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ABSTRACT: We report the first synthesis of metal nanoparticles and supported
metal nanoparticles on carbon by using hypergolic reactions. Specifically, we report
the synthesis of noble metal nanoparticles (Pt, Ag, and Au) using sodium hydride
(NaH) as both an ignition trigger and a reducing agent for the corresponding metal
salt precursors. In addition, we report the one-step, in situ synthesis of Pt
nanoparticles supported on carbon by adding sucrose as the carbon source. The
hypergolically synthesized nanoparticles display elliptical morphology and are more
crystalline compared with those conventionally synthesized in solution using
sodium borohydride (NaBH4). When tested as electrocatalysts, the hypergolic Pt
nanoparticles exhibit more than 2 times higher specific electrochemical active
surface area (ECSA) and a higher half-wave potential (E1/2) of 0.94 V vs the reversible hydrogen electrode (RHE) compared to the
conventionally synthesized ones. In addition, the electrocatalyst based on the in situ synthesized carbon that was decorated with the
Pt nanoparticles synthesized hypergolically outperforms an analogous, state of the art, commercial PtC system. For example, the
former shows an attractive E1/2 (0.94 V) compared with 0.9 V for the commercial PtC. Accelerated durability tests (ADT) in an
alkaline environment add another advantage. After 10 000 cycles, the hypergolically synthesized system shows a smaller reduction of
E1/2 and less degradation compared to the commercial PtC (10 mV compared to ∼30 mV). The work described here represents the
first reported synthesis using hypergolic reactions of metal nanoparticles as well as supported metal nanoparticles. The properties of
the resulting electrocatalysts demonstrate the versatility and promise of the new approach in materials synthesis and open new
avenues for further investigation as electrocatalysts.

1. INTRODUCTION
Metal nanoparticles have become one of the most widely
investigated fields of nanoscience and nanotechnology. Nano-
particles exhibit a wide range of unique properties that are
significantly different compared to their bulk counterparts.
Unique properties include a high surface-to-volume ratio
resulting in a large fraction of surface atoms; quantum
confinement; and highly tunable optical, electronic, and
catalytic properties.1,2 As a result, they have been researched
for applications in various fields such as building blocks for
various optoelectronic devices,3 chemical sensing,4 nano-
medicine,5−7 and drug delivery.8

Among them, noble metal nanoparticles (such as Pt, Pd, Ir,
Rh, Ru, and Au) are at the center of research activity. The
defect-rich surfaces along with their surface properties strongly
influence their catalytic and electrocatalytic performance. In
addition to their potential use as electrocatalysts,9 noble metal
nanoparticles have been proposed for use in other fields
including infrared biosensing, bioimaging, photothermal
therapy, and sensing.10,11

In general, noble metal nanoparticles are synthesized using
two main approaches broadly defined as top-down or bottom-
up approaches.12 Top-down processes achieve structure sizes
in the medium to lower nanometer range by breaking down
bulk materials into entities of nanodimensions using physical
or chemical methods. Top-down approaches include laser
ablation, pyrolysis, chemical vapor deposition, and micro-
patterning.13 In contrast, in the bottom-up approach, atomic or
molecular units are assembled into nanoparticles through
various processes using chemical and biological means.14

Bottom-up approaches offer better control resulting in more
uniform size and shape and controlled chemical composition.15
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Examples of bottom-up approaches include reduction of metal
ions in solution, electrochemical synthesis, and microemulsions
with the former representing the most reliable and
straightforward pathway to nanoparticles. In this process, the
synthesis is accomplished by adding an appropriate reducing
agent to the respective noble metal salt precursor(s). The list
of reducing agents used includes sodium borohydride,16

sodium citrate,17 hydrazine,18 tannic acid,19 and others, with
sodium borohydride being the most common.
Noble metal nanoparticles, especially platinum-based nano-

particles, are at the center of attention due to their favorable
oxygen reduction reaction (ORR) performance. The most
commonly used and commercialized electrode materials for
both proton-exchange membrane fuel cells (PEMFCs) and
anion-exchange membrane fuel cells (AEMFCs) are carbon-
supported platinum electrocatalysts. For instance, the first fuel
cell used in a vehicle (the Toyota Mirai) obtained a power of
over 140 kW and a cruising range of more than 600 km.20

Despite the favorable performance of these electrocatalysts,
several critical challenges must be addressed before the
technology is adopted more widely. First, the amount of Pt
in the cathode has to be reduced without hindering the kinetics
of ORR. Second, the Pt atom dissolution and migration during
the electrochemical process should be minimized. Finally, the
severe oxidation and corrosion of carbon during the electro-
chemical processes need to be addressed, since they lead to the
detachment and aggregation of Pt particles, which accelerate
the loss of ECSA.21 For example, degradation of PtC catalysts
during operation is among the reasons hindering the
implementation of AEMFCs.22 Therefore, producing PtC
electrocatalysts with enhanced stability is an unmet need.
One of the ways to enhance the PtC electrochemical activity

is to disperse the platinum nanoparticles on an optimal carbon
support, which would not only increase the mass transfer and
electrical conductivity of the catalytic layer but also contribute
to the stabilization of metal nanoparticles.23 The most
common carbon supports include carbon blacks, such as
Vulcan XC-72 and Ketjenblack. Unfortunately, up to now,
there is still no clear information on the specific properties of
the carbon support that address the stability issues and fulfill
the above-mentioned needs.24 Bayan et al. performed a
comparative analysis of the PtC catalysts obtained on various
carbon-based supports to identify the optimal candidate.25

They tested the electrochemical characteristics of commercial
Pt-decorated Ketjenblack and N-doped Ketjenblack as well as
commercial carbon-supported Pt, PtC. The system based on Pt
nanoparticles deposited on N-doped Ketjenblack showed the
highest ECSA and ORR activity outperforming their
commercial counterparts.25

Besides the carbon support, the characteristics of Pt
nanoparticles can also influence the ORR efficiency. Develop-
ment of novel Pt nanomaterials such as 1D Pt-based
nanorods/wires/nanotubes, two-dimensional nanosheets,
even three-dimensional (3D) networks, and porous super-
structures have attracted widespread attention due to their
excellent electrocatalytic activity and stability.26 These multi-
dimensional Pt nanosystems outperform the 0D Pt nano-
particles, since they are less vulnerable to dissolution,
aggregation, and ripening due to their inherent anisotropic
structure and low defect density.27

In this respect, hypergolic reactions recently proposed by
our group as a new approach to the synthesis of various
nanomaterials28,29 offer an alternative pathway to synthesize

metal nanoparticles. In general, hypergolic reactions are based
on chemicals that ignite spontaneously upon contact in the
absence of external stimuli such as pressure, temperature, and
voltage. In those systems, the two required chemical
substances are (a) a strong oxidizer media (e.g., fuming nitric
acid) and (b) a fuel. The reaction typically is completed in a
very short time of within a few seconds. Another clear
differentiation compared to all the existing synthetic
approaches, which are typically energy-consuming and require
special reaction conditions, is the release of energy that can be
converted into useful photovoltaic, thermoelectric, or mechan-
ical work.30,31 Such reactions have been exploited in rocket
engineering and aircraft systems for propulsion and hydraulic
power including defense aircraft, manned spacecraft, and deep
space probes. Alternatively when used at a smaller scale, they
offer a new and reliable synthetic approach toward the
preparation of a wide range of nanomaterials.32−34 Although
synthesis of hypergolic materials shares some features with
flame spray pyrolysis (FSP), it also exhibits some distinct
differentiators. The most prominent is that in contrast to FSP,
in which a flammable hydrocarbon (such as CH4) is used to
produce a flame, in hypergolic synthesis energy, it is released in
situ from the reactants upon contact, eliminating the use of
external energy inputs.35,36

In contrast to previously reported systems that led to various
carbons by using fuming nitric acid as an oxidizing agent and a
carbon source as the fuel, in this paper, we demonstrate for the
first time the use of hypergolic reactions to synthesize metal
nanoparticles. More specifically, we report here the first
successful synthesis of Pt, Ag, and Au nanoparticles using
sodium hydride (NaH) that has a dual role: as an exothermic
ignition trigger and as a reducing agent of the corresponding
metal precursor. In an effort to shed light on the synthesis
mechanism, we compare samples synthesized hypergolically
with the systems synthesized conventionally in solution using
NaBH4. The platinum nanoparticles were evaluated as ORR
catalysts and benchmarked against commercial systems.
Furthermore, owing to our interest in developing complete
systems, we report as another first the in situ decoration of a
carbon support with Pt nanoparticles produced hypergolically
in a one-step reaction. The one-step hypergolic reaction to
produce PtC catalysts is accomplished by mixing the metal
precursor with sucrose (which serves as the carbon precursor)
and adding sodium hydride as the igniting agent and reducing
agent. The electrochemical performance of this material was
also evaluated and benchmarked against the state-of-the-art
commercial PtC. Interestingly, the hypergolically in situ-
decorated carbon outperforms the analogous commercial
PtC system.

2. EXPERIMENTAL SECTION
2.1. Materials. Platinum(IV) chloride, gold(III) chloride, silver

nitrate, and sodium hydride were all purchased from Sigma-Aldrich.
Sucrose (99%) was obtained from Alfa Aesar. Deionized water (18.2
MΩ cm at 25 °C) was produced by a Barnstead Pacific TII system
and was used throughout the experiments. 40% platinum on Vulcan
XC72 (carbon) was purchased from Fuel Cell Store. All chemicals
were used as received without further purification.

2.2. Synthesis of Noble Metal Nanoparticles via Hypergolic
Reactions. Safety note. All hypergolic reactions were carried out with
small amounts of reagents by taking proper precautions and carrying
out the reaction inside a fume hood with a ceramic tile bench.

All noble metal nanoparticles were synthesized in a similar manner
using the corresponding metal salt precursor. For instance, for the Pt
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nanoparticles, 0.5 g of platinum(IV) chloride was placed inside a glass
test tube, followed by the addition of 1.5 mL of deionized water. A
total of 0.5 g of solid sodium hydride NaH was added slowly in very
small increments. After ignition, the product was recovered, washed
with DI water and acetone, and dried.
2.3. Synthesis of AuPt Alloy via Hypergolic Reactions. 0.25 g

portion of platinum(IV) chloride and 0.25 g of gold(III) chloride
were placed inside a glass test tube and dissolved in 1.5 mL of
deionized water. A total of 0.5 g of solid sodium hydride NaH was
added slowly by using very small increments. After the ignition, the
product was recovered, washed with DI water and acetone, and dried.
2.4. Synthesis of Noble Metal Nanoparticles with NaBH4. 1.5

mmol of the corresponding metal salt precursor was added to 20 mL
of deionized water followed by the addition of 20 mmol of solid
ΝaBH4. The solution was stirred for 1 h under ambient conditions.
The final product was recovered, washed with DI water and acetone,
and dried.
2.5. In Situ Decoration of a Carbon Substrate with Pt

Nanoparticles. The one-step decoration involved dissolving in a
glass test tube 2 g of sucrose in 2.2 mL of deionized water, followed
by the addition of 0.25 g of platinum(IV) chloride. Sodium hydride
was slowly added for ignition. After the reaction, the product was
recovered, washed several times with DI water and acetone, and dried.
The specific amounts used lead to a sample (referred to as PtC2)
containing ∼40% by weight of Pt on C.

Two more samples were prepared similarly. For the first, referred to
as PtC1, 0.5 g of platinum(IV) chloride was used, while for the
second, PtC3, 0.11 g of platinum(IV) chloride was used, leading to
samples with ∼70 and 30% by weight of Pt on C, respectively.
2.6. Characterization Techniques. XRD patterns were obtained

with a D8 Advance diffractometer (Bruker AXS GmbH) using Cu Kα
radiation (λ = 1.54 Å). Powder samples were deposited on
background-free Si wafers and scanned over a 10−80° 2θ range in
steps of 0.02° (2θ) and at a rate of 0.2 s per step. For easy
comparisons, all XRD patterns were collected using equal amounts of
sample. XPS spectra were measured by using a Thermo Scientific
Nexsa G2 Spectrometer with an operating pressure of ca. 1 × 10−9

Torr. Monochromatic Al Kα X-rays (1486.6 eV) with photoelectrons
were collected from a 200 μm diameter analysis spot at a 90° emission
angle and a source-to-analyzer angle of 54.7°. A hemispherical
analyzer determined the electron kinetic energy using a pass energy of
200 eV for wide/survey scans and 50 eV for high resolution scans. A
flood gun was used for charge neutralization of nonconductive
samples. The surface morphology along with chemical composition
analysis was investigated by scanning electron microscopy (SEM) and
energy dispersive X-ray spectroscopy (EDS) using a Zeiss Gemini 500
Scanning Electron Microscope. TEM images were collected using FEI
Tecani 12 BioTwin TEM by preparing 1% w/v suspensions of the
materials and drop-casting it into carbon-coated copper grids.
2.7. Electrochemical Measurements. The electrodes used for

electrochemical measurements were made as follows. 6.0 mg of the
particular electrocatalyst was mixed with 30 μL of a 2 wt % QAPPT
solution in IPA and sonicated for approximately 30 min to form a

homogeneous ink. 20 μL of the resulting ink was deposited onto a
glassy carbon (GC) electrode (diameter = 5.0 mm, Pine Instrument)
as the working electrode (WE) followed by thermal evaporation of
the solvent under an infrared lamp. The catalyst loading was 0.2 mg
cm−2. An Ag/AgCl in saturated KCl solution, with a salt bridge
separated from the WE, served as the reference electrode (RE) and a
large-area graphite rod was used as the counter electrode (CE). The
potential difference between Ag/AgCl in saturated KCl and the RHE
in 0.1 M KOH was calculated from the Nernst equation.
Electrochemical measurements were performed with a rotating disk
electrode (RDE, Pine Instrument) in an oxygen-saturated 0.1 M
KOH solution at room temperature, 1600 rpm, and a scan rate of 5
mV s−1. ECSA was determined from hydrogen adsorption. A blank
cyclic voltammogram (CV) in an Ar-saturated electrolyte from 0.08 to
1.12 V vs RHE at 5 mV s−1 was used. The activity of the Pt/HPC
toward the oxygen reduction reaction (ORR) was measured in an O2-
saturated electrolyte in the same potential window at 5 mV/s and
1600 rpm. ECSA was calculated from the integration of the negative
going potential scan from 0.5 to 0.075 V vs RHE, which corresponds
to the charge of hydrogen adsorption, QH‑adsorption, in eq1,
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where LPt is the loading of Pt on the GC electrode and 210 μC cmPt
2

is the charge of hydrogen adsorption on polycrystalline Pt.
An accelerated durability test (ADT) was conducted for 10 000

cycles between 0.6 and 1.1 V vs RHE with a scan rate of 500 mV s−1.
After 5000 cycles, the ORR was measured at 20 mV s−1 before
another 5000 cycles of ADT were performed and the ORR activity
was measured again.

3. RESULTS AND DISCUSSION
First, the phase purity and crystal structure of all nanoparticles
were investigated by X-ray diffraction (XRD). Figure 1 shows
the XRD patterns in the 10°−80° 2θ region for all
nanoparticles synthesized hypergolically. For comparison, the
corresponding XRD patterns of the nanoparticles synthesized
conventionally using NaBH4 in solution are also included. As
shown in Figure 1, all nanoparticles synthesized hypergolically
display intense and well-defined peaks. For the Pt nano-
particles, the diffraction peaks at 2θ = 39.9, 46.4, and 67.6°
correspond to the (111), (200), and (220) reflections,
respectively, consistent with the face-centered cubic (fcc)
structure of crystalline platinum. The Ag nanoparticles show
four prominent XRD diffraction peaks at 2θ = 38.5, 44.7, 64.8,
and 77.7°, which can be assigned to (111), (200), (220), and
(311), respectively, also consistent with a face-centered cubic
crystal structure.37 Similarly, in the case of Au, the four well-
defined peaks present corresponding to the (111), (200),

Figure 1. XRD patterns for the hypergolically and conventionally synthesized nanoparticles: (a) Pt, (b) Ag, and (c) Au.
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(220) and (311) reflections are consistent with a face-centered
cubic lattice. Note that the conventionally synthesized
nanoparticles display the same diffraction peaks, although
their crystallinity is significantly reduced compared to that of
the hypergolically derived particles.
Both TEM and SEM were further used to probe the

morphology of the nanoparticles (Figure 2). The images reveal

the presence of ellipsoidal nanoparticles, both individual and
aggregated with relatively uniform sizes. In all cases, nano-
particles in the range of 30−50 nm were formed. In contrast,
the conventionally synthesized nanoparticles using NaBH4

display a more aggregated and wider size distribution especially
in the case of Pt nanoparticles (Figure S1).

Figure 2. SEM and TEM images of (a) Pt, (b) Ag, and (c) Au NPs synthesized hypergolically. The scale bar in SEM images is 200 nm.

Figure 3. High-resolution XPS spectra of hypergolically (top) and conventionally (bottom) synthesized nanoparticles: (a) Pt 4f, (b) Ag 3d, and (c)
Au 4f.
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XPS was used to gain further insight into the chemical
nature of all samples (Figure 3). For the hypergolically derived
Pt nanoparticles, three different Pt species were detected (i.e.,
Pt(0), PtO2, and Pt(OH)2, corresponding to concentrations of
52.2, 34.2, and 13.6%, respectively) (Figure 3a). The oxidized
Pt in the form of PtO2 and Pt(OH)2 is probably due to the fast
reaction and quenching associated with the hypergolic
reaction.38,39 The conventionally synthesized nanoparticles,
on the other hand, show mostly Pt metal and a smaller amount
of oxidized Pt species present (<5.4%).40 The high resolution
spectrum of Ag 3d (Figure 3b) for the hypergolically derived
and the conventionally synthesized nanoparticles shows
metallic Ag as the dominant component (>96.5%) accom-
panied by a minor contribution of Ag(I) for both systems
(Figure 3b). The high-resolution spectrum of the Au 4f core
level (Figure 3c) shows two pairs of peaks due to Au 4f7/2 and
Au 4f5/2 spin−orbit coupling. The first is related to elemental
gold (Au0), while the other is due to the stable gold oxide of
Au+.41 From the spectra, we estimate the composition to be
74% for Au0 and 26% for Au1+ for the hypergolically
synthesized sample, while for the conventionally synthesized
sample, the corresponding percentages are 95.2% and 4.8%,
respectively.41 While thermodynamics (redox potentials)
suggest that gold and platinum should be reduced more
readily than silver, the kinetics of oxidation and surface
passivation differ. Silver oxides, once formed, can be reduced
more quickly back to silver, while gold and platinum oxides
might be more kinetically stable under the same reaction
conditions. In addition, unlike gold and platinum nano-
particles, silver nanoparticles often form a stable passivation
layer that prevents further oxidation. We note that the
presence of additional oxidation states on the samples
synthesized hypergolically might be an advantage and can be
beneficial toward the electrochemical performance.42

Motivated by the unique conditions provided by the
hypergolic reactions (localized heating, very fast reaction
rates, and quenching), we explored the synthesis of nano-
particle alloys with the expectation that they might differ
chemically or structurally from those produced conventionally
under equilibrium conditions. Specifically, a AuPt alloy was
prepared hypergolically using a mixture of the corresponding
metal chloride salts (more details are provided in the
experimental section). For comparison, we attempted to
synthesize a similar alloy conventionally using a solution of
NaBH4, but instead of an alloy, a physical mixture of the two
nanoparticles was produced. In contrast to the conventional
reaction, the hypergolic reaction does lead to an alloy, as
confirmed by the XRD pattern shown in Figure 4. For easy
reference, the patterns of single Au and Pt were also included.
The patterns are consistent with a face-centered cubic phase
with the (111) and (200) diffraction peaks of the alloy falling
between those for the individual Au and Pt nanoparticles. The
d-spacing of the AuPt alloy (0.232 nm) is between that of Au
(0.235 nm) and Pt (0.224 nm). We note that the diffraction
peaks are broader and highly asymmetric. One can discern a
main, relatively narrow peak superimposed on a broader
background suggesting that, in addition to the main cubic
phase, other phases with different chemical compositions yet
being similar structurally are present due the fast quench of the
reaction. These phases are assigned to alloys with an enriched
platinum composition. As Au has a larger lattice constant than
Pt, the latter metal can be subjected to tensile strain while Au
would be under compression resulting in lattice distortion.43

Our results differ from previous reports of AuPt alloys
prepared conventionally.44 For instance, He et al. synthesized
a series of AuPt alloys from similar precursors in aqueous
solution using ascorbic acid as the reducing agent.44 The XRD
patterns for different compositions are characteristic of single
phases, with the d-spacing varying linearly with the
composition of the alloy. However, in their case, there seems
to be one phase present for every composition rather than a
series observed for our system.
Inspired by these observations, we set out to synthesize

electrocatalysts in a one-step process, where both the carbon
support and the nanoparticles are synthesized simultaneously
rather than sequentially. The advantage of such samples is that
they can lead to increased mass transfer and electrical
conductivity of the catalytic layer and contribute to the
stabilization of the metal nanoparticles.45 Different ratios were
explored to prepare a series of samples with varying amounts of
Pt nanoparticles, as described in the experimental section. Of
the different samples, we chose to characterize PtC2 in more
detail because it closely corresponds to the state-of-the-art,
commercially available electrocatalysts (40% platinum on
Vulcan XC72), which is widely used in fuel cell systems.
The XRD pattern of PtC2 is shown in Figure S2a. Three

intense peaks due to Pt nanoparticles and corresponding to the
(111), (200), and (220) reflections are present, while a
shoulder at 23° is attributed to disordered carbon46 formed in
situ from the sucrose. EDS spectra (Figure 5) show that the Pt
loading in PtC2 is comparable to that of the commercially
available electrocatalyst. Chemical mapping shows a uniform
distribution of Pt nanoparticles (40 ± 3 wt %). The amount of
oxygen in all cases is in the range of 10 wt %. Additional SEM
images of PtC2 are shown in Figure S2b. We note that the
platinum loading of the commercially available PtC electro-
catalyst as determined by SEM-EDS is ∼42 ± 2.5 wt % (Figure
S3). The Pt loading on PtC1 and PtC3 were ∼70 and 30% wt
% (Figures S4 and S5), respectively. We finally note that the
one-step synthesis leads to a similar uniform distribution of
particles compared to the commercially available PtC electro-
catalyst, as evidenced by the SEM-EDS (Figure 5).
Owing to our interest in developing alternative systems for

electrocatalysis, we have evaluated the hypergollically synthe-
sized nanoparticles and especially the in situ-decorated PtCs as
electrocatalysts for ORR. AEMFCs have recently gained
considerable interest due to their advantages over the currently

Figure 4. XRD patterns of the hypergolically synthesized 50:50 AuPt
alloy. For comparison, the XRD patterns for Au and Pt nanoparticles
are included.
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used PEMFCs.47 While the two technologies share some
common features, AEMFCs operate in an alkaline environ-
ments while PEMFCs operate in an acidic environment.
AEMFCs offer several advantages, such as the use of a wider
choice of fuels in addition to pure hydrogen and better oxygen
reduction catalysis.48 Moreover, in AEMFCs, the use of
fluorinated compounds is not required, which are expensive
and toxic.49 ORR is faster in alkaline media as opposed to
acidic conditions, allowing the use of electrodes with lower
amounts of catalyst, which is of critical importance especially in
noble metal-based catalyst systems.50,51

Despite efforts to find alternatives, Pt-based catalysts
continue to be the systems of choice and are the benchmarks
for the ORR for both AEMFCs and PEMFCs. To that end, we

first present the results of the hypergolically prepared Pt
nanoparticles. To measure the ESCA and the ORR activity, the
unsupported Pt nanoparticles were tested in 0.1 M KOH in Ar-
or O2-saturated media, respectively. Quaternary ammonium
poly(methylpiperidine-co-p-terphenyl), QAPPT, was used as a
polymeric additive, since it possesses high OH− conductivity
(137 mS cm−1 at 80 °C) and is fairly stable in 1 M NaOH for
more than 200 days.52,53 The ECSA was determined by the
hydrogen adsorption method by integrating the collected
charges in the H adsorption region assuming 210 μC cm−2 for
H monolayer adsorption (Figure 6a).54

The hypergolically derived unsupported nanoparticles show
a more than double ECSA compared with the conventionally
prepared Pt nanoparticles (13 versus 6 m2 gPt−1). We attribute

Figure 5. (a) SEM-EDS elemental map analysis: (a) electron image, (b) EDS-layered image, (c) C Kα, (d) Pt Kα, and (e) O Kα. Red is C, blue is
Pt, and green is O. (f) Spectrum with corresponding weight composition and (g) TEM image of PtC2.

Figure 6. Electrochemical characterization of unsupported Pt NPs using RDE in 0.1 M KOH. (a) Cyclic voltammograms in Ar-saturated electrolyte
and (b) polarization curves in an O2-saturated electrolyte.
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the results to the smaller size of the hypergolically synthesized
NPs resulting in higher electrochemically active area.55 As
expected, both samples (hypergolically and conventionally
synthesized) show low ECSA values and limiting current
compared to the state-of-the-art platinum-based catalysts
because both were tested neat (i.e., not deposited on a
support).56 In the absence of support, the nanoparticles tend
to agglomerate, limiting both the active sites and the charge
transfer. The ORR activity of the hypergolically derived
nanoparticles was ∼30 mV higher compared to the conven-
tionally synthesized sample using NaBH4, displaying an
extremely high half-wave potential (E1/2) of 0.94 V vs RHE
(Figure 6b). E1/2 constitutes one of the most critical
parameters and is a widely used metric for evaluating ORR
performance. It can be described as the required potential to
reach half of the limiting current density obtained from the
polarization curve. The higher the E1/2 is, the lower
overpotential to reach the specific current density, which
corresponds to higher ORR performance.57 Recall that E1/2 is
characteristic of the electroactive species present and it can be
influenced by the oxidation states of the catalyst.58

Motivated by the significantly higher E1/2 of the bare Pt
nanoparticles, we moved to evaluate the ORR performance of
the hypergolically, one-step-derived PtC catalysts. The
generally accepted high-performance catalysts of carbon-
supported Pt is attributed to the presence of electron vacancies
by emptying the almost fully filled Pt 5d orbitals, when the
platinum is dispersed. This feature is of critical importance to
the high-performance of PtC electrocatalysts.59 Electrocatalytic
performance of the PtC catalysts was tested in 0.1 M KOH
solution using the commercial 40 wt % PtC catalyst as baseline.
ECSA is calculated by integrating the charges collected in the
H adsorption region with the assumption of a H monolayer

adsorption value of 210 μC cm−2 as stated previously. The
ECSA is 40, 60, and 45 m2 gPt−1 for PtC1, PtC2, and PtC3,
respectively. The PtC2 sample with 60 m2 gPt−1 shows the
highest ECSA among the three samples and outperforms the
commercial PtC catalyst (55 m2 gPt−1) with comparable Pt
loading. We attribute the higher ECSA to the smaller size and
the homogeneous distribution of Pt NPs in PtC2 (Figure 5g).
PtC1 and PtC2 maintained a very high E1/2 (0.94 V), while the
PtC3 showed a comparable E1/2 to the commercial electro-
catalyst, PtC (0.9 V). However, PtC3 showed lower ECSA and
limiting current probably due to the highly oxidized carbon as
demonstrated by the C 1s spectrum (Figure S6). On the other
hand, the limiting current of PtC1 and PtC2 is almost identical
to the commercial PtC electrocatalyst. PtC1 and PtC2 showed
almost identical C 1s spectra containing ∼25% C−O and C=O
species (Figure S6). The corresponding level for PtC3 is 38%.
The higher E1/2 of the hypergolically derived PtC1 and PtC2

samples compared to the commercial PtC, in addition to the
smaller size of the nanoparticles, can be also attributed to the
presence of different Pt oxidation states as shown in the
deconvoluted high resolution Pt 4f spectrum (Figure 3). As
stated previously, the presence of other oxidation states leads
to better electrochemical performance.42

In order to evaluate the stability of the best performing
sample (PtC2) toward ORR, an ADT was performed (Figure
7), which accelerates degradation to simulate conditions under
long-term operation.60 Although ADTs should be performed in
a single fuel cell test station to effectively assess the
performance degradation of the catalyst, half-cell tests through
RDE are widely used to evaluate catalyst durability.61,62 The
E1/2 reduction of the PtC2 catalyst is only ∼10 mV after 10
000 cycles. The corresponding value for the commercial PtC
catalysts reported previously is ∼28 mV, making our catalysts

Figure 7. Electrochemical characterization of the in situ-decorated Pt NPs using RDE in 0.1 M KOH. (a) Cyclic voltammograms in Ar-saturated
electrolyte, (b) polarization curves in the O2-saturated electrolyte, and (c) ADT for PtC2.
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very attractive in terms of its stability and durability in alkaline
environment.63

4. CONCLUSIONS
In summary, we demonstrate the first synthesis of noble metal
nanoparticles using a hypergolic reactions. The approach
involves reacting hypergolically the corresponding metal salt
with sodium hydride acting as an exothermic ignition trigger as
well as a reducing agent. In addition, we demonstrate that
alloys can be formed when a mixture of metal salts is used.
Finally, when sucrose is present along with the metal
precursors, the reaction leads to carbon-supported nano-
particles in a one-step synthesis. The hypergolically derived
nanoparticles display different oxidation states compared with
the nanoparticles synthesized conventionally in solution and
using NaBH4 as the reducing agent. The presence of these
oxidation states for the hypergolically synthesized systems
leads to a better electrochemical performance. The in situ-
synthesized carbon-supported Pt outperforms in terms of E1/2
and durability of the state-of-the-art, commercial catalysts with
a similar Pt loading. The reported approach leverages the
unique experimental conditions of hypergolic reactions and
provides an alternative strategy to design and synthesize new
electrocatalysts with improved properties.
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