and consequently reduce deposition of calcium phosphate [53].

Furthermore, in cardiology, the imaging technology can begin with the advent of
chest X-ray, in which a topographic image of a heart could be done in different
projections. This is often done by multiple projections to help analyze cardiac struc-
tures and the location of abnormalities. It has been reported that most conventional
metallic biomaterials with high magnetic susceptibility have adverse effect on the MRI
and diagnostics. The resulting artifacts can distort the authentic bio-imaging of the
human organs and tissues around the implant. Materials and devices with an ultra-low
magnetic susceptibility are required for surgery and diagnostics performed under MRI
[2]. Addition of Ru can improve/lower magnetic susceptibility as observed in the Zr-
Ru alloys where an ultra-low magnetic susceptibility was obtained with increasing Ru
content [2].

4, Conclusions

In this study the B2 TiRu alloy has been modified in order to improve the under-
lying mechanical properties required in biomaterials. The advantages of Ru addition
have been outlined, which include biocompatibility, improved corrosion resistance,
p-stabilizer and also B2 stabilizer and ultralow magnetic susceptibility. However, high
Ru content of about 50 at.% results in a more ordered structure, which has adverse
effects on the mechanical properties. Therefore, although it may be beneficial to have
a high Ru alloy, it is also crucial to identify the shortfalls arising due to Ru addition.
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The approach used started with TiRu binary compound, which is known to be hard
and brittle. In order to induce beneficial mechanical properties for biomedical appli-
cations, the systematic substitution of Ti with Nb was performed.

The results showed that 50 at.% Ru constitute to high stability of B2 phase at 0 K,
such that even with increasing Nb content, B2 phase remained highly stable (C’
positive). The bulk modulus showed variation with increasing Nb content, whilst the
shear modulus decreased with increasing Nb content. Also, of importance to the
design of biomaterials is SE, which is dependent on both the transformation strain and
Young’s modulus. The Young’s modulus decreased with increasing Nb content.
Therefore, in order to design an alloy with beneficial properties for both surgeons and
patients, we propose higher Nb content towards potential high temperature shape
memory alloy B2 NbsgRuso. Current results are encouraging that by increasing Nb
content it could be possible to identify ternary B2 Tiso_xNbyRuso composition that has
Young’s modulus closer to 50 GPa which will be closer to that of B2 TiNi and human
bone. This means that we are able to retain high Ru with said biomedical properties,
whilst achieving the desired mechanical properties.
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Heat Treated PtRu Nanoparticles
Prepared by Modified Polyol

Method for Direct Methanol Fuel
Cell Application
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Abstract

In this work, heat-treated PtRu metal alloys based on multi-walled carbon nanotubes
(MWCNT) were synthesized using modified polyol approach for methanol oxidation
reaction (MOR) in acidic conditions at 2500, 3500, and 4500 C. The catalysts physical
and electrochemical properties were investigated. The High Resolution Transmission
Electron Microscopy (HR-TEM) was used to determine the shape, particle size, and par-
ticle size distribution of the catalysts, where spherical and agglomerated PtRu nanoparti-
cles with narrow particle size distribution were observed with particle sizes ranging from
0.600 to 1.005 nm. Their crystalline sizes were assessed using the XRD with catalysts
presenting a face-centered crystal structure, which is typical of platinum structures
with crystalline sizes ranging from 0.500 to 1.180 nm. Energy-Dispersive Spectroscopy,
(EDS), was used to identify the elements. Cyclic voltammetry (CV) was used to deter-
mine the electroactive surface area (ECSA) and MOR of the electrocatalysts, whereas
electrochemical impedance spectrometry (EIS) and chronoamperometry (CA) were
used to study their electro-kinetics and stability towards MOR, respectively. PtRu/
MWCNT electrocatalysts alloyed at 450°C showed better electroactivity and kinetics as
compared to other catalysts, evident from the highest current density of 19.872 mA/cm?
and lowest charge transfer resistance of 0.151 kQ from CA and EIS, respectively.

Keywords: methanol oxidation, catalysts, multi-walled carbon nanotubes,
heat treatment, electroactivity
1. Introduction
A device called a fuel cell produces electricity through chemical processes. The
cell can continue to generate power as long as fuel is available [1, 2]. In order to pro-

vide sustainable electricity, fuel cells combine well with other clean, contemporary
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energy sources including wind, solar, and hydroelectricity. These devices have a
variety of uses in portable devices, stationary equipment, and transportation, as well
as silent operation without vibration and inherent modularity that enables simple
design [3].

The versatile and mutual conversion of chemical to electrical energy via fuel cell
technologies has been considered a green approach and environmentally friendly than
the combustion of fossil fuels. The combustion of fossil fuel to generate energy has
contributed to acid rain, ozone depletion and climate change. Furthermore, this is as
aresult of air pollution and harmful greenhouse gases such as CO2 [2, 4]. The Kyoto
Protocol has since then suggested the use of renewable energy sources, the promotion
of existing high efficiency electricity technologies, and the adoption of advanced low-
CO2 emission energy systems [2, 5], there has been intensive research and develop-
ment of renewable and environmentally friendly ways to generate electricity.

Electrochemical systems, such as fuel cells, effectively transform chemical energy
directly into electricity, with water and heat as byproducts [3]. The device is com-
posed of four major components: anode and cathode electrodes, an electrolyte, and
a gas diffusion layer. The anode electrode of the device receives fuel, whereas the
cathode electrode receives oxygen or air. The basic objective of an electrolyte located
between the electrodes, regardless of the type of cell, is always to move ions (anions
or cations) from one side to the other [6].

In the early 1800s, Sir William Grove reported the first fuel cell when he built the
gas battery, a device that combined hydrogen and oxygen to produce electricity. This
technology was later referred to as a fuel cell. Francis Thomas Bacon demonstrated
the first fully working fuel cell in 1959 [3, 4]. There are various varieties of fuel cells
accessible today, each having its unique chemical fuel input and operating principles
(Figure1).

For a hydrogen fuel cell, similar cathode and anode reactions are

Cathode: 1/20, + 2H"+2e — -H,0.

Anode: H, — 2H* +2e—.

Overall reaction: 1/20,+ H, — H,0.

1.1 Fuel cells technologies

The choice of an electrolyte used in fuel cells is the most significant factor and
gives it an identity. The operating conditions such as temperature range, catalyst
desired, type of fuel, and other parameters have an effect on the electrochemical
processes taking place in the cell due to the distinction of electrolytes [8]. Thus quali-
ties influence the applications for which these cells are best suited. Various fuel cell
types are now being explored, each with their own set of advantages, limitations, and
prospective applications [8]. PEMFCs, direct methanol fuel cells, alkaline fuel cells,
phosphoric acid fuel cells, solid oxide fuel cells, and molten carbonate fuel cells are all
examples of fuel cells.

1.2 Catalyst

A catalyst helps to speed up a chemical reaction by creating bonds with the
molecules involved. The catalyst permits the reactants to react to produce a product,
which then detaches from the catalyst and leaves it undamaged for the next reaction.
As aresult, a catalytic reaction may be thought of as a cyclic event in which the cata-
lyst precipitates and then returns to its original state at the conclusion of the cycle.
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Figure 1.
A schematic diagram showing a hydrogen based fuel cell [7].

Catalysts are the workhorses of chemical transformations in industry, accounting
for 85-90 percent of total chemical output. A catalyst provides an alternative, more
energy-efficient mechanism to the non-catalytic reaction, allowing activities to be
carried out at pressures and temperatures that are industrially practical.

1.3 Fuel cell electrocatalysts

Catalysts are used in fuel cells to increase reaction kinetics in the anode and
cathode sectors. Efficient electrocatalysts are needed in fuel cells to increase cell’s
performance, notably its durability, stability, and activity, as well as to lower cost.
PtRu catalysts are used due to its high CO tolerance through bifunctional mechanism.
Because the catalysts used in fuel cells are noble metals and non-noble immobilized
on a conducting support, the catalysts utilized in fuel cells are classed as heteroge-
neous. The reactants and the heterogeneous catalyst are in distinct phases.

1.4 Methanol oxidation anode catalysts

Pt, Pd, and Au are well-known precious metals that can be used as methanol
oxidation catalysts in DMFCs [9-12]. As a result, these precious metal catalysts have
received a lot of attention in DMFCs [9-11]. Saving money and increasing methanol
oxidation activity are both appealing characteristics. The morphological variations
in particle size distribution, shape, and surface structure of precious metal catalysts
have a strong influence on their methanol oxidation activity [10]. Many teams have
recently created better morphologies of noble metal catalysts to promote methanol
oxidation activity with low metal loading [10, 11]. Platinum-based catalysts have been
shown to be reactive and stable in the acidic DMFC environment [12, 13].

Another significant barrier to efficient methanol fuel-to-electric-current con-
version in a DMFC is the anode catalyst’s poor MOR kinetics. Surface poisoning
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by chemical intermediates such as COads-like species formed during the stepwise
dehydrogenation of methanol is primarily responsible for this delay [14-16].

The importance of DMFC’s low efficiency and overpotential stems from oxidized
adsorbed COads-like species and other poisoning intermediates for probable MOR
on Pt at such potentials [17]. PtRu [18, 19], PtSn [20, 21], PdNi [22], PtMo [23, 24],
PtTiO2 [25, 26], PtW [23], PtOs [27], and PtMn [28] are examples of binary Pt-based
alloy (double-component) catalysts. The concept of metal alloys is to enhance metha-
nol electro-oxidation activity, by supplying a flux of hydroxyl species to negative
electrode at higher potentials to facilitate the reaction with COads-like poisoning
species. The methanol oxidation and associated mechanisms have been studied under
controlled conditions in a variety of catalytic systems [29-37].

Platinum’s electroactivity appears to be influenced by its morphology [38], with
roughened platinum having significantly higher activity [39].

Several researchers have looked into the effect of particle size on methanol oxida-
tion [40-42]. For particles with a diameter of less than 5 nm, several scientists have
found a decline in activity as the particle size decreases [43-46].

On a pristine platinum electrode, linearly bound CO can cover up to 90% of the
active sites, blocking the majority of them. These findings have been frequently
confirmed by various researchers [47-49].

Platinum has been looked at a lot as an electrocatalyst for the oxidation of metha-
nol. To remain being active it is used as a composite to avoid formation of CO. This
has led to the search for other active materials, especially those that could work with
platinum as a promoter by making it easier for chemisorbed CO to be oxidized [13].

Ru has been discovered to enhance anti-poisoning effectiveness. The Pt-Ru
catalyst’s high price, however, is one of the main obstacles to its broad implementa-
tion [50]. Reduced catalyst costs are a key factor in the widespread commercializa-
tion of DMFCs [51]. A number of organizations have worked diligently to create
new multi-component catalyst systems for the oxidation of methanol, including
PtRuNi [52-54], Pt-Ru-Os [55, 56], Pt-Ru-Mo-W [56] and Pt-Ru-Sn-W [57].
Investigations on the Pt-Ru-Sn system were also conducted [58], but it was found
that adding tin to the Pt-Ru alloy causes the Ru to be evacuated with minimal
advantage [59].

Fuel cells have received a lot of attention among other energy technologies due to
their high rates of energy conversion, cheap availability to fuel, and environmental
friendliness [60, 61].

Fuel cells use redox processes involving oxygen and fuels to turn chemical energy
into electrical energy [62, 63]. Despite years of hard work, there are still certain
fundamental concerns that must be addressed. Platinum is now the most popular
MOR catalyst, and significant efforts have been undertaken to increase its activity
and utilization. One of the numerous disadvantages of pt-based catalysts is that they
are sensitive to impurities and pricey. The main methodology used in this work was
alloying platinum with ruthenium metal via the modified polyol method of catalyst
synthesis, and the resultant nanoparticles were subsequently heated at higher tem-
peratures to improve the methanol electrooxidation reaction [64-66].

Because heat treatment has been shown to affect the activity of electrocatalysts,
it is known as thermal activation. Heat treatment of Pt-based catalysts can result in
particle-size increase, improved alloying, and changes in the surface morphology of
the catalyst from amorphous nature to more crystallite phases, all of which have a
significant impact on their electroactivity and stability [67].
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Numerous studies [67] have been conducted to determine how heat treatment
affects Pt catalysts. In this study, heat treatments of 2500C, 3500C, and 4500C are
applied to binary PtRu/MWCNT catalysts made using the modified polyol method
to see how they affect their shape, particle size, electroactivity, and stability towards
methanol electrooxidation.

According to Valisi et al. [68], enhancing the electrocatalytic activity and stabil-
ity of fuel cells, thermal treatment of catalysts plays an integral part of ORR. The
ORR activity was found to be maximal as indicated, Pt/C (T, 350°C) < Pt-Co/C (T,
250°C) < Pt-Ni/C (T, 350°C) < Pt-Fe/C (T, 350°C) < Pt-Cu/C (T, 350°C).

Xiowel et al. [69] produced carbon-supported Au-PtRu catalysts for DMFC by
easily depositing Au metal on top of a commercial PtRu/C catalyst and then heat-
ing it at three different temperatures. After a straightforward Au particle deposi-
tion on a commercial Pt-Ru/C catalyst, the resulting composite catalyst was heated
at 125, 175 and 200 degrees Celsius in a N environment. It was discovered that
among heat-treated catalysts, Au-PtRu/C catalysts had the greatest electrocatalytic
stability.

Another study [70] found that heat treatment enhanced the electrical conductivity
of the electrode, which influenced the agglomeration of Pt particles. Furthermore,
the PtM/C alloying degree (M denotes Cr, Pd, Co) was greatly enhanced. Finally,
the PEM fuel cell displayed an appealing performance, with PtCo/C delivering an
approximate current density of 392.8 mA/Cm?.

The elimination of any undesired contaminants that may have resulted from
the early phases of preparation is one of the benefits of heat treatment. Heat treat-
ment increases the electrocatalytic activity of the produced catalyst by allowing
for uniform dispersion and stable metal distribution on the substrate [71, 72].
Metal particle size and distribution, particle surface morphology, and metal
dispersion on the support are all affected by heat treatment. The activity and
durability can be achieved from the thermal treatment subsequent to the develop-
ment of Pt nanoparticles and its alloys [72]. Another study reported, Jalan et al.
[73], that thermal treatment of Pt catalyst can slow down the dissolution rate and
eventually decrease the initial surface area. The thermal treatment also affects the
fundamental characteristics of the catalyst and its support, whereby the number
of catalytic sites, the dispersion of catalyst particle on the support, the ratio of
catalyst on the support, as well as the acidity-basicity properties of the support
[71, 72].

There are several heat treatment technologies, including oven/furnace heating,
microwave heating, plasma thermal heating, and ultrasonic spray pyrolysis. The
most frequent heating technology is oven/furnace. The heat treatment approach
for catalysts that use carbon black as a support for the catalytic metal is known to
play two important roles in stability: the loss of oxygen-rich functional groups and
graphitization of the carbon support surface. The surface chemistry concerned with
carbon blacks exposes new surface states on carbon surfaces with variable oxygen-
dominated functionalities that influences the chemical behavior on the surface of
carbon support [74].

Firstly, the carbon black (Vulcan XC72R)-supported on Pd-V electrocatalysts were
subjected to thermal treatment in 10% H2 under Ar atmosphere at a variety of tem-
peratures. The morphological features of the heat-treated particle were studied, and
it was discovered that particle size grew with increasing temperature. Heat treatment
was also found to boost the electrocatalytic activity of the catalyst [75].
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2. Methodology
2.1 Preparation of binary catalyst PtRu/MWCNT

The PtRu bimetallic nanoparticle catalysts were supported onto the walls of
MW(CNTs by firstly using the modified polyol reduction method before heat treatment.

2.1.1 Modified polyol method

Catalysts were synthesized using the processes described by Jeng et al. [76] and
L. Khotseng et al. [77] for the production of platinum-based binary catalysts, with
minor modifications. Ethylene glycol (EG), which works as both a reducing agent and
a stabilizer [78], was chosen due to its inherent benefits, which include homogenous
distribution and tiny particle size [78, 79].

In a 1:1 ratio, 75 mg of MWCNTSs were mixed with 60 ml of ethylene glycol (EG).
The mixture was sonicated for 15 minutes and combined at room temperature for
30 minutes to create a homogenous paste. PtRu (1,2 atomic ratio) was synthesized in
a separate beaker by adding and dissolving 0.0772 mmol of H2PtCI6H20 as Pt and
Ru precursor salts, respectively, in a 3:1 ethylene glycol ratio and stirring at room
temperature to obtain a homogeneous mixture. The MWCNT/EG paste was mixed
with salt/EG solution to adjust the pH until it reached approximately 3.6 by adding
dropwise fraction amounts of 4 M NaOH. To help the metal salts adhere to the surface
of the MWCNTs, the resulting mixture was subjected to an hour of vigorous stirring
at high speed. The mixture was then refluxed at 160°C for three hours with a constant
nitrogen flow, after which it was allowed to cool before being rinsed with ultra-pure

T
H;PtCl, A L 7
:PtCls Sonicatio
RuCl2 5 "

Nanoparticles Drying

+ 30 min el
EG b, Homogenenous Mixture of v ;
N Precussor salts S
MWCNTs = REFLUXING
i Sonication AT 1600C
30 min - .
MWCNT + EG
FURNANCE PASTE
£ HEAT Purification and Filtration
9 TREATMEN‘( PtRwW/MWCNT ]

PtRu/MWCNT
Nanoparticles

Figure 2.
Schematic diagram for the heat treated PtRu/MWCNT produced by modified polyol method of catalyst
prepavation.
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water. Finally, the mixture was filtered, and the remaining material (PtRu/MWCNT
nanoparticle) was oven-dried at 60°C for an extended period of time to produce
PtRu/MWCNT catalyst.

2.1.2 Heat treatment of the catalysts

The improved polyol technique was used to produce PtRu/MWCNT inary cata-
lysts, which were then heated under temperature control. Heat treatment has an
impact on the shape, activity, and even distribution of the catalysts on the catalytic
support. The desired temperature had already been set in the tube furnace. In the
middle of the tube furnace, a boat made of alumina held the catalyst. While nitrogen
flowed at a rate of 5 ml/min, the catalyst was heated for 3 hours at three target tem-
peratures of 2500C, 3500C, and 4500C. After the heating period was finished, the
catalyst was taken out of the furnace and the tube was cooled while the nitrogen gas
flowed continuously at a rate of 5 ml/min (Figure 2).

3. Results and discussion

3.1 Structural characterization of heat treated PtRu/MWCNT @450°C,
PtRu/MWCNT @350°C and PtRu/MWCNT @250°C electrocatalysts

Before the electrocatalysts underwent heat treatment, the metal loading was
assessed using energy-dispersive X-ray spectroscopy (EDS). The modified polyol
technique was used to manufacture the binary catalyst PtRu/MWCNT, which con-
tains 5.80 percent ruthenium and 2.35 percent platinum. The microstructure of the
produced electrocatalysts was evaluated by HR-TEM and XRD, and all catalysts have
equivalent atomic ratios.

Scherrer’s equation was used to calculate the crystallite sizes of the electrocata-
lysts, and high-resolution transmission electron microscopy (HR-TEM) was used
to measure the particle sizes. Using Debye-Scherrer’s equation, K/Cos, where K is
the Scherrer constant, = 0.9, the X-ray wavelength is 0.154 nm, and (2), the width
of the diffraction peak (rad), one may determine the size of the metal particles’
crystals. Using Image ], (a program created by the National Institutes of Health and
the Laboratory for Optical and Computational Instrumentation, LOCI, University
of Wisconsin, Madison, W1, USA), the particle size determined by HR-TEM was
obtained over various regions for each electrocatalyst (Table 1).

The face-centered cubic (fcc)crystalline structures are present in all PtRu/CNT
electrocatalysts heat treated at 250°C, 350°C, and 450°C, with PtRu/CNT@450deg.
having the smallest crystalline size, according to XRD. The X-ray diffraction (XRD)
pattern of the Bragg’s angles of 39.760, 46.20, 67.40, 81.30, and 85.70 correspond to
(111), (200), (220), and (311) and (222), respectively, and is an exact match to the
X-ray diffraction pattern of the Pt catalyst. The PtRu crystals’ bimetallic architecture
was affected by the heat treatment, according to the Bragg angles.

Figure 3 shows the HRTEM micrographs of PtRu electrocatalysts on MWCNT
heat treated at 250°C, 350°C and 450°C respectively Catalyst nanoparticle are the dark
dots. Multi-walled carbon nanotubes (MWCNTs) support are the large tube-like par-
ticles seen, with diameter of about 20 nm. The PtRu nanoparticles got more agglom-
erated on the MWCNT as temperature increases indicating that the heat treatment
made the particles of the electrocatalyst to get more closely packed (Figure 4).
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Electrocatalysts Crystalline size(nm) Particle size(nm) ECSA

PtRu/MWCNT 250° 1178 1.005 5.098m%/g

PtRu/MWCNT 350° 0.596 0.616 3.922m%g

PtRu/MWCNT 450° 0.595 0.600 16.714m’/g
Table 1.

Properties of the Pt-Ru/MWCNT@ 250°C, Pt-Ru/MWCNT@ 350°C and Pt-Ru/MWCNT@ 450°C catalysts.
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Figure 3.
XRD spectra of PtRu/MWCNT@250°C, PtRu/MWCNT@350°C and PtRu/MWCNT@450°C electrocatalysts
supported on MWCNTS.

3.2 Electrocatalytic activity of PtRu/MWCNT electrocatalysts at 2500, 3500, and
4500 degrees Celsius

Cyclic voltammetry was used to initially assess the electrochemical activity of the
produced catalysts in a 0.5 M HClO4 solution. The adsorption peaks for the various
catalysts could be seen from the cyclic voltammetry of the electrocatalysts that had
been synthesized. Eq. (1) was used to calculate the electro-active surface area of the
catalysts using the peak area of the adsorption peak of the electrocatalysts in cyclic
voltammetry [80].

ECSA= Q )
210uC / cm2.m.Ag

Ag represents the geometric surface area of the electrode (5 mm in diameter), Q
represents the charge from the adsorption peak in Coulomb taking within the nega-
tive potential region —0.2 V to 0.08 V in the forward scan, and 210 Ccm-2 represents
the charge of full coverage for clean polycrystalline Pt monolayer [81].
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a b

Figure 4.
HR-TEM micrographs of a) PtRu/MWCNT @250°C, b) PtRu/MWCNT @350°C) PtRu/MWCNT @450°C.

The obtained ECSA values are 16.71m?/g for PtRu/MWCNT@450°C, 3.92m*/g
for PtRu/MWCNT@350°C and 5.098m”/ g for PtRu/MWCNT@250°C. Higher ECSA
value of 16.710m?/g for PtRu/MWCNT@450°C can be attributed to its improved
alloying with lowest particle size value of 0.600 nm (Figure 5).

3.3 Methanol oxidation on PtRu/MWCNT@2500C, PtRu/MWCNT@3500C, and
PtRu/MWCNT@4500C electrocatalystsin 0.5 M Perchloric acid solution at
30mVs ' scan rate

Table 2 summarizes the electrocatalytic activity towards methanol oxidation. By
comparing the properties of the CVs, it was discovered that increasing the tempera-
ture in the metal alloys significantly increased the catalytic activity for methanol
electrooxidation. To begin, the onset potentials (measures of catalytic activity) of
methanol oxidation for the heat treated PtRu/MWCNT catalyst at 2500C were lower
than for other electrocatalysts. The onset potential positions are as follows: PtRu/
MWCNT@450°C > PtRu/MWCNT@350°C > PtRuW/MWCNT@250°C. The forward
peak current densities (a measure of maximal catalyst performance) of the binary
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Figure 5.
Cyclic voltammograms of PtRu/MWCNT@250°C, PtRu/MWCNT@350°C and PtRu/MWCNT@450°C
electrocatalysts in N, saturated 0.5 M Perchlovic acid, HCIO, at a scan rate of 30mVs™".

Electrocatalysts Onset-Potential (V) Current Density(mA/cmz) Mass Activity {A/g]
PtRu/MWCNT 250° 0.0841 1.343 1317
PtRu/MWCNT 350° -0.194 0.602 5.90
PtRu/MWCNT 450° —-0.198 1.987 1948

Table 2.

Comparison of the electrocatalytic activity of methanol oxidation catalysts.

catalyst PtRu/MWCNT were in the following order: PtRu/MWCNT@450°C > PtRu/
MWCNT@2500C > PtRuW/MWCNT@350°C.

Thus, the binary catalyst PtRu/MWCNT@450°C exhibited best electrochemical
performance in terms of the highest forward peak current density followed PtRu/
MWCNT@250°C (Figure 6).

Several researchers thermally treated Pt-based catalysts. Valisi et al. [68] used
varied temperatures to heat treat PtCo/C, PtNi/C, PtCu/C, and PtFe/C. PtCu/C at
250°C showed the highest catalytic mass activity in the research. Makodo Uchida et al.
[82] used a heat-treated PtRu catalyst as well. The heat treatment is not only favored
for the significant durability of the Pt-Ru catalyst in air at 370 degrees, consequently
improves methanol oxidation. This process was performed at an initial overpotential
of 340 mV vs. NHE at 60 mA cm ™.

We report herein on heat treated bimetallic PtRu/MWCNT as given in Table 3
below.

PtRu/MWCNT at 450°C showed better stability and kinetics towards the metha-
nol oxidati9n reaction indicating improved electroactivities at higher heat treatment
(Figure 7).
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Figure 6.

Cyclic voltammograms of PtRu/MWCNT@250°C, PtRu/MWCNT@350°C and PtRu/MWCNT@450°C, purged
with N, 2 M methanol, HCIO,, saturated 0.5 M Perchloric acid, at a scan rate of 30mVs™.

Electrocatalysts Crystalline Particle Atomic ratio Mass activity
size(nm) size(nm) determined by EDX (Ag — 1PtRu)
PtRu/MWCNT 250°C 1178 1.005 Pt62.0:Ru38 1317
PtRu/MWCNT 350°C 0.596 0.616 Pt68.13:Ru31.87 590
PtRu/MWCNT 450°C 0.595 0.600 Pt65.62:Ru34.38 1948
Table 3.

Different electrocatalysts’ compositions, crystalline and particle sizes, and catalytic activity.

Electrochemical impedance spectroscopy technique was used to investigate
the catalytic reaction kinetics for the methanol oxidation on the anodic PtRu/
MWCNT@250°C, PtRu/MWCNT@350°C and PtRu/MWCNT@250°C electrocata-
lysts surfaces. The charge transfer resistance, Rct values using Equivalent Circuit
fitting were 0.151 kQ, 2.04 kQ and 11.31 kQ for PtRu/MWCNT@450°C, PtRu/
MWCNT@350°C and PtRu/MWCNT@250°C respectively indicating that PtRu/
MWCNT@450°C exhibited best kinetics towards the methanol electrooxidation with
the best conductivity to flow of electric current (Tables 4 and 5).

PtRu/MWCNT heat treated at 450° gave best kinetics as it offered least resistance
to the flow of current with charge transfer resistance value of 0.151 kQ followed by
PtRu/MWCNT heat treated at 350°C.

PtRu/MWCNT heat treated at 450° gave best kinetics as it offered least resistance
to the flow of current with charge transfer resistance value of 0.151 kQ followed by
PtRu/MWCNT heat treated at 350°C (Figure 8).

Stability is critical for electrocatalysts to be employed efficiently in DMFCs.
Figure 9 shows the chronoamperometry (CA) of PtRu/MWCNT electrocatalysts
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Figure 7.
EIS curves of methanol oxidation on PtRu/MWCNT electrocatalysts prepared from various synthesis routes
purged with N, in saturated 0.5 M HCIO4 and 0.2 M methanol.

Electrocatalysts Charge transfer resistance (Rcr)
PtRuU/MWCNT 250°C 11.31kQ
PtRu/MWCNT 350°C 2.040 kQ
PtRuU/MWCNT 450°C 0.151 kQ

Table 4.

Electrocatalysts with PtRu/MWCNT charge transfer resistance.

Electrocatalysts Charge transfer resistance (Rcr)
PtRu/MWCNT 250°C 11.31kQ
PtRU/MWCNT 350°C 2.040 kQ
PtRu/MWCNT 450°C 0.151kQ

Tables.

Charge transfer vesistance of PtRu/MWCNT electrocatalysts.

on MWCNT support in N2 saturated 0.5 M HCIO4 with 2.0 M methanol. The
importance was sought after 1800 seconds on various catalysts. The current density
studies were revealed on chronoamperometry analysis, an initial observation was
rapid decay with time (I proportional to t-1/2). The rate of inhibition of the elec-
trodes by the products of the methanol oxidation reaction may decrease over time.
When manufactured catalysts, PtRu/MWCNT binary catalysts heat treated at dif-
ferent temperatures are compared, the order of stability of the electroacatalysts to
methanol electrooxidation is as follows. PtRu/MWCNT at 4500C > PtRu/MWCNT
at 2500C > PtRu/MWCNT at 3500C based on current density values of 0.284 mA/
cm?2 (Table6).
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Figure 8.

Equivalent civcuits for methanol oxidation electrochemical impedance spectroscopy on (a) PtRu/
MWCNT@4500C, (b) PtRu/MWCNT@3500C, and (c) PtRu/MWCNT@2500C electrocatalysts in N2
saturated 0.5 M HCLO4 and 0.2 M methanol.
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Figure 9.

The Chronoamperometry curves of methanol oxidation on PtRu/MWCNT electrocatalysts in 0.5 M HCIO, and
2.0 M CH;0H.

Electrocatalysts Current Density(mA/cm®)
PtRu/MWCNT 250° 0.284
PtRu/MWCNT 350° 0.0329
PtRu/MWCNT 450° 1.296

Table 6.

Current density values from the chronoamperometry curve for the stability test of the PtRu/MWCNT
electrocatalysts.
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4, Conclusion

In this study, PtRu supported on MWCNT was successfully synthesized using
the modified polyol approach and heat treated at 2500C. 3500 and 4500 degrees
Celsius, respectively. The synthesized electrocatalysts had crystalline diameters of
0.595-1.178 nm and average particle sizes of 0.699-1.005 nm, according to XRD and
HRTEM studies. The PtRu alloy phase, according to XRD studies, is an excellent
match for the Pt catalyst structure. The PtRu/MWCNT electrocatalyst heat-treated
at 4500 C was shown to have higher electrocatalytic activity for methanol oxida-
tion, with a mass activity of 19.48 A/g, than other PtRu electrocatalysts on MWCNT
support. When compared to other electrocatalysts, the 4500C PtRu/MWCNT
electrocatalyst displayed the maximum current density for methanol oxidation. This
is because it participates most actively in the anode oxidation reaction and has the
lowest particle size. The PtRu/MWCNT electrocatalysts heated to 4500C showed
faster electrochemical reaction kinetics than those heated to 2500C and 3500C with a
charge transfer resistance value of 0.151 k Q, according to the EIS.

Finally, the temperature 450°C was found to be optimal as the PtRu/MWCNT
electrocatalyst heat treated at this temperature is also the most stable electrocatalyst
followed by the PtRu/MWCNT electrocatalyst heat treated at 250°C as shown by the
chronoamperomerty tests.
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Chapter 6

Catalysis with Ruthenium for
Sustainable Carbon Cycles

Thomas Ernst Miiller

Abstract

Nestled between the noble and non-noble metals in the periodic table, ruthenium, one
of the transition metals, offers a combination of intriguing properties. Due to its variable
oxidation states and its ability to form complexes with various Lewis base compounds,
ruthenium, has been widely used in the field of catalysis. Its application has led to
groundbreaking breakthroughs in a variety of chemical transformations and has attracted
considerable attention in both academic research and industrial applications. Ruthenium
catalysis is a dynamic and rapidly evolving field, with ongoing efforts to further advance
the efficiency and selectivity of these catalysts. Importantly, in the context of sustainabil-
ity, ruthenium-based catalysts play an important role in promoting green chemistry
practices. Because ruthenium catalysts are highly efficient, only small amounts of the
element need to be used. Recovery rates at the end of catalyst life are typically very high,
minimizing the need to mine fresh ore. The use of ruthenium catalysts promotes the
utilization of renewable resources in various chemical transformations, is at the heart of
the realization of new energy-related processes, and by enabling efficient and highly
selective chemical transformations reduces waste and harmful emissions. These aspects
reinforce the metal’s importance in the quest for a more sustainable future.

Keywords: ruthenium, catalysis, hydrogenation, sustainability, carbon cycles

1. Introduction

Sustainable chemistry is increasingly becoming an essential tool in the quest for
greener processes and materials. It plays a critical role in conserving resources, reduc-
ing pollution, and ensuring the long-term health and survival of our planet. In this
context, the element ruthenium is gaining prominence as a homogeneous or hetero-
geneous catalyst due to its intriguing combination of properties and versatile applica-
tions in sustainable chemistry. These include hydrogenation, reductive amination,
hydroformylation, and other transformations in sustainable chemistry.

Ruthenium, which occupies a unique position between noble metals and nonnoble
metals, possesses distinctive properties that will be discussed in terms of structure-
property relationships in this chapter. A major focus will be on how ruthenium
catalysts can be tuned for the creation of anthropogenic carbon cycles. One aspect
we’ll explore is the role of the interaction of metallic ruthenium particles with the
support.
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Another fascinating aspect is the influence of bimetallic catalysts, which can sig-
nificantly alter the reaction pathways compared to their monometallic counterparts.
In addition, this chapter will cover a variety of industrial applications of heteroge-
neous ruthenium catalysts. These include the reversible hydrogenation of liquid
organic hydrogen carriers (LOHC) and ammonia synthesis in the context of hydrogen
storage and lignin utilization, highlighting the importance of ruthenium in the broader
context of sustainable chemistry.

1.1 Homogeneous and heterogeneous catalysis with ruthenium

The use of ruthenium catalysts has spanned numerous areas of catalysis, including,
but not limited to, the following areas:

* Hydrogenation Reactions: The ability of ruthenium catalysts to facilitate
hydrogenation reactions has been exploited in the synthesis of a wide range of
compounds, with applications ranging from pharmaceuticals to agrochemicals.
Ruthenium catalysts, thereby, accommodate a broad range of substrates:

o Ruthenium catalysts can hydrogenate carbon-carbon double bonds in a
variety of alkenes, facilitating the production of alkanes. Ruthenium
catalysts can selectively hydrogenate carbon-carbon triple bonds in alkynes
to alkenes (partial hydrogenation) or to alkanes (complete hydrogenation).
Ruthenium catalysts can also facilitate the hydrogenation of aromatic rings,
leading to the production of cycloalkanes.

[e]

Ruthenium catalysts can be used to hydrogenate carbonyl groups in aldehydes
and ketones, forming alcohols. Ruthenium catalysts can hydrogenate
carboxylic acids, esters, and amides, forming alcohols and amines.

[e]

Ruthenium catalysts can be used in the hydrogenation of nitro groups,
nitriles, and other unsaturated nitrogen moieties forming amines.

Ruthenium complexes can also act as catalysts in transfer hydrogenation
reactions. The Noyori catalysts, which are complexes of ruthenium with
chiral ligands, have been used in the asymmetric transfer of hydrogenation
of ketones to alcohols. Ruthenium catalysts also effectively catalyze the
hydrogenolytic breaking of chemical bonds, mostly oxygen-carbon bonds, in
a molecule.

* Amine Formation: Ruthenium catalysts are used in the formation of amines in a
number of ways. For instance, they facilitate the reductive amination of carbonyl
compounds. In this reaction, an aldehyde or ketone is reacted with an amine in
the presence of a hydrogen source. The ruthenium catalyst aids in the transfer of
hydrogen from the source to the carbonyl group, forming a new amine.
Ruthenium catalysts are also used in the borrowing hydrogen methodology (also
known as hydrogen autotransfer) to synthesize amines. In this reaction, a
ruthenium catalyst facilitates the removal of hydrogen from an alcohol, allowing
it to react with an amine to form an imine intermediate. The catalyst then helps
return the borrowed hydrogen to this intermediate to form the final amine
product.
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* Olefin Metathesis: Probably the best-known application of ruthenium catalysts
is in olefin metathesis [1], a reaction that rearranges the alkene moieties of olefins
while maintaining the number of double bonds. This reaction has undergone
transformative advances with the introduction of ruthenium-based catalysts,
such as the Grubbs catalysts. These catalysts exhibit high stability, are compatible
with a wide range of substrates, and tolerate various functional groups.
Ruthenium catalysts are also active for various C-C bond formation reactions [2],
including cross-coupling reactions, cycloaddition reactions, and cyclization
reactions.

* Oxidation Reactions: Ruthenium catalysts are also adept at facilitating oxidation
reactions, such as alcohol oxidation, olefin epoxidation, and amine oxidation.

1.2 Electrocatalysis with ruthenium

Ruthenium is also widely used as an electrocatalyst. Well-known is the use of
ruthenium in anodes for chloralkali electrolysis. The anodes are often constructed by
electrochemically depositing a thin layer of ruthenium oxide and other mixed metal
oxides on a conductive titanium substrate. This thin layer, typically only a few
microns thick, is where the chlorine evolution reaction takes place. One of the primary
factors contributing to the high performance of these ruthenium-based anodes is their
ability to maintain a low chlorine overpotential. In addition, these anodes exhibit
excellent resistance to the highly corrosive environment within the electrolytic cell,
including a highly corrosive electrolyte and high current densities. Their high chemi-
cal stability and good electronic conductivity make ruthenium-based anodes suitable
for long-term use in industrial-scale chloralkali electrolysis. Ruthenium is also a key
anode component in water-splitting electrolyzers, which are central to the production
of hydrogen as a clean and sustainable energy source. Ruthenium-based catalysts,
often mixed with other metals such as iridium or titanium, have demonstrated high
efficiency in the oxygen evolution reaction (OER), one of the half-reactions in water
splitting. Similarly, ruthenium complexes are being explored for use used as
electrocatalysts in organic electrosynthesis, where they allow the transformation of
organic compounds under mild conditions with high selectivity. Ruthenium is used in
the anode catalyst layer of proton exchange membrane fuel cells (PEMFC), where it
catalyzes the oxidation of hydrogen or small organic molecules. It is also used as an
electrocatalyst in metal-air batteries. Metal-air batteries combine a metal anode with
an oxygen cathode that uses ambient oxygen from the air, separated by an electrolyte.
They have attracted considerable interest due to their high theoretical energy densi-
ties, making them promising candidates for use in electric vehicles and large-scale grid
storage. Ruthenium, with its unique electrochemical properties, has been shown to be
an efficient electrocatalyst for the oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER) that occur at the cathode in metal-air batteries. ORR occurs
during the discharge phase of the battery, while OER occurs during the charge phase.
Efficiently catalyzing these reactions is critical to improving the energy efficiency and
cycle life of the battery.

1.3 Role of ruthenium in the context of sustainability

Ruthenium catalysts could play an important role in meeting the challenges asso-
ciated with increased greenhouse gas emissions. An important contribution to
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mitigating climate change will be the establishment of anthropogenic carbon cycles
[3]. Below, we will discuss some of the potential contributions that ruthenium cataly-
sis could make. The focus will be on exploiting the specific advantages that ruthenium
catalysts can offer:

i. Ruthenium catalysts often operate at lower temperatures and pressures than
other catalysts, thereby reducing energy consumption. In addition, these
catalysts can be highly selective, resulting in fewer by-products and reducing
the need for energy-intensive purification steps.

ii. Many ruthenium-catalyzed reactions, such as olefin metathesis or
hydrogenation reactions, have high atom economy, meaning that a large
fraction of the atoms from the starting materials end up in the final product.
This reduces by-product formation and improves the overall sustainability of
the process.

iii. Ruthenium catalysts can often be recovered and reused, reducing the need for
new catalyst production and the need to mine ruthenium ores.

iv. With regard to energy applications, ruthenium complexes have been
established for use in dye-sensitized solar cells, a type of thin-film solar cell.
This could be an important contribution to more sustainable energy
production.

v. Ruthenium catalysts have been investigated for their ability to make use of
renewable feedstock from biological sources, such as lignin [4], and CO, [5],
by reducing it to useful chemicals and fuels. Such applications could be an
important component in establishing a circular carbon economy.

In the broader context of sustainability and climate change, the use of ruthenium
catalysts in chemical processes could be part of the shift to cleaner and more efficient
production methods that minimize the release of CO, and even effectively reuse it. It
is important to note, however, that this would be only one piece of a much larger
puzzle in mitigating human impacts [6] on carbon fluxes through geohabitats [3] and
the climate [7].

2. Catalytic transformations with ruthenium catalysts
2.1 Hydrogenation reactions

The strategic deployment of ruthenium catalysts to facilitate hydrogenation reac-
tions holds substantial promise, particularly in energy-related applications. Hydroge-
nation is a chemical transformation involving the addition of hydrogen (H,) to a
substrate, and it requires catalysts to lower the activation energy and increase the
reaction rate to a technically viable scale. Ruthenium catalysts have demonstrated
superior efficacy in such roles. In the energy field, ruthenium is being considered for
applications in hydrogen storage, where the reversible hydrogenation and dehydro-
genation of specific compounds allow for compact and efficient storage of hydrogen.
Ruthenium catalysts are also employed in the hydrogenation of carbon dioxide to
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formic acid derivatives, a promising area for sustainable chemistry. Furthermore, in
the production of synthetic fuels or synfuels, ruthenium catalysts are used to hydro-
genate carbon dioxide to energy-rich liquid fuels. This conversion is a modified ver-
sion of the Fischer-Tropsch process, which converts syngas, a mixture of carbon
monoxide and hydrogen, into liquid hydrocarbons. These hydrocarbons serve as a
potential renewable replacement for conventional petroleum-based fuels. Recent
advances extend this concept to use a mixture of carbon dioxide and hydrogen to
produce liquid hydrocarbons. With these diverse applications, ruthenium catalysts are
paving the way for more sustainable and efficient energy solutions, underscoring their
critical role in hydrogenation reactions in the energy sector.

2.1.1 Hydrogen storage

Renewable energy from many primary energy sources, such as wind and solar
power, is inherently intermittent in nature. To balance the resulting mismatch
between energy supply and demand, suitable energy storage is required. Electricity
can be stored only in small quantities in physical form, e.g., in pump storage plants or
batteries. An alternative is a storage of renewable energy in chemicals as secondary
energy carriers. Hydrogen and other Power-to-X products [8] are considered as
energy carrier.

Hydrogen has been recognized as a promising energy carrier due to its high
energy density and potential for carbon-free energy conversion [9]. Establishing a
hydrogen economy would involve the production of hydrogen by water splitting with
electricity from renewable sources. Although hydrogen has a very high gravimetric
energy density of 33.3 kWh kg, its volumetric energy density is very low at
2.5 Wh dm 3 at ambient pressure [10].

One of the major challenges associated with hydrogen is its storage and transpor-
tation [11]. This poses a significant barrier to the wider use of hydrogen as an energy
carrier, especially for nonstationary applications. Liquid Organic Hydrogen Carriers
(LOHC) have been proposed as hydrogen transport and storage medium. This
requires reversible charging and discharging of hydrogen from suitable storage mole-
cules. In almost all cases, appropriate catalytic systems are required to overcome
kinetic barriers and accelerate chemical conversion.

In this context, ruthenium catalysts are discussed for their capacity to enable
chemical hydrogen storage systems. In chemical hydrogen storage, hydrogen is stored
in the form of a stable molecule and released on demand. Common examples are
hydrocarbons, formic acid, and ammonia-borane, which can store hydrogen in a
relatively dense, nongaseous form. Ruthenium catalysts have been shown to be effec-
tive in both the hydrogenation (for storage of hydrogen) and dehydrogenation (for
release of hydrogen) of these compounds. In particular, the high activity of
ruthenium-based catalysts can improve the energy efficiency of these processes, their
high selectivity, the formation of unwanted by-products, and, overall, increase the
hydrogen storage capacity.

2.1.2 Hydrocarbons as liquid ovganic hydrogen carriers

For hydrogen storage in hydrocarbons various storage molecules are being
discussed at LOHC (Table 1). The LOHC has to fulfill a number of boundary condi-
tions. A suitable LOHC should be capable of storing a large amount of hydrogen per
unit volume and weight. The LOHC should be thermally and chemically stable in both
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its hydrogenated and dehydrogenated states. It should not degrade or react undesir-
ably during the hydrogenation/dehydrogenation reaction or during storage and trans-
portation. The LOHC system must be able to release the stored hydrogen on demand,
and the spent carrier must be easily hydrogenated (Table 2). Therefore, the hydroge-
nation/dehydrogenation equilibrium should be in an appropriate temperature range,
and the forward and backward reactions should be reasonably efficient. The LOHC
should not be highly flammable, or toxic and should have a high flash point to ensure
safe handling, storage, and transportation. Ideally, the LOHC should be environmen-
tally benign, both in terms of its production and in its disposal or recycling. Lastly, the
LOHC should be cost-effective to produce and recycle and ideally be derived from
abundant or renewable sources.

Examples where ruthenium catalysts were explored for hydrogen storage include
the use of benzyltoluene as LOHC (Table 1, Entry 1). The effect of the silica content
in zirconia (ZrO;) on the properties and hydrogenation activity of SiO,-ZrO,-
supported ruthenium catalysts was investigated [14]. Catalysts were prepared with
different Si/(Si + Zr) ratios from 0 to 30 mol%. Noteworthy, the textural properties,
Ru particle size, and hydrogenation activity exhibit a volcano-shaped relationship
with the Si content, with optimal results obtained at a ratio of 5 mol%. With a rising
SiO; to ZrO, ratio, the thermal stability increased, and the particle size of tetragonal
ZrO, decreased, which at a low ratio led to improved hydrogen storage efficiency.
Further addition of SiO, led to decrease in the catalyst activity, along with increased
surface heterogeneity and charge imbalance, which reduced the density of surface OH
groups. Consequently, the addition of about 5 mol% SiO, to ZrO, appears to be
optimal for enhancing the hydrogenation performance of Ru/ZrO, catalysts.

The selective hydrogenation of benzene to cyclohexene (Table 1, Entry 5) over
supported ruthenium catalysts has been studied in a high-pressure slurry reactor [15],
exploring suitable additives, supports, and reaction conditions to optimize
cyclohexene yields. The addition of the organic base monoethanolamine (MEA)
resulted in better selectivity than conventional inorganic salts such as zinc sulfate.
Among different supports such as alumina, silica, titania, zirconia, and niobium oxide,
alumina was found to be the best oxidic support. The presence of water was found to
significantly improve the selectivity.

Entry LOHC, m.p. [°C] LOHC, reduced m.p. [°C] Ny Wi H, storage
parent form form [-] [%] [kWhdm3].

1 Benzyl- -30 Perhydro- -70 3 321 1.66 [13]
toluene benzyltoluene

2 N-Ethyl- 68.43 Perhydro-N- <20 6 5.84 1.8 [13]

carbazole ethylcarbazole
3 Toluene —95.05+ 0.6 Methyl- —126.6 = 0.4 3 6.16 1.59 [13]
cyclohexane

4 Dibenzyl- —34 Perhydro- —45 9 6.24 194 [13]
toluene dibenzyltoluene

5 Benzene 5.53 £0.08 Cyclohexane 6.45+0.3 3 7.19 — —

6 Naphthalene 80.1 £ 0.7 Decalin (trans/cis) —-31.2 5 7.29 21 [13]

—43.2
Table 1.

Selected liquid ovganic hydrogen carriers and their physical properties [12, 13].
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Entry Reaction AHg* Eq.

[k) mol 1]
1(5)
@ + 3 H2 —_

~1205+50(6) (2)
3 —318 (cis decalin) (6) (3)

—2053+0.63(6) (1)

4 (2) ( ( 4)
Table 2.

Reaction enthalpy for hydrogenation of selected LOHC. The entry number in brackets vefers to Table 1.

2.1.3 Formic acid derivatives as liquid organic hydrogen carriers

Hydrogen can also be stored in formic acid by hydrogenating CO, to formic acid.
CO,-derived formic acid is a relevant candidate for hydrogen storage because it can
carry 4.35 wt% hydrogen with excellent atomic efficiency [10]. The hydrogenation of
CO, to formic acid is slightly exothermic and endergonic at standard conditions
(AH,° = —31,4 k] mol %, AG,° = +31,8 k] mol?, [16]). This highlights the inherent
thermodynamic instability of formic acid compared to the gaseous feedstocks. To
overcome this thermodynamic hurdle, most reaction systems require the use of
amines or other potent bases in stoichiometric amounts as co-reagents diminishing the
weight percentage of hydrogen that is stored (Figure 1). The use of a stabilizing
solvent such as dimethylsulfoxide (DMSO) was proposed as alternative [16].

Many molecular catalysts have been reported to highly efficiently convert CO, to
formic acid, with turnover frequencies reaching several hundred thousand catalytic
cycles per hour. The hydrogenation can be catalyzed by a number of ruthenium
complexes, often in combination with specific ligands to improve performance. The

9
Base Storage form Wz [%0]
None Formic acid 4.35
NH3 [HCO:2] [NH4]* 3.17
]Z —H, Lysine, | [HCOz]- K*Lysine 1.15
K-salt
Na:C0z | 2 [HCOz]- Na=Hz0 2.60
co,
Recycn'e of CO, or

release into air and direct air capture

Figure 1.
Hydrogen storage cycle (left) based on formates as liquid organic hydrogen carrier (LOHC) and weight fraction
wiy, of usable hydrogen in formic acid and various formate salts (right) [13, 17].
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reverse process, the dehydrogenation of formic acid to release hydrogen and CO,, can
also be catalyzed by ruthenium. Importantly, the CO, released in this process can be
captured and reused, creating a closed carbon cycle.

2.1.4 The ammonia-borane system as liquid ovganic hydrogen carriers

Ammonia-borane (NH3BH3) is another potential hydrogen storage option, with a
remarkable theoretical hydrogen content of 19.6 wt% [18, 19]. Hydrolysis (Eq. (5)) or
methanolysis (Eq. (6), [20-22]) are two practical methods of producing hydrogen
from ammonia-borane for use in hydrogen fuel cells. In the presence of suitable
catalysts, these reactions take place at ambient temperature under mild conditions.
Ruthenium catalysts have been shown to be especially effective in promoting the
dehydrogenation of ammonia-borane to release hydrogen. Despite these advantages,
employing ammonia-borane as a hydrogen storage medium is not without its chal-
lenges. The primary issue lies in the regeneration of the spent fuel, which is often
converted to a mixture of polymeric aminoborane and borazine. Regeneration
requires substantial energy input and stringent conditions:

H3NBH; + 4 MeOH — NH;B(OMe), + 3 H, (6)

2.1.5 Role of ruthenium catalysts in hydrogen storage

Overall, the use of ruthenium catalysts in hydrogen storage can contribute to the
development of sustainable hydrogen energy systems. By improving the efficiency
and selectivity of chemical hydrogen storage processes, these catalysts can help to
make hydrogen a more practical and sustainable energy carrier. However, challenges
remain, including the development of more efficient catalysts, the improvement of
fuel regeneration processes, and the integration of these systems with renewable
energy sources and carbon capture technologies. With ongoing research in these areas,
ruthenium catalysts will likely continue to play an important role in the future of
hydrogen energy.

2.1.6 Hydrogenation of carbon dioxide

Carbon dioxide (CO,) is an abundant, sustainable, and renewable feedstock [23]
that holds great promise for the production of value-added products [24] spanning
fuels, bulk and commodity chemicals, specialty products, and pharmaceuticals [25].
At the end of their life, when other recycling options are no longer feasible, carbon-
based products are typically burnt to generate heat. Increased use of the released
carbon dioxide as a feedstock could play a key role in closing anthropogenic carbon
cycles [3].

CO,, having a positively polarized carbon atom with two double bonds to electroneg-
ative oxygen atoms, is in the formal oxidation state of +IV. Therefore, except for the
formation of carbonates [26] and carbonic acids [27], chemical transformations of CO,
mostly involve the reduction of the carbon center [25]. The required reduction equiva-
lents may be supplied by hydrogen or other reducing agents or may be provided electro-
chemically.
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Considered a viable route for both CO, utilization and hydrogen storage, the
hydrogenation of CO, to formic acid (Eq. (7)) has considerable potential [28]. Formic
acid, a base chemical widely used in the chemical industry, can serve as a feedstock for
fuel cells and as a medium for hydrogen storage. As of 2021, formic acid is a large-
scale commodity with a production volume of 800 kt a~* [29]. It has a theoretical
hydrogen storage capacity of 53.4 g dm > [30]. A noteworthy aspect of using formic
acid as an energy vector is that the CO, released during hydrogen production can be
reused for formic acid production [30]. Thus, the hydrogenation of CO, to formic acid
could contribute toward establishing a sustainable circular carbon economy.

The hydrogenation of carbon dioxide to formic acid (Table 3) is slightly exother-
mic but endergonic (Eq. (7)), [10, 31]). Also in the liquid phase, the reaction has a
very low driving force (Eq. (8)). Consequently, basic co-reagents or solvents, such as
ammonia or DMSO [16], respectively, are necessary to shift the chemical equilibrium
toward the products either through salt formation (Eq. (9)) or stabilization of the
formic acid. Ruthenium-based catalysts have shown great potential in the hydrogena-
tion of CO, to formic acid, owing to their high activity and selectivity, coupled with
high stability. Among them, supported ruthenium catalysts, especially those with
ruthenium-hydroxide moieties, have shown superior performance. Nonetheless, the
synthesis of these catalysts and the role of the hydroxyl groups in the catalytic reaction
mechanism remain subjects of ongoing research.

For CO, hydrogenation with homogeneous catalysts, very high reaction rates have
been reported including ruthenium [32, 33] and iridium [34] pincer complexes. In
contrast, heterogeneous catalysts have recently received increased attention as many
supported metal nanoparticles initially tested lacked substantial activity for the
hydrogenation of CO, to formic acid.

A study of the synthesis of ruthenium-based catalysts for the hydrogenation of
CO, to formic acid highlights the critical role of Ru-OH species in the reaction [22].
Detailed characterization of the catalysts using various spectroscopic and microscopic
techniques revealed that hydroxyl groups strongly interact with the ruthenium moie-
ties in the catalyst and influence its performance. Highly dispersed ruthenium-
hydroxide species were beneficial for the CO, hydrogenation process, while the for-
mation of crystalline RuO; species, which formed at high ruthenium content or high
pH during catalyst preparation, hindered formic acid production. The study proposed
an optimal set of conditions for catalyst preparation, including 2.0 wt% ruthenium
loading, pH 12.8, and the use of aqueous ammonia as the stabilizing solvent.

For the efficient synthesis of liquid fuels (C5+ hydrocarbons) by CO, hydrogena-
tion, homogeneous and heterogeneous catalysis have been combined [35] to overcome
the challenges associated with heterogeneous catalysts for reverse water-gas shift
(RWGS) and Fischer-Tropsch synthesis (FTS), which typically suffer from high
operating temperatures and low selectivity. The system with combined homogeneous

Reaction AHg [ﬁ] AGg [%} Eq.

COa(g) + Ha(g)=HC(0O)OH (1) —31.2 32.9 7)

CO,(1) + Hy(l)=HC(0)OH (1) —31.2 —4 (8)

CO; (1) + Ha(l) + NH3=[HC(0)O~][NH{] () -84 -9.5 9
Table 3.

Enthalpy of reaction and change in free energy of CO, hydrogenation to formic acid derivatives. H2 (1) vefers to
hydrogen dissolved in the aqueous solution.
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RuClI3 and heterogeneous Ru0 catalysts achieved excellent C5+ selectivity (71.1%) ata
low temperature of 180°C.

The publication reviews progress in the catalytic hydrogenation of CO, to C2+
hydrocarbons and oxygenates using both solid and molecular catalysts [36]. The study
recognizes the value of these products due to their high energy density and compati-
bility with existing fuel infrastructure. However, the selective production of these
compounds remains a challenge compared to C1 hydrogenation products such as
methane and methanol. The work highlights the need for optimal catalytic function-
alities integration for reductive and chain growth steps. The review also considers the
thermodynamic and kinetic limitations of the process, in particular, the reverse water-
gas shift reaction. It is suggested that future research should focus on metal carbide
catalysts and liquid phase molecular catalysts to decouple the chain growth kinetics
from the gas phase CO concentration.

Merging the fields of homogeneous and heterogeneous catalysis could be a way to
improve the efficiency of CO, hydrogenation. These two fields of catalysis have
developed separately, although they share common challenges and mechanisms. A
“catalytic ensemble” of a dual ruthenium catalyst, in which a homogeneous and a
heterogeneous catalyst work in tandem, works well for the conversion of CO, to
hydrocarbons of different chain lengths [37]. A high hydrocarbon yield of more than
70% is obtained under mild conditions. The key questions concern the mechanism of
this improved performance, the role of lithium in the reaction, and the feasibility of
replacing rare metals with sustainable alternatives.

The performance of two ruthenium-based catalysts, Ru/SiO, and Ru/MCM-41, for
the selective hydrogenation of CO; to formic acid, is compared [38]. The researchers
used well-established protocols for the synthesis of these catalysts and analyzed their
physicochemical properties using a variety of analytical techniques. The Ru/MCM-41
system was found to be more efficient than the Ru/SiO, system in terms of turnover
number (TON) and turnover frequency (TOF). Functional ionic liquids were used as
both reaction medium and absorbent for CO, solubilization and formic acid anchor-
ing. This allowed the reaction to proceed in a more optimized manner, improving the
selectivity and recyclability of the catalyst. The ionic liquid di(N,N-
dimethylaminoethyl)-2-methylimidazolium (DAMI) sulfonate [DAMI]
[CF3(CF,)3S05] proved to be particularly effective due to its high CO, absorption
capacity. The use of diamine-functionalized ionic liquids also improved the coordina-
tion with formic acid. The Ru/MCM-41 catalyst in the ionic liquid [DAMI]
[CF3(CF,)3S0s3] provided the highest TON of formic acid.

An industrially viable approach to the synthesis of N,N-dimethylformamide
(DMF) via CO, hydrogenation involves the use of a ruthenium-grafted bisphosphine-
based porous organic polymer (Ru/PP-POP) catalyst [39]. Historically, CO, conver-
sion methods have been difficult to scale up for industrial use. The grafted Ru catalyst
was shown to be highly efficient and recyclable. The catalyst developed in this work
exhibits remarkable activity, achieving an unprecedented turnover number of
160,000 and an initial turnover frequency of 29,000 h™" in a batch process. Further-
more, the catalyst shows excellent stability and selectivity in both batch and continu-
ous flow processes. The continuous flow process was carried out in a trickle bed
reactor which achieved a high productivity of 915 mmol g, " h™". The breakthrough
presented in this research may pave the way for the large-scale production of DMF, a
commonly used industrial solvent, directly from CO,.

The hydrogenation of CO; can be performed in a variety of solvents, including
CO,-rich scrubbing solvents from carbon capture units. Such solvents are capable of
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capturing CO, from flue gas streams, making this process potentially useful for carbon
capture and utilization (CCU) strategies. However, the direct hydrogenation of CO,-
rich scrubbing solvents remains challenging due to other components in the gas
stream that can act as catalyst poisons. Furthermore, the hydrogenation of CO, to
formic acid is reversible, which limits the net production of formic acid.

The research focuses on the synthesis and evaluation of alumina-supported Ru
nanoparticles as catalysts for the selective hydrogenation of CO, to formic acid [40].
The Ru/ALL O3 (2-10 wt% Ru) catalysts were prepared by the ethylene glycol reduction
method, and their physicochemical properties were thoroughly investigated using
techniques such as XRD, transmission electron microscopy (TEM), EDX, H, chemi-
sorption, XPS and H,-TPD analysis. The catalysts showed promising activity and
selectivity for CO, hydrogenation, with the performance closely related to their phys-
icochemical properties, especially the Ru metal dispersion. In particular, the Ru/Al,0;
catalyst outperformed others when used in conjunction with the ionic liquid [DAMI]
[CF3(CF,) 4S0O5]. This medium not only increased catalyst activity but also acted as a
stabilizer, preventing catalyst deactivation and promoting formic acid formation via
intermediate carbonate species. The multifunctional ionic liquid also facilitated the
recovery and recycling of the heterogeneous catalyst. The Ru/Al,O5 catalyst showed
remarkable stability and could be recycled up to eight times without significant
catalyst leaching. This study therefore provides an effective, recyclable catalytic sys-
tem for the conversion of CO, to formic acid, which has potential implications for CO,
utilization and sustainable chemistry.

The synthesis and successful implementation of a heterogenized molecular Ru
catalyst on bpyTN-30-CTF support the continuous hydrogenation of CO, to formic
acid [10]. The support provides increased porosity and metal anchoring sites, enabling
remarkable catalytic performance for commercialization. In an integrated trickle bed
reactor system, the catalyst achieved a high productivity of 669.0 g g... 'd 'and a
CO, conversion of 44.8%. Notably, the catalyst showed excellent stability over
30 days of operation, reaching a total turnover number of 524,000 without significant
deactivation. The impressive performance and stability of the catalyst in a fixed-bed
multiphase reactor system demonstrate the high industrial feasibility of this approach.
The integrated pilot scale system for the production of pure formic acid, including a
separation unit for the formate adduct, could provide a platform for an industrially
viable CO, hydrogenation process.

2.2 Ruthenium catalysts in amine synthesis

A ruthenjum-tungsten bimetallic catalyst was introduced for the hydrogenation of
aliphatic, acyclic primary amides to primary amines, a key transformation for poten-
tial bio-based amine production [41]. The partial pressure of ammonia was identified
as a key parameter in achieving high yields of primary amines, with up to 83% yield of
hexylamine from hexanamide. The study examines the effects of catalyst support,
platinum group metal to Lewis-acid ratio, hydrogen pressure, temperature, solvent
tolerance, and product stability. The results show the ruthenium-tungsten catalyst is
suitable for hydrogenating a wide range of primary amides.

2.3 Hydroformylation reactions

Hydroformylation, also known as the oxo process, is an important industrial pro-
cess for the synthesis of aldehydes from alkenes, carbon monoxide, and hydrogen.
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The reaction is typically catalyzed by transition metals, traditionally cobalt-based
catalysts or, more recently, rhodium-based catalysts. However, ruthenium-based cat-
alysts have also been investigated for this reaction. Ruthenium catalysts have some
specific advantages in hydroformylation. They generally exhibit high activity and
selectivity and are often resistant to sulfur and other impurities. This can make them
particularly suitable for hydroformylation reactions involving difficult substrates or
challenging reaction conditions. In addition, some ruthenium catalysts have been
found to promote the isomerization of alkenes prior to hydroformylation, resulting in
branched aldehydes, which may be desirable in certain applications. Despite these
advantages, the use of ruthenium catalysts in industrial hydroformylation processes is
less common than that of cobalt or rhodium catalysts. This is primarily due to the
higher cost associated with ruthenium and its less explored nature in this specific
application.

2.4 Metathesis reactions

Ruthenium catalysts have emerged as key agents in olefin metathesis, a widely
used reaction in synthetic chemistry in which alkylidene groups are exchanged
between different olefins to create a wide variety of complex molecular structures.
Two examples shall be given below:

A highly active and reusable heterogeneous ruthenium catalyst specifically
designed for olefin metathesis reactions involves ruthenium complexes
[L,X;Ru = CHR], where L represents various ligands including triphenylphosphine,
tricyclohexylphosphine, or N-heterocyclic carbenes, and X is a chlorine atom, all
grafted onto the mesoporous silica material SBA-15 [42]. The unique approach is to
anchor these ruthenium complexes within the pore channels of the SBA-15 material.
This arrangement effectively prevents the decomposition of the catalytic species, a
common problem with such catalysts. The result is a catalyst that not only exhibits
impressive catalytic activity in olefin metathesis reactions but also shows significant
durability. The activity of the catalyst does not decrease even after repeated use.

A promising avenue for the preparation of effective ruthenium-based metathesis
catalysts is homogeneous and heterogeneous ruthenium-based metathesis catalysts
that feature electron-withdrawing ligands. Such Grubbs-Hoveyda type metathesis
catalysts can be prepared by chlorine exchange, replacing one or two chlorine ligands
with trifluoroacetate and trifluoromethanesulfonate anions [43]. These catalysts
exhibit higher reactivity in ring-closing metathesis (RCM) at 45°C compared to pre-
vious ruthenium-based catalysts, achieving turnover numbers (TONs) up to 1800 in
RCM. They also showed superior performance in enyne metathesis and ring-opening
cross-metathesis with norborn-5-ene and 7-oxanorborn-5-ene-derivatives. Notably,
one of the catalysts exhibited significant RCM activity even at room temperature. In
addition, heterogeneous catalysts were prepared by immobilization on polystyrene-
divinylbenzene support. Especially, a variant with both chlorine ligands replaced
showed high activity. Importantly, the leaching of ruthenium into the reaction mix-
ture was exceptionally low, resulting in virtually Ru-free products.

Ruthenium-catalyzed olefin metathesis could play an important role in sustainable
chemistry and the energy transition. For example, ruthenium metathesis catalysts can
be used in reactions involving renewable feedstocks such as plant-derived oils and
fats. This enables the production of bio-based chemicals and fuels, contributing to the
transition to renewable energy sources. Olefin metathesis can also play a role in
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recycling recovered gases such as lower olefins into valuable chemicals, creating
carbon-neutral cycles.

2.5 Use of ruthenium catalysts in oxidation reactions

Due to their unique reactivity profiles, ruthenium catalysts can play a versatile role
in oxidation reactions, enabling diverse applications in sustainable chemical synthesis.
In particular, the oxidized form RuO, has a wide range of potential applications in
oxidation reactions, ranging from zero energy air purification, low-temperature fuel
cells, electrochemical water splitting, to the oxidative dehydrogenation of simple
alcohols [44]. The low-temperature oxidation of hydrochloric acid (HCI) to chlorine
and of ammonia (NHj3) to nitrogen monoxide (NO) is also catalyzed. Oxidation of
carbon monoxide over supported Ru and single crystal ultrathin RuO, films [44]
revealed that the most active and stable state is an ultrathin RuO, shell coating with a
metallic Ru core. Catalytic conversions tend to cause structural deactivation of Ru-
based catalysts.

There are different strategies for immobilizing redox-active elements in solid
matrices for application in oxidation reactions including framework substitution,
grafting or sol-gel methods, and ion exchange in layered double hydroxides [45]. In
oxidations with O,, H,0,, and RO,H as primary oxidants, ruthenium catalysts are a
good choice among other metal catalysts such as titanium, chromium, cobalt, manga-
nese, iron, tungsten, molybdenum, vanadium, and tantalum. Many of these catalyst
systems, particularly those involving oxometal species, are prone to leaching. Ele-
ments present as oxometal species are more susceptible to leaching due to their less
stable coordination environments. Variable valence metals appear to be more resistant
to solvolysis, but this is only true for low-conversion oxidations. In addition, second-
ary oxidation products can cause leaching of metal ions. Consequently, the heteroge-
neous nature is often questioned, and the search for heterogeneous catalysts with
unique activities, selectivities, and operational stability in liquid phase oxidations is
ongoing.

Ruthenium oxide-based catalysts supported on activated carbon (AC) and zeolite
ZSM-5 were shown to be active for the degradation of aqueous phenol. RuO,/AC
showed superior performance to RuO,/ZSMS5 [46]. Complete phenol degradation and
60% total organic carbon (TOC) removal were achieved within one hour. The cata-
lysts activate peroxymonosulfate and effectively generate sulfate radicals that are
responsible for phenol degradation. Phenol degradation followed a pseudo-first-order
kinetics with activation energies of 61.4 k] mol " for RuO,/AC and 42.2 k] mol " for
Ru0O,/ZSM5.

Ruthenium cations, in combination with microcrystals of cobalt hydroxide and
cerium oxide, catalyze the oxidation of various types of alcohols to carbonyl com-
pounds. Using atmospheric oxygen, the reaction occurs under mild conditions at
atmospheric pressure and 60°C [47]. Notable is the efficient conversion of primary
aliphatic alcohols to the corresponding carboxylic acids in high yields.

The selective aerobic oxidation of ethanol to acetic acid is of considerable industrial
importance, since acetic acid is a fundamental bulk chemical and food ingredient. The
system is also interesting for bioethanol upgrading. Ruthenium-hydroxide on ceria,
1.2 wt % Ru(OH),/CeO,, provided acetic acid in quantitative yields under optimal
conditions (150°C, 10 bar O,, 12 h reaction time, molar ratio Ru/substrate 0.23) [48].
Ceria was found to be the most effective support on different support materials
(titania, alumina, ceria, and spinel).
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Ru/AL 05 is a good catalyst for the oxidation of alcohols to carbonyl compounds
[49]. The catalyst uses molecular oxygen as the oxidant and tolerates both activated
and nonactivated alcohols, even those containing sulfur or nitrogen atoms or a
carbon-carbon double bond. Oxidation of alcohols under atmospheric conditions has
been achieved without the need for additives.

Water-tolerant catalysts are required to overcome the current limitations for prac-
tical lignin valorization. In this context, ruthenium supported on y-alumina or silica
has been shown to be an effective catalyst for the oxidation of veratryl alcohol, a
compound formed by cleavage of -O-4 linkages [4] in lignin, to veratraldehyde
[50]. The Ru/ALOj3 catalyst, prepared with ruthenium(IV)oxide hydrate, showed
superior catalytic activity, yielding 89% yield in veratraldehyde in water at 160°C
under 5 bar air pressure after 8 hours. Longer reaction times resulted in significant
decarbonylation of veratraldehyde to veratrol. The use of methanol as a solvent
instead of water prevented the oxidation of the hydroxyl group in veratraldehyde,
indicating that methanol has a protective effect. Catalysts with other transition
metals (Mn, Co, Cu, and Ag) showed significantly lower activities compared to
Ru/ A1203.

2.6 Synthesis of fine chemicals

Due to their exceptional catalytic activity, selectivity, and stability, ruthenium
catalysts are poised to improve the synthesis of fine chemicals, increasing efficiency
and sustainability in this sector of the chemical industry.

The use of ruthenium catalysts shall be exemplified in two distinct contexts for
the synthesis of fine chemicals, the hydrogenation of a-amino acids and the
epoxidation of olefins using hydrogen peroxide as a ‘green’ reoxidant [51]. A
bimetallic Ru/Re sponge catalyst was used for the stereoretentive hydrogenation of
a-amino acids in aqueous medium. The bimetallic catalyst was supported on
carbon. Efficient synthesis of amino alcohols with high enantiomeric excess was
achieved. Relatively low temperatures prevented racemization. For epoxidation,
ruthenium pyridine-2,6-dicarboxylate complexes with tridentate N-donor
ligands served as homogeneous catalysts and provided protocols for both
asymmetric and nonasymmetric reactions. This study underscores the principles of
green chemistry, emphasizing the atom efficiency of this conversion and the use of
water as a solvent.

Ruthenium catalysis often has distinct capabilities over other catalytic systems
such as palladium, rhodium, iridium, or cobalt complexes. Meta-selective remote
C — H bromination on aryl-substituted purines has been catalyzed using the hetero-
geneous ruthenium Ru/SiO, catalyst [52]. This exemplifies the utility of ruthenium-
catalyzed C — H activation and paves the way for novel strategies in direct nucleobase
fluorescent labeling of purines, a relevant area in biochemistry and molecular biology.
It also highlights the synthetic advantages of ruthenium-catalyzed C — H activation
and illustrates the unique potential of ruthenium catalysts in the synthesis of fine
chemicals.

A recent study examined the use of ruthenium catalysts for the Meerwein-
Ponndorf-Verley reaction and the isomerization of allylic alcohols to saturated
ketones. In this study, a ruthenium metal-organic framework (Ru/MOF) catalyst was
modified through defect engineering and hydrogen pretreatment [53]. This enhance-
ment was achieved by using a mixed-linker approach on the Ru-MOF
[Ru3(BTC),A,] Gy, (where BTC represents benzene-1,3,5-tricarboxylate; A is a
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counterion; G stands for a guest molecule). The mixed-linker approach introduced
structural defects at the Ru paddlewheel nodes, resulting in the formation of partially
reduced Ru-nodes and enhanced catalytic activity. Hydrogen pretreatment further
enhanced the catalytic activity.

Several features make ruthenium catalysts of particular interest for the synthesis of
fine chemicals: The versatility of ruthenium catalysts makes them useful for the
synthesis of many different types of fine chemicals. Ruthenium catalysts can often
provide high levels of chemo-, regio-, and stereoselectivity, enabling the production of
fine chemicals with precise structural features. Ruthenium catalysts are generally
tolerant of a wide range of functional groups and reaction conditions, allowing for
broad substrate scope and operational simplicity. Together with the general aspects
discussed above, these factors make ruthenium catalysts an attractive option for the
synthesis of fine chemicals, contributing to greener and more sustainable chemical
processes.

3. Interaction of ruthenium particles with the support

A study of the nature of the catalyst challenged previous claims of homogeneous
benzene hydrogenation with Ru(arene) precatalysts [54]. The study provided evi-
dence that the real catalyst in benzene hydrogenation is bulk ruthenium metal parti-
cles, not a homogeneous metal complex or a soluble nanocluster. The reaction was
initiated with Ru(II) (n®-C¢Meg) (OAc), as the precatalyst. Evidence that the catalysis
is based on nanoparticles is provided by (i) the nucleation and autocatalytic surface-
growth mechanism; (ii) the formation of bulk ruthenium metal during hydrogena-
tion; (iii) the high activity of bulk ruthenium metal; (iv) inactivity of the filtrate until
bulk metal is formed; (v) complete inhibition of catalysis by Hg(0), a known poison
for heterogeneous catalysts; and (vi) absence of detectable nanoclusters under condi-
tions where they are typically found. The study suggests that a similar investigation be
conducted for other benzene hydrogenation catalysts derived from Ru(arene)
precatalysts.

In accordance, supported ruthenium nanoparticles are used as heterogeneous cat-
alysts. Metal nanoparticles must always be stabilized against agglomeration [55]. To
stabilize the ruthenium nanoparticles in a supported ruthenium nanoparticle catalyst,
an intimate interfacial contact between the Ru nanoparticles and the support is
required for stable performance. Such interactions can be induced by appropriate
choice and modification of the oxide or carbon support. A suitable method for
preparing supported ruthenium catalysts usually involves special thermal reduction
protocols.

A study of the selective oxidation of 5-hydroxymethylfurfural (HMF) to 2,5-
furandicarboxylic acid underscores the importance of support materials in the design
of efficient catalysts for the sustainable conversion of biomass-derived compounds
into valuable chemicals. HMF is a biomass-derived chemical typically produced by the
dehydration of sugars and polysaccharides. Heterogeneous ruthenium-based catalysts
have been shown to be very effective for the oxidation of HMF with molecular oxygen
in the absence of a base and in water as a solvent [56]. Among a wide range of support
materials, including various metal oxides, magnetite, spinel, hydrotalcite, and
hydroxyapatite, ruthenium-hydroxide species supported on cerium oxide exhibited
superior catalytic activity and selectivity compared to those using titanium dioxide as
support.

127



Ruthenium — Materials Properties, Device Characterizations, and Advanced Applications

In the case of carbon supports, Ru precursors were deposited on carbon materials
and then reduced to Ru nanoparticles, resulting in catalysts with exceptional perfor-
mance in the hydrogenation of benzene and toluene [57]. Remarkably, these thermally
treated Ru catalysts operate up to 24 times faster than their conventionally prepared
counterparts and exhibit impressive resistance to oxidation, reduced leaching, and
well-distributed dispersion on carbon materials.

A magnetically separable ruthenium-hydroxide catalyst on magnetite (Ru(OH),/
Fe3;0,4) has been used for three types of reactions: aerobic oxidation of alcohols,
aerobic oxidation of amines, and reduction of carbonyl compounds to alcohols using
2-propanol as a hydrogen donor [58]. This shows that the catalyst is effective for a
wide range of substrates, including aromatic, aliphatic, and heterocyclic substrates. A
significant advantage of this catalyst is its magnetic separability: the Ru(OH),/Fe;04
catalyst can be easily separated from the reaction products using a permanent magnet,
with a recovery of more than 99%. The study confirmed the intrinsic heterogeneity of
the catalysis for these reactions and showed that the Ru(OH),/Fe;0, catalyst retained
its activity after multiple reuses.

For binding ionic ruthenium complexes [59] and ruthenium clusters, nitrogen-
doped carbon materials have attracted attention due to their strong interaction with
the active metal species through their nitrogen functionalities. Such nitrogen-doped
carbon materials can be prepared from adenine as carbon and nitrogen source and
anhydrous magnesium chloride as template [59]. Favorable binding sites include
pyridinic and pyrrolic nitrogen moieties (Figure 2).

As a biorenewable, biodegradable material with multiple functional groups,
chitosan is an attractive candidate for anchoring metal catalysts. Ruthenium
supported on chitosan, a natural polysaccharide, has been used as a
heterogeneous catalyst for the hydration of nitriles to amides in aqueous media
under neutral conditions [60]. The chitosan-ruthenium catalyst offers high yields,
excellent selectivity, and easy recoverability, all under neutral, environmentally
benign conditions.

Ruthenium macromolecules, such as ruthenium tetraphenylporphyrin [Ru(TPP)],
have been shown to be an effective catalyst for the reaction of carbon dioxide (CO,)
with epoxide to form cyclic carbonates [61]. The [Ru(TPP)] catalyst showed excellent
performance, following first-order kinetics with respect to epoxide, leading exclu-
sively to cyclic carbonate. Importantly, it offered significantly lower activation energy
than previously reported catalysts. For heterogenization, the [Ru(TPP)] complex was
grafted onto functionalized SBA-15 molecular sieves. When grafted onto aminosilane-

Precursor Preparation steps Binding sites for Ru in N-doped carbon material
NH, 1.) Mix with MgCl, ‘
H 2.) Carbonize at AT Q
N" N 3.) Wash and dry
LAy
N N 4.) Load with , O
Ru-compex/-precursor Q
Adenine 5.) Possibly followed

by reduction
Pyridinic N Pyrrolic N

Figure 2.
Synthesis of N-doped carbon materials and binding sites according to [59].
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and iodosilane-functionalized materials, [Ru(TPP)] showed promising catalytic
activity for the carboxylation of epoxides.

Heterogeneous ruthenium catalysts have a significant potential for efficient and
selective chemical transformations with relevance to environmental sustainability. A
heterogeneous ruthenium catalyst prepared by adsorption of [RuCl,(p-cymene)],
on activated carbon showed exceptional efficiency and selectivity for the aerobic
oxidation of alcohols, hydrolytic oxidation of silanes, and the dehydration of
aldoximes [62].

The use of agricultural wastes in the preparation of carbon supports has also been
explored as a way to increase the sustainability of catalyst production. One example is a
heterogeneous ruthenium catalyst using silica derived from rice husk ash (RHA) [63].
The ruthenium was loaded by precipitation using a metal salt solution in nitric acid
followed by high-temperature calcination. The structure varied depending on the calci-
nation protocol. Initial analysis showed that the Ru/RHA catalyst was in an amorphous
state. After postcalcination at 700°C, some degree of crystallization was observed. SEM
images revealed the formation of nano-sized rods within the amorphous powder. Inter-
estingly, the specific surface area decreased significantly upon postcalcination, consis-
tent with the formation of the rod-shaped crystalline phase. The catalyst exhibited
strong metal-oxygen chemical bonding, which is believed to be the key interaction
between the metal and the silica support. The inhomogeneous Ru distribution in the
initial Ru/RHA catalyst improved upon calcination, as shown by EDX.

The study thus showcases the successful development of a series of heterogeneous
ruthenium catalysts that possess not only comparable activity to homogeneous ones
but also offer practical advantages like easy separation and reuse. These catalysts
contribute to flexible hydrogen generation and hold the potential for selective and
efficient formic acid decomposition in diluted solutions.

An interesting heterogeneous ruthenium catalyst for the selective decomposition
of formic acid into hydrogen and carbon dioxide comprised a combination of a Ru(II)
meta-trisulfonated triphenylphosphine (mTPPTS) complex with phosphine-modified
mesoporous silica [64]. Variations in the catalyst structure were achieved by changing
the length of the alkylene chain connecting the silica to the diphenylphosphine group.
The catalysts were highly active, with Ru-mTPPTS/MCM41-Si(CH,),PPh; exhibiting
a turnover frequency of 2780 h™" at 110°C, comparable to the corresponding homo-
geneous catalyst. No evidence of ruthenium leaching was detected even after 71,000
turnovers. This shows remarkable durability.

4. Bimetallic catalysts and catalyst mixtures

Alloying ruthenium with other elements imparts unique properties and enhanced
reactivity profiles to bimetallic ruthenium catalysts. The integration of additional
metals imparts specific properties to ruthenium that profoundly alter reaction path-
ways compared to their monometallic counterparts.

A review on the synthesis and analysis of polynuclear ruthenium-tin cluster com-
plexes focuses on their transformation into heterometallic nanoparticles [65]. These
complexes are then used as catalysts in the hydrogenation of unsaturated organic
molecules. The narrative of the study bridges the gap between the molecular design of
these clusters and their use in facilitating industrially relevant hydrogenation reac-
tions, reflecting the importance of this class of bimetallic nanoscale heterogeneous
catalysts. Unique properties are imparted to the catalyst by the cooperative action of
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i [PYCNT], +3H,, -2H,0

l [RU/CNT], +3H,

NH;
Je
Figure 3.

Concept of a molecular assembly line of a physical mixture of two different heterogeneous catalysts applied to the
hydrogenation of nitrobenzene over a Pt/CNT Ru/CNT catalysts mixture.

ruthenium and tin, providing insight into how these properties might be exploited for
more efficient and selective hydrogenation processes.

Uniformly distributed bimetallic Ni-Ru nanoparticles on a magnesium-aluminum
hydrotalcite support are effective in reducing nitrobenzene under ambient conditions
[66], demonstrating that the presence of metallic nickel and ruthenium on the
hydrotalcite surface facilitates this process. Kinetic studies indicate a first-order rela-
tionship with respect to nitrobenzene. Importantly, the catalyst maintains its activity
over multiple cycles and effectively reduces various substituted nitroarene molecules.

Likewise, physical mixtures of different heterogeneous catalysts can alter the course
of the reaction. Thus, carbon nanotube-supported Ru/CNT and Pt/CNT catalysts have
been effectively employed in the hydrogenation of nitroaromatics to cycloaliphatic
amines [67]. Interestingly, Ru and Pt, as metals, share similar atomic radii of 133 and
137 pm, while their static average electric dipole polarizabilities differ [68]. Conse-
quently, the aromatic ring, categorized as “soft” due to its aromatic n-system dispersed
over six carbon atoms, tends to adsorb preferentially on the more polarizable ruthe-
nium. The nitro group, deemed “hard” due to its negative charge spread mostly over
only two oxygen atoms, tends to adsorb preferentially on platinum, which has highly
shielded d-electrons. A combination of 95% Ru/CNT and 5% Pt/CNT provides approx-
imately equal rates for the hydrogenation of the respective moieties and maximum
selectivity toward the fully hydrogenated product, cyclohexylamine (Figure 3).

Bimetallic ruthenium catalysts, thus, often offer distinct advantages including
enhanced catalytic performance and an increased range of reactivity.

5. Conclusions

Ruthenium catalysts have demonstrated a remarkable capacity for a multitude of
reactions, encompassing hydrogenation, oxidation processes, and, notably, the con-
temporary utilization of carbon dioxide. The ability of ruthenium catalysts to convert
carbon dioxide into useful chemicals and fuels may not only help to sequester CO,, a
potent greenhouse gas but also produce valuable feedstocks for industry, providing a
potential route to carbon-neutral or even carbon-negative processes. Similarly, ruthe-
nium catalysts may play an increased role in the intensified use of bio-derived feed-
stock. In the field of electrocatalysis, ruthenium shows particular promise in water-
splitting technologies, organic electrosynthesis, proton exchange membrane fuel cells,

130



Catalysis with Ruthenium for Sustainable Carbon Cycles
DOI: http://dx.doi.org/10.5772/intechopen.112101

and metal-air batteries. The metal’s propensity to catalyze the oxygen evolution reac-
tion significantly increases the efficiency of hydrogen production.

The interplay between homogeneous and heterogeneous catalysis using ruthe-
nium, as demonstrated in CO, conversion, also illustrates the immense potential of the
metal to unlock new technologies and sustainable solutions. It is the ability to form
bonds of intermediate strength with a variety of ligands, exist in multiple oxidation
states, and accommodate both high and low oxidation states that enables this wide
range of chemical transformations. Delving deeper into the fundamental atomic-level
mechanisms could pave the way for further advances in the design of ruthenium
catalysts, thereby expanding their efficacy and applicability. Particularly in the global
raw material transition to sustainable feedstocks and the energy transition to more
sustainable and cleaner energy systems, ruthenium catalysts offer a range of solutions
in key areas that can make a significant contribution to reducing carbon emissions and
optimizing energy use.

In summary, the extensive exploration of ruthenium as a catalyst underscores its
fundamental role in modern chemistry and materials science. While current advances
in ruthenium catalysis are impressive, the breadth of its untapped potential encour-
ages continued exploration and innovation. As researchers develop an even more
refined understanding of its properties, ruthenium is likely to continue to be at the
forefront of new discoveries and applications, contributing to sustainable solutions in
exciting areas of technology.
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AC Activated Carbon

CCU Carbon Capture and Utilization

PP Bisphosphine

EDX Energy Dispersive X-Ray Spectroscopy
AH,° Heat of reaction at standard conditions
AG,° Gibbs free energy at standard conditions
L Ligand (L)
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LOHC Liquid Organic Hydrogen Carriers
OER Oxygen Evolution Reaction

ORR Oxygen Reduction Reaction

PEMFC Proton Exchange Membrane Fuel Cells
m.p. Melting Point

MOF Metal-Organic Framework

7200 Mols of Hydrogen

MEA Monoethanolamine

POP Porous Organic Polymer

RHA Rice Husk Ash

RCM Ring-Closing Metathesis

TPD Temperature Programmed Desorption
TOC Total Organic Carbon

TEM Transmission Electron Microscopy
TOF Turnover Frequency

TON Turnover Number

Wh Watthours

WH2 Weight Percentage of Hydrogen

XRD X-Ray Diffraction

XPS X-ray Photoelectron Spectroscopy
OAc. Acetate

ZSM-5 Aluminosilicate Zeolite Socony Mobil-5
BTC Benzene-1,3,5-tricarboxylate

DMF N,N-Dimethylformamide

DMSO Dimethylsulfoxide

DAMI Di(N,N-dimethylaminoethyl)-2-methylimidazolium
HMF 5-Hydroxymethylfurfural

MCM-41  Mesoporous Material Mobil Composition of Matter No. 41
TPP Tetraphenylporphyrin

mTPPTS meta-Trisulfonated triphenylphosphine
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