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Abstract: Developing new synthetic methods for carbon
supported catalysts with improved performance is of funda-
mental importance in advancing proton exchange membrane
fuel cell (PEMFC) technology. Continuous-flow, microfluidic
reactions in capillary tube reactors are described, which are
capable of synthesizing surfactant-free, ultrafine PtSn alloyed
nanoparticles (NPs) on various carbon supports (for example,
commercial carbon black particles, carbon nanotubes, and
graphene sheets). The PtSn NPs are highly crystalline with
sizes smaller than 2 nm, and they are highly dispersed on the
carbon supports with high loadings up to 33 wt%. These
characteristics make the as-synthesized carbon-supported PtSn
NPs more efficient than state of the art commercial Pt/C
catalysts applied to the ethanol oxidation reaction (EOR).
Significantly enhanced mass catalytic activity (two-times that
of Pt/C) and improved stability are obtained.

Direct liquid ethanol fuel cells (DEFCs) are of interest
because of their high power energy density, potential range of
applications, low cost, and the convenient storage/delivery
qualities of liquid fuels.'™ In a DEFC, catalysts for the
ethanol oxidation reaction (EOR) essentially determine the
performance and overall cost of the DEFC. State of the art
electrocatalysts consist of carbon supported Pt (Pt/C) because
metallic Pt is very active in C—C bond cleavage in the
EOR.P However, the high cost and scarcity of Pt, as well as
the facile poisoning of Pt surfaces upon formation of reaction
intermediates, limits the practical applications of DEFCs
containing Pt/C catalyst. Therefore, developing more efficient
Pt-based bimetallic catalysts within which use of the precious
metal Pt is reduced, with enhanced catalytic activity and
improved stability, is a key research direction. For instance,
Pt-based bimetallic alloy nanoparticles (NPs: PtRu, PtRh,
PtSn, PtPd, and PtNi, among others) promote catalytic
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activity and alleviate catalyst poisoning.” ! Previous reports
indicate that PtSn NPs exhibit catalytic activity greater than
that of other reported Pt-based bimetallic NPs because of
adsorption of OH species on Sn surfaces at low potentials,
which can change the electronic structure of Pt atoms in PtSn
to favor EOR.*>1""1 Forming EOR catalysts usually requires
multiple steps, including colloidal synthesis of PtSn NPs,
loading of the synthesized PtSn colloidal NPs onto carbon
supports,'®"l and selective removal of surfactant layers on
the PtSn NPs. Synthesis of monodisperse ultrafine PtSn NPs
involves the use of surfactants, such as poly (vinylpyrrolidone)
(PVP),'! tetradecyltrimethylammonium bromide (TTAB),['”!
and cetyltrimethylammonium bromide/chloride (CTAB/
C),™ which attach to the PtSn NP surfaces to prevent
aggregation and shape distortion of NPs. The surfactant layers
on the PtSn NPs usually block the access of reaction species to
the catalytically active Pt atoms, significantly reducing their
activity. Removing surfactant layers usually requires post-
treatment in harsh environments (high-temperature anneal-
ing for example), which can cause severe sintering of ultrafine
PtSn NPs. Therefore, simple methods are sought that can
directly grow ultrafine and surfactant-free PtSn nanocrystals
on carbon supports.*?!

Herein, we report the use of microfluidic reactions in
a capillary tube reactor for rapid synthesis of ultrafine,
surfactant-free PtSn alloy nanocrystals that are directly
deposited on various carbon supports with high-density and
uniform loading. The as-synthesized PtSn NPs exhibit an
average size less than 2 nm, regardless of the type of carbon
support used, and the loading of PtSn NPs can be as high as
33wt% (Pt content is ca. 22wt%). The as-synthesized
carbon-supported PtSn NPs present significantly enhanced
catalytic activity and stability towards EOR in comparison
with the commercially available Pt/C catalyst.

Microfluidic reactions offer many advantages, including
enhanced heat and mass transfer, rapid and tunable mixing of
precursor solutions, continuous flow leading to reduced
reaction time, and low reagent consumption throughout the
course of optimization.””?” Such characteristics have encour-
aged researchers to explore the use of continuous flow-based
microfluidic devices for synthesis of NPs with improved
uniformity on a large scale.®?* Additionally, microfluidic
reactors can be operated under hydrothermal and solvother-
mal conditions, and limited mass diffusion in a confined
volume leads to reaction kinetics significantly different from
that of conventional bulk solution reactions. Both attributes
are expected to benefit the synthesis of uniform PtSn NPs on
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Figure 1. Formation of ultrafine PtSn NPs on a carbon sphere with
uniform loading in a microfluidic reactor with a confined lateral
dimension.

carbon supports, such as carbon black particles of XC-72.
Figure 1 displays the capillary microfluidic system used to
directly grow ultrafine PtSn NPs on carbon spheres. The
reaction solution containing carbon black particles and
precursor metal ions is pressurized in a chamber using
pressure-regulated nitrogen gas to flow reaction mixture
into the capillary tube reactor. The applied pressure makes it
possible to realize reactions at temperatures higher than the
boiling point of the reaction solvent. Once the reaction
solution flows to the heating region, where the capillary tube
is maintained at an elevated temperature, the reaction
solution in the tube can be quickly heated to the desired
temperature within a very short time® because of the rapid
heat transfer in the thin capillary tube wall and the small
volume of solution in the capillary tube. The fast increase of
reaction temperature to a constant value leads to a high
reduction rate of H,PtClg and SnCl, precursors, achieving
supersaturated concentrations of metal atoms in a very short
reaction time. The supersaturated Pt and Sn atoms nucleate
on the surface of the carbon spheres in a well-dispersed
fashion because heterogeneous nucleation is Kkinetically
preferable compared to homogeneous nucleation. Following
reduction of precursors, selective growth of existing PtSn NPs
occurs rather than formation of new NPs. In the pressurized
flow microfluidic reactor, diffusion of precursor species along
the flow direction (that is, the longitudinal direction of the
capillary tube) is suppressed. The small diameter of the
capillary tube reactor limits the availability of precursors
responsible for growth of PtSn NPs, ensuring that the PtSn
NPs on carbon spheres are small in size. Interactions between
NPs and carbon support consist of covalent bonds between
PtSn atoms and carboxyl groups on the support. Carbon
supports were activated by soaking in an aqueous solution of
HNO;, leading to formation of carboxyl groups by oxidation
of surface carbon atoms. Surface carboxyl groups provide
nucleation sites for formation of PtSn nanocrystals because of
strong coordinative interactions between PtSn atoms and
carboxyl groups.®® Within roughly 10s, the reaction solution
is able to flow through the capillary tube reactor (with
a length of 1.3 m, including a heating region of 1.2 m and
a cooling region of 0.1 m) to the outlet, where the products
are collected. When the reaction solution flows from the
heating region to the cooling region, a drop in temperature
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leads to quick cessation of precursor reduction, as well as
possible sintering of PtSn NPs. Since the carbon black spheres
are well-dispersed in ethylene glycol, the corresponding
carbon spheres loaded with PtSn NPs are also well-dispersed.
Good colloidal dispersity is also beneficial for preventing the
capillary tube reactor from becoming blocked, enabling
continuous synthesis with high efficiency.

Figure 2 presents transmission electron microscopy
(TEM) images of the product formed in the capillary tube
reactor from the simultaneous reduction of H,PtCl; and SnCl,

Figure 2. Variously magnified TEM images of PtSn NPs grown on
XC-72 carbon particles.

in the presence of carbon black spheres (XC-72). An X-ray
diffraction (XRD) pattern of the product indicates that the
metal NPs (tiny dark dots in Figure 2) are a PtSn alloy with
a face-centered cubic lattice and a lattice constant larger than
metallic Pt (Supporting Information, Figures S1 and S2). All
PtSn NPs are deposited on the carbon spheres and free-
standing PtSn NPs are essentially absent (Figure 2a), con-
firming that heterogeneous nucleation of PtSn on the carbon
spheres is favored. By contrast, in the absence of carbon
spheres homogeneous nucleation is favored, forming free-
standing PtSn NPs (Supporting Information, Figure S4). The
dispersity of PtSn NPs on the surface of carbon spheres is
fairly uniform, increasing surface exposure of PtSn NPs by
ensuring sufficient separation of particles, which is beneficial
for catalysis. The high-resolution TEM (HRTEM) image in
Figure 2¢ and Figure SSA (Supporting Information) clearly
highlight the lattice fringes of the PtSn nanocrystals and the
gaps between adjacent crystalline domains, confirming the
exposure of crystalline PtSn surfaces. Statistical analysis of
100 PtSn NPs reveals a narrow size distribution with an
average of 1.86 nm (Supporting Information, Figure S3).
Given that surfactant is absent from the synthesis, PtSn NPs
on the XC-72 carbon spheres (PtSn/XC-72) expose clean
surfaces.

This microfluidic reaction is also capable of directly
growing surfactant-free PtSn naoncrystals on other carbon
supports, such as one-dimensional (1D) carbon nanotubes
(CNTs) and two-dimensional (2D) graphene sheets formed
by reduction of exfoliated graphene oxide (rGO). Figure 3
presents TEM images of the as-synthesized composites,
consisting of PtSn NPs on CNTs (PtSn/CNT, Figure 3a—c;
Supporting Information, Figure S5B) and PtSn nanocrystals
on rGO (PtSn/rGO, Figure 3d-f; Supporting Information,
Figure S5C), clearly showing the uniform and dense dispersity
of PtSn NPs on the surfaces of the carbon supports. The
average sizes of the PtSn NPs are 1.98 nm and 1.85 nm for
PtSn/CNT and PtSn/rGO samples, respectively. Much like
PtSn NPs on XC-72 carbon spheres, PtSn NPs (Figure 3)
exhibit face-centered cubic lattices with lattice constants
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Figure 3. TEM and HRTEM images of the PtSn NPs grown on (a—c)
multiple-walled carbon nanotubes (MWCNTs) and (d—f) reduced
graphene sheets. Circular lattice fringes with larger spacing in (c)
correspond to a MWCNT.

larger than that of Pt nanocrystals in commercial Pt/C
(Supporting Information, Figure S1). However, the lattice
constants and crystalline interplanar distances (d) of PtSn
nanocrystals are slightly different in samples with different
carbon supports (Supporting Information, Figure S2 and
Table S1), indicating that the type of carbon support has
a slight influence on the compositional ratio of Sn/Pt in the
PtSn nanocrystals. The ratio of XRD peak areas in the
synthesized samples is essentially the same as that of Pt in
a commercial Pt/C sample, implying that the type of carbon
support does not influence the morphological isotropy of the
PtSn nanocrystals (Supporting Information, Table S1).

The EOR catalytic activity of the as-synthesized PtSn/
XC-72, PtSn/CNT, and PtSn/rGO materials was investigated
electrochemically, by modifying a glassy carbon electrode
with the aforementioned composites. Figure 4 A shows the
cyclic voltammetry (CV) curves of the modified electrodes in
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Figure 4. a) CV curves recorded from electrodes coated with synthe-
sized PtSn/XC-72 (Figure 2), PtSn/rGO (Figure 3d—f), PtSn/CNT (Fig-
ure 3a—c), and commercial Pt/C in an aqueous solution of H,SO,
(0.5m) and C,HsOH (1 M) at room temperature. Scan rate (50 mVs™),
current densities normalized against the mass of metallic Pt loaded
onto the electrodes. b) Comparison of the current density (i) over time
(t) at 0.65 V (vs. SCE) for electrodes modified with different catalysts.
c) Chronoamperometric curves measured at 0.45 V (vs. SCE) for
electrodes modified with different catalysts. d) Calculated it'/* as

a function of time.
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an aqueous solution of H,SO, (0.5M) and C,H;OH (1m) at
room temperature. The current density of each CV curve is
normalized against the Pt loading on the electrode, showing
a significant difference in catalytic activity of the different
catalysts. In each CV curve, an obvious anodic peak
corresponding to EOR is observed as potential is scanned
from —0.24 V to 0.96 V (vs. SCE). The scanning potential in
the reverse direction reveals a cathodic peak corresponding to
the reduction of species formed by ethanol oxidation. It is
clear that the EOR current density of electrodes modified
with synthesized PtSn nanocrystals is always higher than that
on the electrode modified with the commercial Pt/C catalyst
(see the forward CV peaks, solid curves). For example, the
mass activities of different catalysts at 0.65V are
7641 mAmg!, 6754mAmg!, 6288mAmg ', and
377.8 mAmg'; respectively corresponding to PtSn/XC-72,
PtSn/rGO, PtSn/CNT, and Pt/C catalysts (Figure 4b). The
EOR results indicate that the synthesized PtSn/XC-72, PtSn/
rGO, and PtSn/CNT catalysts respectively achieve 2.02, 1.78,
and 1.66 times the mass activity of state of the art commercial
Pt/C catalyst. The higher activity of PtSn/XC-72 and PtSn/
rGO compared to PtSn/CNT may be a result of the smaller
size of PtSn nanocrystals on XC-72 and rGO supports
(1.86 nm on XC-72 and 1.85 nm on rGO, versus 1.98 nm on
CNT). Smaller nanocrystal sizes provide higher surface areas
for reacting species to access. Additionally, the onset poten-
tials for EOR on PtSn/XC-72, PtSn/rGO, and PtSn/CNT, are
9.9, 3.0, and 4.8 mV, respectively, which are lower than that
measured on commercial Pt/C (43.6 mV). Lower onset
potentials indicate that fuel cells using the synthesized PtSn
catalysts offer higher output voltages. Collectively, enhanced
current density and lowered onset potential indicate that PtSn
NPs supported on various carbon supports synthesized by
microfluidic reactions are new and efficient catalysts for
EOR. Figure 4c presents chronoamperometric curves at
0.45V measured in H,SO, (0.5M) and ethanol (1m) for
electrodes modified with different catalysts. Once again,
a comparison of the aforementioned materials shows that
PtSn/XC-72, PtSn/rGO, and PtSn/CNT achieve higher cata-
lytic current densities than commercial Pt/C. Under chro-
noamperometric conditions, the current density is determined
by mass diffusion after a long period, at which point limiting
diffusion conditions are established. According to the Cottrell
.. . nFADYCF .\ ap - nFADY?C¥ .
equation i(?) = i,(t) = —7im s, i(t)t " is equal to ——5—, which
represents a constant value at a specific temperature because
the electron transfer number (n), Faraday constant (F),
electrode surface area (A), and concentration of ethanol in
the bulk solution (C}) are all constants. If the activity of
a catalyst decreases, the electrochemically active electrode
surface area may be lowered; possibly because the PtSn NPs
fall off the electrode, or the catalytically active surfaces of the
PtSn NPs are poisoned during reaction. Both factors can
lower the value of “FAIﬁ—é:C‘;k. As shown in Figure 4d, it'* reaches
a maximum followed by a gradual decrease over longer time
periods. The slow drop of it'* corresponds to a decrease in
activity and stability of the catalysts. In the case of PtSn/
XC-72 and PtSn/CNT, it"? decreases more slowly than it does
for Pt/C, indicating that the synthesized PtSn NPs on XC-72
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and CNT are more stable than the Pt NPs of the commercial
Pt/C catalyst in an aqueous acidic ethanol solution. In
contrast, the it"? value of PtSn/rGO drops faster than that
of Pt/C; probably because of oxidation of rGO, which reduces
the electrical conductivity of the rGO support in turn. The
comparison shown in Figure 4d clearly indicates that the as-
synthesized PtSn/C catalysts exhibit higher stability than the
commercial Pt/C catalyst. Although pure Sn metal is more
susceptible to corrosion in an acidic environment than pure Pt
metal, Sn atoms in the PtSn alloy lattice impart resistance as
a result of coordinative interactions with Pt atoms in the PtSn
alloy lattice.™

In summary, surfactant-free PtSn NPs on various carbon
supports, particularly on commercial carbon black particles of
XC-72, exhibit much higher EOR catalytic activity and
significantly improved stability compared to state of the art
commercial Pt/C catalyst. These improvements showcase the
advantages of microfluidic reactions performed in capillary
tube reactors, which enable the growth of PtSn alloy NPs
directly on various carbon supports with high dispersity and
uniformity. The absence of surfactant in the described
reactions allows formation of intimate contact between the
PtSn nanocrystals and carbon supports, which facilitates
charge transfer in catalytic EOR. Furthermore, clean PtSn
surfaces are exposed, which provide a high-density of catalyti-
cally active sites. In contrast with 3D diffusion of precursors in
conventional reactors, quasi 2D diffusion of precursors is
favored by capillary tube reactors, limiting the availability of
precursors to growth of individual PtSn nanocrystals and
consequently allowing formation of PtSn nanocrystals of
small sizes. Moreover, precise control over temperature in
different zones of a capillary tube reactor, coupled with
continuous flow synthesis, suggest that the techniques de-
scribed herein offer improved control in large scale processes.
Our results demonstrate the significant promise of micro-
fluidic reactions in synthesis of important catalysts on
desirable supports.

Experimental Section

Synthesis of PtSn NPs on carbon supports: syntheses were performed
using a microfluidic reactor system (involving the use of capillary
tubes), reported in our previous work.””! A typical synthesis of PtSn
NPs loaded on carbon black particles (Vulcan XC-72, Cabot
Corporation) involved addition of SnCl;:5H,0 (0.1 mmol) and
H,PtCly:6 H,O (0.1 mmol) to ethylene glycol (100 mL) in a flask.
An appropriate amount of XC-72 (40 mg) was then added to the
solution, followed by ultrasonication for 5 min at room temperature.
The reaction solution, containing carbon black particles and pre-
cursor metal ions, was pressurized in a chamber using pressure-
regulated nitrogen gas to flow reaction mixture into the capillary tube
reactor. Reduction of metal ions occurred in the heating region of the
microscale capillary tube (120 cm). Cessation of growth of PtSn NPs
occurred in the cooling region (10 cm). The products were collected
by an aspiration filtration process, and subsequently washed with
ethanol and water three times. The collected precipitates were dried
in an oven at 60°C for 10 hours, resulting in the supported PtSn
catalysts, which were characterized. Carbon materials, such as
reduced graphene oxide (rGO) purchased from Graphene Super-
market, and multiple-walled carbon nanotubes (CNTs) purchased
from Chengdu Organic Chemicals Co. Ltd., were used as supports for
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PtSn NPs. Further experimental and characterization details (for
example, XRD, refined XRD, TEM, and electrochemical character-
ization) are described in the Supporting Information.
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