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Abstract: In this study, we present the facile formation of platinum nanoparticles (Pt-NPs) on
reduced graphite oxide (rGO) (Pt-NP@rGO) by microwave-induced heating of the organometallic
precursor ((MeCp)PtMe3 in different tunable aryl alkyl ionic liquids (TAAIL). In the absence of rGO,
transmission electron microscopy (TEM) reveals the formation of dense aggregates of Pt-NPs, with
primary particle sizes of 2 to 6 nm. In contrast, in the Pt-NP@rGO samples, Pt-NPs are homogeneously
distributed on the rGO, without any aggregation. Pt-NP@rGO samples are used as electrode materials
for oxygen reduction reaction (ORR), which was assessed by cyclic voltammetry (CV) and linear
sweep voltammetry (LSV). The electrochemical surface area (ECSA) and mass-specific activity (MA)
increase up to twofold, compared with standard Pt/C 60%, making Pt-NP@rGO a competitive
material for ORR.

Keywords: platinum; nanoparticles; electrochemistry; oxygen reduction reaction; reduced graphite
oxide; microwave; ionic liquid; tunable aryl alkyl ionic liquid

1. Introduction

Platinum nanoparticles (Pt-NPs) are important catalysts and are often used as bench-
mark materials in the field of electrochemistry for the oxygen reduction reaction (ORR) [1–5],
the hydrogen evolution reaction (HER) [6,7], and the methanol oxidation reaction (MOR) [8–10].
In general, the stability, catalytic activity, and chemical selectivity of Pt-NPs depend strongly
on their size, shape, alloy composition, surface structure, and surface accessibility [2,5,11].
It is, therefore, important to control these parameters via the chosen synthetic method and,
if possible, influence multiple parameters at the same time during NP synthesis [2,5,11].

Smaller Pt-NP sizes show higher metal-mass-based catalytic activity than larger parti-
cles or bulk-material [5,11,12]. At the same time, a crucial issue for NPs is their tendency to
coalescence, which can occur as agglomeration or Ostwald ripening, increasing their size
and reducing the catalytic activity, thus requiring stabilizers [13–15].

We have recently reported the wet-chemical synthesis of Ru- and Ir-NPs in tunable aryl
alkyl ionic liquids (TAAILs) based on the 1-aryl-3-alkyl-substituted imidazolium motif [16].
Ionic liquids (ILs) are salts with a melting point below 100 ◦C and can be used as solvents
and as stabilizing agents for M-NPs, due to their high ionic charge, polarity, dielectric
constant, and electrostatic and steric interaction with the M-NPs [13–15,17,18]. All used
TAAILs were suitable for the formation of very small (<5 nm) NPs, which were stable over

Molecules 2022, 27, 1018. https://doi.org/10.3390/molecules27031018 https://www.mdpi.com/journal/molecules

https://doi.org/10.3390/molecules27031018
https://doi.org/10.3390/molecules27031018
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0003-2605-9281
https://orcid.org/0000-0003-2258-8688
https://orcid.org/0000-0002-9494-0233
https://orcid.org/0000-0002-7233-2245
https://orcid.org/0000-0002-6288-9605
https://doi.org/10.3390/molecules27031018
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules27031018?type=check_update&version=2


Molecules 2022, 27, 1018 2 of 14

months in the IL medium. An interesting observation was that the nanoparticle separation
and aggregation varied strongly as a function of the aryl substituent of the TAAILs.

In addition, Supporting Materials can stabilize M-NPs, allowing for easier handling of
the M-NPs and providing for additional tuning options for applications. Carbon materials
as support for Pt-NPs are commonly used in the field of electrochemistry because of
their high electrical conductivity, low weight, low cost, easy production, and manifold
structures [6,19]. Our group has already shown the usage of (thermally) reduced graphite
oxide (rGO, also known as TRGO) as M-NP support [20,21], which also offers remarkable
properties as support for electrode materials [22–24]. rGO increases the electrochemical
activity of Pt-NPs [19], stabilizes very small M-NPs [25,26], and offers improved protection
for supported NPs against poisoning, compared with available standard carbon black
materials [20]. Since rGO provides less functional groups that can interact with M-NPs
than graphite oxide, the deposition of Pt-NPs on rGO (Pt-NP@rGO) in ILs remains difficult
and was only successful after additional rGO functionalization with thiol groups [20] to
improve the interaction between Pt-NPs and its support. Alternatively, porous organic
polymers with donor atoms such as covalent triazine frameworks (CTFs) were successfully
used as support [27].

In this article, we present a simple and facile way to deposit Pt-NPs in situ on rGO
during a microwave-assisted reaction in ionic liquids. Novel imidazolium-ILs, which are
distinguished aryl and alkyl substitutions, are used as reaction media as well as stabi-
lizing agents. We also show that the obtained Pt-NP@rGO are electrochemically active
as heterogeneous catalysts for ORR, a vital reaction for proton exchange membrane fuel
cells (PEMFC).

2. Results
2.1. rGO and TAAIL Presentation

rGO was synthesized in a two-step oxidation–thermal reduction process according to
procedures by Hummers [28], as described in more detail in our previous studies [20,21],
with the thermal reduction occurring at 400 ◦C. CHNS elemental analysis showed a weight
percentage (wt%) of 80% carbon, which indicates that functional oxygen-containing groups
still remain on the surface of rGO [21]. The exact values can be found in the Supporting
Information (SI), Table S2.

The synthesis and characterization of the TAAILs used here were described else-
where [15,29,30]. TAAILs refer to 1-n-alkyl-3-arylimidazolium ILs (Scheme 1). The length
of the n-alkyl chain varies here between 4 and 11 carbon atoms, and the aryl groups were
4-methoxy-, 2,4-dimethyl, 4-bromo- and 2-methylphenyl.
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The TAAILs can be obtained on a large gram scale, and the synthesis allows manifold
variations of the aryl and alkyl groups [15,29,30]. The anion purity of the TAAILs was
characterized via ion chromatography and has always been found above at least 97% and
more often 99%. Thermogravimetric analysis (TGA) of the TAAILs showed decomposition
between 400 ◦C and 426 ◦C, which allows them to be used in the Pt-NP-forming microwave
reactions at ~200 ◦C.

2.2. Pt-NP Synthesis and Characterization

Following previous research [13], (η5-methylcyclopentadienyl)trimethylplatinum(IV)
((MeCp)PtMe3) was used as a Pt precursor, which can be decomposed in various ways (ther-
mal, photolytic, sonolytic) at relatively mild conditions and without any additives [13,20].
The decomposition of the precursor produces volatile side products, which do not contami-
nate the NP surface [31–33].

The general synthetic procedure of the Pt-NPs is depicted in Scheme 2. Fixed amounts
of Pt precursor and rGO were suspended in the IL to achieve 1 wt% or 2 wt% Pt-NP and
0.5 wt% or 1 wt% rGO in the IL dispersion. After stirring overnight and for 3 h of sonication,
the dispersion was placed in a microwave reactor, heated at 40 W to 200 ◦C, and kept at
this temperature for 10 min. Black Pt-NP@rGO dispersions were reproducibly obtained.
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Scheme 2. Reaction conditions for the synthesis of platinum nanoparticles (Pt-NPs) via microwave-
induced heating in ionic liquids (ILs). The mass of the Pt precursor was set to achieve 1 wt% or 2 wt%
Pt-NP in the IL dispersion upon complete decomposition (0.5 wt% or 1 wt% reduced graphite oxide
(rGO) used for Pt-NPs stabilized on rGO (Pt-NP@rGO) in brackets).

Selected samples and their respective particle size determined via transmission elec-
tron microscopy (TEM) are shown in Table 1. In the Supporting Information, Table S1, a
full list of prepared samples is given. The nanocrystallinity of the Pt particles was verified
by powder X-ray diffraction (PXRD) (Figure 1 and Figures S2–S6 in the Supplementary
Information). The Pt-NPs form in the face-centered cubic (fcc) structure, typical for crys-
talline Pt. The comparison of the crystallite sizes of the NPs calculated with the Scherrer
equation (Section 4.1, Equation (1)) and the Pt-NP sizes determined via TEM showed a very
good agreement (Table S1, Supplementary Information). Furthermore, thermogravimetric
analysis (TGA) of elected samples (Figure S28 in the Supplementary Information) gives
a residual Pt mass between 41 wt% and 54 wt% or a reciprocal combined rGO and IL
content between 46 wt% and 59 wt%. The mass-temperature profile in TGA did not allow
a distinction between rGO and IL. From an estimate of the IL content by CHNS analysis
(Table S2), the rGO mass was then approximated between 40 wt% and 54 wt% (Table S4).

Similar to Ir-NPs, Ru-NPs [15], and Pt-NPs [13], the microwave-assisted heating of the
platinum metal precursor (MeCp)PtMe3 in ionic liquid dispersion results in small M-NP
sizes, largely between 2 nm and 5 nm. The efficient energy uptake of ILs enables fast
heating and results in rapid decomposition of the Pt precursor with a high nucleation rate
of Pt-NPs, which themselves then absorb microwave radiation. This leads to “hot spots”,
with a further increase in localized temperature. Small particle sizes can only be achieved if
the TAAIL is able to stabilize the newly formed NPs from the very beginning of the growth
process. The Pt-NPs show similar sizes mostly independent of the choice of TAAIL and the
wt% Pt to IL (Table S1, Supplementary Information). An exception is the TAAIL with the
4-methoxyphenyl substituent (MOP5 to MOP11), where also larger particles, up to 6 nm,
were obtained.
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Table 1. Summary of Pt-NPs and Pt-NP@rGO in tunable aryl alkyl ionic liquids (TAAILs). Further
information can be found in Table S1 in the Supplementary Information.

Sample Name X/Y = wt%
Pt/rGO TAAIL Used wt% Pt 1 (X/-) wt% rGO 1 (-/Y) Average Particle Size 2

[nm]

M4-1 [BMIm][NTf2] 1 - 1
M4_rGO-1/1 [BMIm][NTf2] 1 1 2 ± 1

MP4-1 [Ph2-MeImC4][NTf2] 1 - 5 ± 1
MP4_rGO-1/1 [Ph2-MeImC4][NTf2] 1 1 3 ± 1

MP5-1 [Ph2-MeImC5][NTf2] 1 - 4 ± 1
MP5_rGO-2/1 [Ph2-MeImC5][NTf2] 2 1 2 ± 1

MP9-1 [Ph2-MeImC9][NTf2] 1 - 4 ± 1
MP9_rGO-1/0.5 [Ph2-MeImC9][NTf2] 1 0.5 3 ± 1

DMP9-1 [Ph2,4-MeImC9][NTf2] 1 - 3 ± 1
DMP9_rGO-1/1 [Ph2,4-MeImC9][NTf2] 1 1 6 ± 1

MOP5-1 [Ph4-OMeImC5][NTf2] 1 - 2 ± 1
MOP5_rGO-1/1 [Ph4-OMeImC5][NTf2] 1 1 5 ± 1

1 wt% in TAAIL dispersion. 2 Average particle sizes obtained from transmission electron microscopy (TEM) mea-
surements. At least 200 particles were used for size determination. See Materials and Methods for more information.
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Figure 1. Powder X-ray diffraction (PXRD) patterns of synthesized Pt-NPs (a) and Pt-NP@rGO (b)
in ILs, together with the simulation for fcc-Pt and its indexed reflections (Crystallographic open
database fcc-Pt: 1011114). The -X and -X/Y numbers refer to wt% Pt (X) and wt% rGO (Y) in samples.
Additional PXRD patterns can be found in Figures S2–S6 in the Supporting Information (SI).

2.3. Pt-NPs Aggregation in TAAILs

As seen before for Ru- and Ir-NPs, [15], the TAAILs allow the microwave-induced
synthesis of Pt-NPs, but strong Pt-NP aggregation was observed (in the absence of rGO)
for all TAAILs, independent of the alkyl chain length or the aryl substitution (Supple-
mentary Information, Figures S7–S27), whereas the comparative IL [BMIm][NTf2] gave
well-separated NPs (Figure 2 top, Figure S7). Different from the synthesis of Ru- and
Ir-NPs, [15] even the 4-methoxyphenyl- and 2,4-dimethylphenyl-TAAIL did not prevent
strong aggregation.

Aggregation, however, could be prevented upon deposition on rGO by performing
the (MeCp)PtMe3 precursor decomposition in the presence of rGO. Representative TEM
images of Pt-NPs synthesized in different TAAILs without and with rGO are shown in
Figures 2 and 3. The rGO-free samples consist of highly aggregated Pt-NPs, with large,
dense structures, with dimensions of several tens of nanometers. The degree of aggregation
for the Pt-NPs appears independent of the TAAIL.
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Figure 2. TEM images of Pt-NPs and Pt-NP@rGO composites obtained in the IL (from top to bottom)
[BMIm][NTf2] (M4-1, M4_rGO-1/1) and the TAAILs [Ph2,4-MeImC9][NTf2] (DMP9-1, DMP9_rGO-
1/1) and [Ph4-OMeImC5][NTf2] (MOP5-1, MOP5_rGO-1/1). TEM images for Pt-NPs are shown on the
left and for Pt-NP@rGO composites on the right. The rGO sheets on which the Pt-NP are deposited
are clearly seen by their wrinkles at lower magnification (e.g., Figures S10, S12, S16, S17, S19, S25, and
S27 in the Supplementary Information).

In previous research, we discussed the necessity of thiol functional groups on rGO to
deposit Pt nanoparticles as Pt-NP@rGO when using the IL [BMIm][BF4] [20]. In contrast,
with the TAAILs used in this study (and also with the [NTf2]-IL M4 (Figure S8 in the
Supplementary Information)), Pt-NPs can be effectively stabilized on rGO without thiol
functional groups, resulting in a rather homogenous layer of Pt-NPs on the surface of
the rGO (Figures 2 and 3). Compared with the rGO-free samples, nearly no additional
agglomeration of NPs can be found, which indicates that the NPs are effectively anchored
to prevent aggregation.

The stability of prepared Pt-NPs and Pt-NP@rGO samples was followed by storing
them dried under air at room temperature for at least 6 months. PXRD patterns and the
calculated crystallite sizes (Equation (1)) from representative samples are given in Table S3
and Figures S3–S6 in the Supplementary Information. Additionally, a TEM image of an
rGO-free and a Pt-NP@rGO sample after 1 year did not show significant particle growth or
changes in aggregation (Figures S26 and S27 in Supplementary Information).
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Figure 3. TEM images of Pt-NPs and Pt-NP@rGO composites obtained in the TAAILs (from top to
bottom): [Ph2-MeImC4][NTf2] (MP4-1, MP4_rGO-1/1); [Ph2-MeImC5][NTf2] (MP5-1, MP5_rGO-2/1);
[Ph2-MeImC9][NTf2] (MP9-1, MP9_rGO-1/0.5). TEM images for Pt-NPs are shown on the left and for
Pt-NP@rGO composites on the right. The rGO sheets on which the Pt-NP are deposited are clearly
seen by their wrinkles at lower magnification (e.g., Figures S10, S12, S16, S17, S19, S25, and S27 in the
Supplementary Information).

2.4. Electrochemical Catalysis

The electrochemical performance of obtained Pt-NP@rGO for the ORR was examined
with commercial Pt/C 60% as internal benchmark material in comparison, to reduce de-
viations by the use of an external standard. As samples, MP4_rGO-1/1, MP5_rGO-2/1,
MP9_rGO-1/0.5, and MOP5_rGO-1/1 were chosen because of their low size and homo-
geneity, as depicted in Figure 4. The cyclic voltammogram (CV) curves were recorded in
N2-saturated 0.1 M HClO4, with a sweep rate of 20 mV s−1 and, after 50 activation cycles,
against reversible hydrogen electrode (RHE, Figure 4a). Afterward, ORR polarization
curves (linear sweep voltammetry (LSV)) with a sweep rate of 10 mV s−1 were recorded in
O2-saturated 0.1 M HClO4. These measurements were repeated three times each, and the
respective combined average CVs and LSVs are shown in Figure 4a,b. The electrochemical
surface area (ECSA) was determined by integrating the hydrogen underpotential deposi-
tion (Hupd) charge (Hupd charge to surface area conversion constant: 210 µC cm−2) in the
obtained CVs, and, with the obtained LSVs, mass-specific activities (MAs) at 0.9 V were
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calculated. The obtained ECSA and MA are compared in Table 2 to the results of Pt-NPs
deposited on rGO via different reaction methods from previous studies of Badam et al. [34],
Daş et al. [35], and Teran-Salgadon et al. [36].

Molecules 2022, 27, x FOR PEER REVIEW 8 of 14 
 

 

the Supplementary Information) also shows a dominant four-electron pathway toward 
the ORR process. 

 
Figure 4. Results obtained via electrochemical measurements: (a) averaged cyclic voltammetry (CV) 
in N2-atmosphere and at 20 mV s−1 sweep rate of the four samples MP4_rGO-1/1, MP5_rGO-2/1, 
MP9_rGO-1/0.5, MOP5_rGO-1/1, and a Pt/C 60% standard material; (b) averaged oxygen reduction 
reaction (ORR) polarization curves (linear sweep voltammetry (LSV)) of the same samples in O2-
saturated atmosphere at 10 mV s−1 sweep rate. From these data, (c) the electrochemical surface area 
(ECSA) and (d) the mass-specific activity (MA) at 0.9 V were calculated. 

A comparison of previous research on Pt-NP@rGO shows the highest ECSA and MA 
for Pt-NP decorated on tetradecyl-methyl-imidazolium ionic liquid-treated graphene (Pt-
TMIm-rGO) by Badam et al. [34], albeit with a similar ECSA to the 55 m2 gPt−1 of MP5_rGO-
2/1. Notably, the MP_rGO samples have higher ECSA values, compared with the results 
of the Pt/rGO probes of Daş et al. [35] and Teran-Salgadon et al. [36], much higher MA 
values than obtained by Daş et al. [35] and similar to slightly smaller MA values than 
given by Teran-Salgadon et al. [36]. From the comparison, it becomes evident that ILs can 
significantly increase the catalytic activity of Pt-NP@rGO samples. 

2.5. Stability Testing 
MP4_rGO-1/1, the most active sample for ORR, was further analyzed with an elec-

trochemical stability test. After the material was activated via CV (20 cycles), 5k cycles 
between 0.5 and 1.0 VRHE were carried out. The obtained LSVs and calculated MA after 
activation and after 5k cycles are shown in Figure 5 and in Table 3. 

Figure 4. Results obtained via electrochemical measurements: (a) averaged cyclic voltammetry (CV)
in N2-atmosphere and at 20 mV s−1 sweep rate of the four samples MP4_rGO-1/1, MP5_rGO-2/1,
MP9_rGO-1/0.5, MOP5_rGO-1/1, and a Pt/C 60% standard material; (b) averaged oxygen reduction
reaction (ORR) polarization curves (linear sweep voltammetry (LSV)) of the same samples in O2-
saturated atmosphere at 10 mV s−1 sweep rate. From these data, (c) the electrochemical surface area
(ECSA) and (d) the mass-specific activity (MA) at 0.9 V were calculated.

Table 2. Electrochemical surface area (ECSA) and mass-specific activity (MA) of Pt-NP@rGO synthe-
sized with and without IL.

Sample Name IL Used ECSA 1 [m2 gPt−1] MA 1 [mA mgPt−1]

60% Pt/C - 36 ± 11 45 ± 7
MP4_rGO-1/1 [Ph2-MeImC4][NTf2] 35 ± 2 86 ± 7
MP5_rGO-2/1 [Ph2-MeImC4][NTf2] 55 ± 2 101 ± 4

MP9_rGO-1/0.5 [Ph2-MeImC4][NTf2] 33 ± 3 68 ± 12
MOP5_rGO-1/1 [Ph4-OMeImC4][NTf2] 16 ± 5 61 ± 13

Pt-TMIM-rGO [34] [C12ImC1][GO] 56.8 346
Pt/rGO (DMF) [35] - 28.1 26
Pt/rGO (HYD) [35] - 18.2 7

Pt/rGO [36] - 14.0 92
1 Standard deviation obtained by three measurements (see Materials and Methods, Section 4.3).

All CVs of the materials, shown in Figure 4a, have well-pronounced underpotential
hydrogen deposition–desorption areas between 0.05 V and 0.40 V, with MP4_rGO-1/1 and
MP5_rGO-2/1 having a larger area than the commercial Pt/C catalyst. No contaminations
or side reactions are recognizable in the CVs. The calculated ECSA, shown in Figure 4c,
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reveals the highest value for MP5_rGO-2/1, with a 1.5-fold increase, compared with Pt/C
60%, while the other samples show similar values as the benchmark material. This shows
that rGO can be effectively used as in situ carbon source, in addition to the most commonly
used Vulcan XC-72R, which is only added for preparing the catalyst ink. The ORR polar-
ization curves (Figure 4b) of the samples show better onset potentials than the benchmark
material and different current density plateaus between 0.20 V and 0.60 V. The presented
materials reach their respective plateau at higher voltages but at lower currents than Pt/C
60%. From the LSVs the mass-specific activity (MA) is calculated (Figure 4d). The highest
MA is achieved by MP5_rGO-2/1, with a promising twofold increase, compared with
the Pt/C 60% benchmark, while MP4_rGO-1/1, MP9_rGO-1/0.5, and MOP5_rGO-1/1 also
show an increase of more than 1.8-fold, 1.4-fold, and 1.25-fold, respectively, demonstrating
a better performance of Pt-NP@rGO for ORR than Pt/C 60%. Calculated Tafel plots of the
samples, shown in Figure S29 in the Supplementary Information, are similar to the Tafel
plot of Pt/C 60% and indicate a four-electron pathway, with the adsorption of oxygen as a
rate-limiting step [37]. The Koutecký–Levich plot calculated from LSVs of MP4_rGO-1/1
at different rotation speeds (Figures S30 and S31 in the Supplementary Information) also
shows a dominant four-electron pathway toward the ORR process.

A comparison of previous research on Pt-NP@rGO shows the highest ECSA and
MA for Pt-NP decorated on tetradecyl-methyl-imidazolium ionic liquid-treated graphene
(Pt-TMIm-rGO) by Badam et al. [34], albeit with a similar ECSA to the 55 m2 gPt

−1 of
MP5_rGO-2/1. Notably, the MP_rGO samples have higher ECSA values, compared with
the results of the Pt/rGO probes of Daş et al. [35] and Teran-Salgadon et al. [36], much
higher MA values than obtained by Daş et al. [35] and similar to slightly smaller MA values
than given by Teran-Salgadon et al. [36]. From the comparison, it becomes evident that ILs
can significantly increase the catalytic activity of Pt-NP@rGO samples.

2.5. Stability Testing

MP4_rGO-1/1, the most active sample for ORR, was further analyzed with an elec-
trochemical stability test. After the material was activated via CV (20 cycles), 5k cycles
between 0.5 and 1.0 VRHE were carried out. The obtained LSVs and calculated MA after
activation and after 5k cycles are shown in Figure 5 and in Table 3.
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Table 3. Mass-specific activity at 0.9 V of the sample MP4_rGO-1/1 after activation and after 5k cycles.

Sample MA [mA mgPt−1]

Pt/C 60% activated 38
Pt/C 60% stability after 5k cycles 13

MP4_rGO-1/1 activated 83
MP4_rGO-1/1 stability after 5k cycles 45

The LSV of MP4_rGO-1/1 after 5k cycles shows a decrease in MA, by roughly 45%,
while Pt/C 60% loses more than 60% of MA. The activity loss of the sample can be explained
with the aid of TEM images obtained after the stability test, shown in Figure 6. When
compared with the freshly prepared NPs (Figure 3), the Pt-NP sample lost its small-size
homogeneity, with also larger NPs, for which sizes of over 20 nm were clearly visible. Since
this increase in size was not observed via PXRD and TEM for dried Pt-NPs, which were
stored in air at room temperature for half a year and up to one year, we assume that this
NP growth is linked to the ORR.
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Figure 6. TEM images of the sample MP4_rGO-1/1 obtained after 5k stability test. Images were
measured with an FEI Titan 80–300 TEM.

We conclude that the NPs can be detached from the stabilizing rGO support during
potential cycling and start to agglomerate, losing their electrochemical activity. Since small
Pt-NPs remain on the GC surface and show electrochemical activity, the exact position of
the NP on the rGO might have an influence on this process, with NPs attached to inner
layers of the rGO being more stable. Although not visible, in images with small Pt-NPs,
the resolution to depict the rGO can be difficult because stacked or strongly wrinkled rGO
sheets might have been removed during ink preparation or electrocatalytic reactions. A
complete detachment of Pt-NPs of the rGO would be unlikely because the activity loss
would be much stronger with more NP agglomerates and no small NPs detectable.

3. Conclusions

Small Pt-nanoparticles (Pt-NPs) as dispersed in ionic liquids and in situ deposited on
reduced graphite oxide (rGO) (Pt-NP@rGO) can be obtained during a fast and effective
microwave-assisted thermal decomposition of (MeCp)PtMe3 without and with rGO added
and tunable aryl alkyl ionic liquids (TAAILs), as solvent and stabilizer. The particle size of
the obtained Pt-NPs can vary slightly, depending on the TAAIL, and lies between 2 ± 1 nm
and 6 ± 2 nm. Independent of the particle size, the Pt-NPs build dense aggregates. When
comparing the TAAILs as reaction media with each other, the length of the alkyl chain or
the aryl group only has an insignificant effect on the obtained particle size and aggregation.

For samples containing rGO, TEM images show that Pt-NPs build a layer on top of
the rGO surface and maintain a homogenous size. In addition, no particle aggregation
is observable, which demonstrates that rGO effectively anchors the obtained NPs and
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prevents their agglomeration. Pt-NPs and Pt-NP@rGO samples show good stability over at
least 12 months, with no increase in particle size and no further agglomeration observable.

Pt-NP@rGO samples on glassy carbon electrodes for the oxygen reduction reaction
(ORR) exhibit an up to a twofold increase in electrochemical surface area (ECSA) and
mass-specific activity (MA), compared with Pt/C 60%. MP5_rGO-2/1 achieved the best
performance of the analyzed Pt-NP@rGO samples, which all appear promising for ORR
and are worthy of further investigation. Since Pt-NP sizes between 2 nm and 3 nm are
known to be the most active size range for ORR, and TAAILs make this size range readily
available, their use as reaction media for Pt-NP preparation asks for further investigations.
An organometallic Pt precursor and TAAILs in the presence of carbon support, in combi-
nation with microwave-induced heating, offer fast access to Pt-based electrocatalysts on
the nanoscale.

4. Materials and Methods
4.1. Chemicals and Equipment

The following chemicals were received from commercial sources: Pt/C (60 wt%
Pt on Vulcan XC-72R, Sigma-Aldrich), Nafion 1100 W (Sigma-Aldrich), n-butyllithium
(1.6 mol L−1 in hexane, Acros organics), methyllithium (1.6 mol L−1 in diethyl ether, Sigma-
Aldrich), 1,2-dibromoethane (>98%, Fluka), potassium hexachloridoplatinate (IV) (97%,
BLDpharm), potassium iodide (USP, BP, Ph. Eur. pure, pharma grade, PanReac Applichem),
methylcyclopentadienyl dimer (95%, Acros Organics), and perchloric acid (70%, ACS
reagent, Sigma-Aldrich). All chemicals were used as received without further purification.

Thermally reduced graphite oxide (rGO) was prepared in a two-step oxidation–
thermal reduction process using natural graphite (type KFL 99.5 from AMG Mining AG,
former Kropfmühl AG, Passau, Germany). The graphite oxidation procedure of Hummers
and Offeman [28] was followed. rGO was obtained at a reduction temperature of 400 ◦C
from graphite oxide. For further information, also see our previous studies [21,25].

Tuneable aryl alkyl ionic liquids (TAAILs) were obtained in a two-step synthesis at
the group of Prof. Thomas Strassner, Technische Universität, Dresden. The first step was
the alkylation of the aryl imidazoles by bromoalkanes to build the IL cations. As the
second step, the anion (bromide) was exchanged with LiNTf2. For detailed information,
see Supporting Information in Refs. [15,30].

(η5-methylcyclopentadienyl)trimethylplatinum(IV) ((MeCp)PtMe3) was synthesized
and characterized after a method described by Xue et al. [13,33].

Transmission electron microscopy (TEM) measurements were performed with a JEOL-
2100 Plus, a Zeiss LEO912, and an FEI Titan 80–300 TEM at 200 kV, 120 kV, and 300 kV
accelerating voltage, respectively. The samples were prepared using 200 µm carbon-
coated copper grids. Briefly, 0.05 mL of the NP/IL dispersion was dissolved in a 0.5 mL
acetonitrile (ACN), and one drop of the diluted dispersion was placed on the grid. After
30 min, the grid was washed with 3 mL ACN and air dried. The images were analyzed
by Gatan Microscopy Suite version 3.3, and the particle size distribution was determined
from at least 200 individual particles at different positions on the TEM grid, with the
same magnifications.

Powder X-ray diffractograms (PXRDs) were measured at ambient temperature on a
Bruker D2-Phaser using a flat sample holder and Cu-Kα radiation (λ = 1.54182 Å, 35 kV).
Diffrac.Eva V4.2 was used to evaluate PXRD data. Particle sizes were calculated with the
Scherrer equation (Equation (1)) as follows:

L = K × λ/(∆(2θ) × cos θ0) (1)

where L is the average crystallite size, K is the dimensionless shape factor, λ is the wave-
length, ∆(2θ) is the full width at half maximum (FWHM) in radians, and θ is the Bragg angle.

A CEM-Discover SP microwave setup, with a power range of 0–300 W (±30 W) was
used for all microwave reactions. Thermogravimetric analysis (TGA) was conducted with
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a Netzsch TG 209 F3 Tarsus device, equipped with an Al crucible applying a heating rate of
5 ◦C/min under a synthetic air atmosphere.

4.2. Synthesis of Pt-NPs in IL

As a general approach to obtain Pt-NPs, (MeCp)PtMe3 was put in a 10 mL microwave
vessel and dispersed in the corresponding IL. The necessary amount of Pt precursor com-
pared with IL was determined by the wt% of obtained Pt-NPs in IL with 100% conversion,
which was set between 1 wt% and 2 wt%. The general batch size was further customized
with roughly 300 mg, 500 mg, and 1.00 g IL. The dispersion was stirred for at least 6 h and
then heated in the microwave (200 ◦C, 40 W, 10 min holding time). Afterward, 3 mL acetoni-
trile was added to the black dispersion, mixed, and centrifuged. The clear liquid phase was
removed. This washing process was repeated until a colorless, clean solution could be re-
moved (mostly four times). The residue was dried in a high vacuum, to obtain pure Pt-NPs.
A list of all obtained Pt-NPs can be found in Table S1 in the Supplementary Information.

For the synthesis of Pt-NPs in IL with rGO, 0.5 wt% to 1 wt% rGO was additionally
added into the microwave vessel, stirred overnight, and sonicated for 3 h. The following
steps were carried out as mentioned before.

4.3. Electrochemical Measurements

For all measurements, a similar setup and procedure as in Beermann et al. were
used [38]. A conventional three-electrode cell, with a Pt gauze as a counter electrode (Pt
furled Pt 5 × 5 cm2 mesh), a reference electrode (reversible hydrogen electrode = RHE),
and a glassy carbon-working electrode (5 mm diameter), was used. The working electrode
was always lowered into the electrolyte under potential control at 0.05 VRHE. For all
measurements, a 0.1 M HClO4 electrolyte solution, diluted from 70% concentrated HClO4
with Milli-Q water, was used. For monitoring, BioLogics potentiostats SP-150 or SP-200
were used.

Fresh inks were prepared from the NPs as the electrochemically active material. For
the Pt-NP@rGO inks, NPs containing 1 mg Pt were mixed with 0.5 mL isopropanol, 2.5 mL
water, and 10 µL nafion 5% and sonicated for at least 30 min. Since the samples already
contained rGO as carbon support, the catalyst ink did not contain additional carbon.
Next, 10 µL of the ink was deposited onto the working electrode, to achieve a loading of
10 µgPt cm−2, and dried for 10 min.

After the electrolyte was purged with N2 for 20 min, the electrochemical activation
was performed via potential cycling between 0.050 and 0.925 VRHE, with a scan rate of
100 mV s−1 for 50 cycles under a N2-protected atmosphere. The H-adsorption-based
electrochemically active surface area (ECSA) was determined, with the last cycle recorded
as 20 mV s−1, before the activity measurements were selected. The cyclic voltammetry (CV)
was carried out by cycling between 0.05 and 1.0 VRHE, with a scan rate of 20 mV s−1, under
a N2 atmosphere. The charge values (QH) were calculated by integrating the respective
CV between 0.05 V and 0.4 V. The measured QH values were normalized with respect to
the theoretical value of QH

theo = 210 µC cm−2, which is assuming a one-electron transfer
between one H atom and one Pt atom. To determine the catalytic activity of the catalysts,
linear sweep voltammetry (LSV) was measured in an oxygen saturated electrolyte (after
15 min of bubbling) in a potential range between 0.05 and 1.0 VRHE, with a scan rate of
10 mV s−1 and a rotation speed of 1600 rpm. These measurements were repeated three
times. The kinetic currents were calculated using (Equation (2)) as follows:

Ik = (Ilim × I)/(Ilim − I) (2)

where I is the measured current density, Ilim is determined in the diffusion-limited current
area, and Ik is the calculated kinetic current density. All presented current densities are iR
corrected, where the uncompensated ohmic resistance (R) was determined by potential
electrochemical impedance spectroscopy (PEIS), at 0.4 VRHE. Additional rotation speeds of
225, 400, 625, 900, and 1225 rpm were measured for the sample MP4_rGO-1/1.
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Stability measurements were performed via potential cycling between 0.5 and 1.0 VRHE,
with a scan rate of 50 mV s−1, in N2-saturated 0.1 M HClO4, with 0 rpm. In total, 5k cycles
were carried out. Before and after each stability protocol, three CV cycles between 0.05 and
1.0 VRHE at a scan rate of 100 mV s−1 were recorded, followed by oxygen bubbling (15 min)
and LSV, in a potential range between 0.05 and 1.0 VRHE, with a scan rate of 10 mV s−1 and
a rotation speed of 1600 rpm.

Supplementary Materials: The following supporting information can be downloaded. S1. Pt-NP
and Pt-NP@rGO character-ization; S2. Powder X-ray diffractograms (PXRDs); S3. Transmission
electron microscopy (TEM) images of Pt-NP and Pt-NP@rGO samples; S4. TGA measurements of
selected Pt@rGO samples; S5. Electrocatalytic investigations of Pt@rGO samples.

Author Contributions: Conceptualization, C.J. and D.W.; methodology, D.W.; validation, D.W. and
M.S.; formal analysis, D.W.; investigation, D.W., S.L., W.J., M.S. and S.R.; resources, C.J. and T.S.; data
curation, D.W.; writing—original draft preparation, D.W.; writing—review and editing, C.J., M.S. and
T.S.; visualization, D.W.; supervision, C.J.; project administration, C.J.; funding acquisition, C.J. and
T.S. All authors have read and agreed to the published version of the manuscript.

Funding: The research of C.J. was supported by a joint National Natural Science Foundation of
China–Deutsche Forschungsgemeinschaft (NSFC-DFG) project (DFG JA466/39-1). T.S. is grateful for
funding by the Deutsche Forschungsgemeinschaft (SPP 1708, STR 526/20-1/2).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We thank Rolf Mülhaupt and his group for providing the rGO material. We
are grateful to Harry Biller for helpful discussions and Dennis Woschko for the TGA measure-
ments. Access to the infrastructure at the Ernst Ruska-Centre, Forschungszentrum Jülich is gratefully
acknowledged.

Conflicts of Interest: The authors declare that they have no known competing financial interest or
personal relationship that could have appeared to influence the work reported in this paper.

References
1. Li, M.; Zhao, Z.; Cheng, T.; Fortunelli, A.; Chen, C.-Y.; Yu, R.; Zhang, Q.; Gu, L.; Merinov, B.; Lin, Z.; et al. Ultrafine jagged

platinum nanowires enable ultrahigh mass activity for the oxygen reduction reaction. Science 2016, 354, 1414–1419. [CrossRef]
[PubMed]

2. Mahata, A.; Nair, A.S.; Pathak, B. Recent advancements in Pt-nanostructure-based electrocatalysts for the oxygen reduction
reaction. Catal. Sci. Technol. 2019, 9, 4835–4863. [CrossRef]

3. Lai, J.; Guo, S. Design of Ultrathin Pt-Based Multimetallic Nanostructures for Efficient Oxygen Reduction Electrocatalysis. Small
2017, 13, 1702156. [CrossRef] [PubMed]

4. Calderón, J.C.; Ndzuzo, L.; Bladergroen, B.J.; Pasupathi, S. Catalytic activity of carbon supported-Pt-Pd nanoparticles toward the
oxygen reduction reaction. Mater. Today Proc. 2018, 5, 10551–10560. [CrossRef]

5. Shao, M.; Chang, Q.; Dodelet, J.-P.; Chenitz, R. Recent Advances in Electrocatalysts for Oxygen Reduction Reaction. Chem. Rev.
2016, 116, 3594–3657. [CrossRef]

6. Bao, J.; Wang, J.; Zhou, Y.; Hu, Y.; Zhang, Z.; Li, T.; Xue, Y.; Guo, C.; Zhang, Y. Anchoring ultrafine PtNi nanoparticles on N-doped
graphene for highly efficient hydrogen evolution reaction. Catal. Sci. Technol. 2019, 9, 4961–4969. [CrossRef]

7. Chen, H.; Wang, G.; Gao, T.; Chen, Y.; Liao, H.; Guo, X.; Li, H.; Liu, R.; Dou, M.; Nan, S.; et al. Effect of Atomic Ordering
Transformation of PtNi Nanoparticles on Alkaline Hydrogen Evolution: Unexpected Superior Activity of the Disordered Phase. J.
Phys. Chem. C 2020, 124, 5036–5045. [CrossRef]

8. Zhang, H.; Bo, X.; Guo, L. Electrochemical preparation of Pt nanoparticles supported on porous graphene with ionic liquids:
Electrocatalyst for both methanol oxidation and H2O2 reduction. Electrochim. Acta 2016, 201, 117–124. [CrossRef]

9. Cao, Y.; Yang, Y.; Shan, Y.; Huang, Z. One-Pot and Facile Fabrication of Hierarchical Branched Pt-Cu Nanoparticles as Excellent
Electrocatalysts for Direct Methanol Fuel Cells. ACS Appl. Mater. Interfaces 2016, 8, 5998–6003. [CrossRef]

10. Ouyang, Y.; Cao, H.; Wu, H.; Wu, D.; Wang, F.; Fan, X.; Yuan, W.; He, M.; Zhang, L.Y.; Li, C.M. Tuning Pt-skinned PtAg nanotubes
in nanoscales to efficiently modify electronic structure for boosting performance of methanol electrooxidation. Appl. Catal. B
Environ. 2020, 265, 118606. [CrossRef]

http://doi.org/10.1126/science.aaf9050
http://www.ncbi.nlm.nih.gov/pubmed/27856847
http://doi.org/10.1039/C9CY00895K
http://doi.org/10.1002/smll.201702156
http://www.ncbi.nlm.nih.gov/pubmed/29116672
http://doi.org/10.1016/j.matpr.2017.12.387
http://doi.org/10.1021/acs.chemrev.5b00462
http://doi.org/10.1039/C9CY01182J
http://doi.org/10.1021/acs.jpcc.9b10384
http://doi.org/10.1016/j.electacta.2016.03.102
http://doi.org/10.1021/acsami.5b11364
http://doi.org/10.1016/j.apcatb.2020.118606


Molecules 2022, 27, 1018 13 of 14

11. Xie, C.; Niu, Z.; Kim, D.; Li, M.; Yang, P. Surface and Interface Control in Nanoparticle Catalysis. Chem. Rev. 2020, 120, 1184–1249.
[CrossRef] [PubMed]

12. Rück, M.; Bandarenka, A.; Calle-Vallejo, F.; Gagliardi, A. Oxygen Reduction Reaction: Rapid Prediction of Mass Activity of
Nanostructured Platinum Electrocatalysts. J. Phys. Chem. Lett. 2018, 9, 4463–4468. [CrossRef] [PubMed]

13. Marquardt, D.; Barthel, J.; Braun, M.; Ganter, C.; Janiak, C. Weakly-coordinated stable platinum nanocrystals. CrystEngComm
2012, 14, 7607–7615. [CrossRef]

14. Wegner, S.; Janiak, C. Metal Nanoparticles in Ionic Liquids. Top. Curr. Chem. 2017, 375, 65. [CrossRef] [PubMed]
15. Schmolke, L.; Lerch, S.; Bülow, M.; Siebels, M.; Schmitz, A.; Thomas, J.; Dehm, G.; Held, C.; Strassner, T.; Janiak, C. Aggregation

control of Ru and Ir nanoparticles by tunable aryl alkyl imidazolium ionic liquids. Nanoscale 2019, 11, 4073–4082. [CrossRef]
16. Ahrens, S.; Peritz, A.; Strassner, T. Tunable aryl alkyl ionic liquids (TAAILs): The next generation of ionic liquids. Angew. Chem.

Int. Ed. 2009, 48, 7908–7910. [CrossRef]
17. Pârvulescu, V.I.; Hardacre, C. Catalysis in ionic liquids. Chem. Rev. 2007, 107, 2615–2665. [CrossRef]
18. Migowski, P.; Machado, G.; Texeira, S.R.; Alves, M.C.M.; Morais, J.; Traverse, A.; Dupont, J. Synthesis and characterization of

nickel nanoparticles dispersed in imidazolium ionic liquids. Phys. Chem. Chem. Phys. 2007, 9, 4814–4821. [CrossRef]
19. He, F.-G.; Yin, J.-Y.; Sharma, G.; Kumar, A.; Stadler, F.J.; Du, B. Facile Fabrication of Hierarchical rGO/PANI@PtNi Nano-composite

via Microwave-Assisted Treatment for Non-Enzymatic Detection of Hydrogen Peroxide. Nanomaterials 2019, 9, 1109. [CrossRef]
20. Marquardt, D.; Beckert, F.; Pennetreau, F.; Tölle, F.; Mülhaupt, R.; Riant, O.; Hermans, S.; Barthel, J.; Janiak, C. Hybrid materials of

platinum nanoparticles and thiol-functionalized graphene derivatives. Carbon 2014, 66, 285–294. [CrossRef]
21. Schmitz, A.; Schütte, K.; Ilievski, V.; Barthel, J.; Burk, L.; Mülhaupt, R.; Yue, J.; Smarsly, B.; Janiak, C. Synthesis of metal-fluoride

nanoparticles supported on thermally reduced graphite oxide. Beilstein J. Nanotechnol. 2017, 8, 2474–2483. [CrossRef]
22. Kim, I.G.; Nah, I.W.; Oh, I.-H.; Park, S. Crumpled rGO-supported Pt-Ir bifunctional catalyst prepared by spray pyrolysis for

unitized regenerative fuel cells. J. Power Sour. 2017, 364, 215–225. [CrossRef]
23. Lee, G.; Shim, J.H.; Kang, H.; Nam, K.M.; Song, H.; Park, J.T. Monodisperse Pt and PtRu/C60 hybrid nanoparticles for fuel cell

anode catalysts. Chem. Commun. 2009, 5036–5038. [CrossRef]
24. Hao, Y.; Wang, X.; Zheng, Y.; Shen, J.; Yuan, J.; Wang, A.-J.; Niu, L.; Huang, S. Size-controllable synthesis of ultrafine PtNi

nanoparticles uniformly deposited on reduced graphene oxide as advanced anode catalysts for methanol oxidation. Int. J.
Hydrogen Energy 2016, 41, 9303–9311. [CrossRef]

25. Marquardt, D.; Vollmer, C.; Thomann, R.; Steurer, P.; Mülhaupt, R.; Redel, E.; Janiak, C. The use of microwave irradiation for the
easy synthesis of graphene-supported transition metal nanoparticles in ionic liquids. Carbon 2011, 49, 1326–1332. [CrossRef]

26. Zhang, B.; Ning, W.; Zhang, J.; Qiao, X.; Zhang, J.; He, J.; Liu, C.-Y. Stable dispersions of reduced graphene oxide in ionic liquids.
J. Mater. Chem. 2010, 20, 5401–5403. [CrossRef]

27. Öztürk, S.; Xiao, Y.-X.; Dietrich, D.; Giesen, B.; Barthel, J.; Ying, J.; Yang, X.-Y.; Janiak, C. Nickel nanoparticles supported
on a covalent triazine framework as electrocatalyst for oxygen evolution reaction and oxygen reduction reactions. Beilstein J.
Nanotechnol. 2020, 11, 770–781. [CrossRef]

28. Hummers, W.S., Jr.; Offeman, R.E. Preparation of Graphitic Oxide. J. Am. Chem. Soc. 1958, 80, 1339. [CrossRef]
29. Lerch, S.; Strassner, T. Expanding the Electrochemical Window: New Tunable Aryl Alkyl Ionic Liquids (TAAILs) with Dicy-

anamide Anions. Chem.-Eur. J. 2019, 25, 16251–16256. [CrossRef]
30. Lerch, S.; Strassner, T. Synthesis and Physical Properties of Tunable Aryl Alkyl Ionic Liquids (TAAILs). Chem.-Eur. J. 2021, 27,

15554–15557. [CrossRef]
31. Thurier, C.; Doppelt, P. Platinum OMCVD processes and precursor chemistry. Coord. Chem. Rev. 2008, 252, 155–169. [CrossRef]
32. Lubers, A.M.; Muhich, C.L.; Anderson, K.M.; Weimer, A.W. Mechanistic studies for depositing highly dispersed Pt na-noparticles

on carbon by use of trimethyl(methylcyclopentadienyl)platinum(IV) reactions with O2 and H2. J. Nanoparticle Res. 2015, 17, 85.
[CrossRef]

33. Xue, Z.; Strouse, M.J.; Shuh, D.K.; Knobler, C.B.; Kaesz, H.D.; Hicks, R.F.; Williams, R.S. Characterization of (methylcyclopentadi-
enyl)trimethylplatinum and low-temperature organometallic chemical vapor deposition of platinum metal. J. Am. Chem. Soc.
1989, 111, 8779–8784. [CrossRef]

34. Badam, R.; Vedarajan, R.; Okaya, K.; Matsutani, K.; Matsumi, N.J. Ionic Liquid Mediated Decoration of Pt Nanoparticles on
Graphene and Its Electrocatalytic Characteristics. J. Electrochem. Soc. 2021, 168, 36515. [CrossRef]
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