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ABSTRACT: Platinum-tin (Pt/Sn) binary nanoparticles
are active electrocatalysts for the ethanol oxidation
reaction (EOR), but inactive for splitting the C-C bond
of ethanol to CO,. Here we studied detailed structure
properties of Pt/Sn catalysts for the EOR, especially CO,
generation in situ using a CO, microelectrode. We found
that composition and crystalline structure of the tin
element played important roles in the CO, generation:
non-alloyed Pt;-(SnO,)s, core—shell particles demon-
strated a strong capability for C-C bond breaking of
ethanol than pure Pt and intermetallic Pt/Sn, showing 4.1
times higher CO, peak partial pressure generated from
EOR than commercial Pt/C.

E thanol is one of the most hopeful fuels renewable energy
applications due to its low toxicity, high availability from
biomass production, and high energy density due to the 12-
electron charge transfer upon complete oxidation.! During the
ethanol oxidation reaction (EOR), strongly adsorbed inter-
mediates such as CO and CH, poison the catalyst (e.g, Pt)
surface and slow reaction kinetics considerably. Moreover,
complete oxidation of ethanol into CO, via C-C bond cleavage is
mechanistically difficult. Most of the charge generated is from
partial oxidation of ethanol to acetaldehyde and/or acetic acid,
which only involve a two- or four-electron transfer.”~” One
common method to improve the performance of Pt for EOR is to
use binary catalysts by adding an oxophilic metal, such as Sn.*’
Oxophilic metals can facilitate the formation of adsorbed OH
species (OH,4,) via dissociative adsorption of water, which in
turn helps the removal of adsorbed intermediates (CO,g,
CH, ) on adjacent Pt sites (bifunctional effect). Sn also
weakens the Pt-CO, 4, bond by altering d-band properties of Pt
orbitals (ligand effect). Although Pt/Sn binary catalysts show
improved EOR kinetics, its selectivity for complete oxidation of
ethanol to CO, is inferior to Pt. Addition of noble metals such as
Rh or Ir to Pt has also been studied. The resulting ternary
PtRhSn, PtRh-SnO,, and PtIr-SnO, catalysts showed improved
reaction kinetics and C-C splitting ability.>'~"* However, the
scarcity and/or expense of Ir and Rh metals, even compared with
Pt, impede their practical applications for fuel cell technology.
Therefore, improving C-C splitting of ethanol on the surface of
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Pt/Sn catalysts becomes imperative for ethanol fuel cell
technology. Many studies investigated Pt/Sn binary catalysts
for the EOR; however, factors that may control CO, generation
on Pt/Sn surface are still not well understood. First, the influence
of Sn or SnO, on C-C splitting is ambiguous. Adsorption and
dissociation of ethanol primarily happen at Pt sites, while Sn or
SnO,, provide oxophilic species (OH,4;) to remove CO,4, and
CHx,ads'
optimized so that the resulting Pt/Sn catalysts have strong
capability for ethanol dissociation (from Pt) and CO/CH,
removal (from Sn) concurrently.>'*~'” Second, whether Pt-
SnO, (nonalloys) or PtSn (alloys) would be the best catalyst for
EOR kinetics and/or CO, generation is still controversial:
Antolini, Silva and Jiang reported that Pt-SnO, (non-alloys)
showed faster EOR kinetics than PtSn (alloys) 151819 hile De
Souza, Zhu, and Godoi reported the opposite results.'*#*°~**
To fundamentally understand the EOR, especially CO,
generation via C-C splitting, increasing attention has been paid
to spectroscopic techniques, e.g., in situ Fourier transform
infrared spectroscopy (FTIR) and online differential electro-
chemical mass spectrometry (DEMS).>%!'>!317:23727 e
former measurement is usually conducted on a thin-layer catalyst
surface in stagnant fluid, while the latter uses a flow cell. The
experimental results from both techniques were not identical,
adding further controversy. For example, FTIR measurements
showed that Pt;Sn catalysts favored the C-C bond splitting in
EOR,**** in contrast DEMS data showed that CO, formation
on Pt;Sn was similar to that on Pt.*"*'73% Ion-selective
potentiometric electrodes have been used in aqueous solutions
for decades in blood gas analysis and the measurement of CO,
during fermentation.”**" The subject solution and buffer within
the electrode are separated by a Teflon membrane which is
permeable to dissolved CO, gas. The partial pressure of CO, gas
in the reaction solution can be analyzed via the measurement of
the pH of a thin layer of a NaHCO;/NaCl buffer solution within
the electrode in equilibrium with CO,. McGuire reported that a
CO, microelectrode can enable rapid and continuous measure-
ments of CO, concentration in xylem sap of trees.*” However,
implementation of a CO, microelectrode to measure the CO,

The concentration and distribution of Sn needs to be
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generation in situ during electrochemical reactions has not been
reported until the current report.

In this work, Pt/Sn nanocrystals were synthesized via a
“surfactant-free” Polyol process described by the authors
elsewhere.>> Pt/Sn nanocrystals with an average diameter of
<S nm were harvested as shown from the transmission electron
microscopy (TEM) images in Figure 1 (Figure S1 and Table S1).
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Figure 1. (a) Bright-field TEM, (b) dark-field STEM, and (c) HAADF
images of the carbon-supported Pt-SnO, catalyst. (d) EELS line scan
across Pt;s-(Sn0O,)s, particle as indicated by the arrow in (c).

Two types of Pt/Sn nanoparticles were synthesized with atomic
ratios of Pt to Sn as 70/30 and 46/54, respectively (see EDS
spectra in Figure S2). The X-ray Diffraction (XRD) pattern
shown in Figure S3 indicates mixed phases of pure face centered
cubic Pt and tetragonal SnO, (JCPDS 00-041-1445). To further
confirm the structure of the as-made Pt/Sn nanocrystals, high-
angle annular dark-field scanning TEM (HAADE-STEM)
images (Figure 1c) and electron energy-loss spectroscopy
(EELS) line scans (Figure 1d) were generated from an individual
Pt-SnO, nanoparticle. Intensity profiles of Sn and Pt from EELS
show that Sn appears to have higher signal intensity at the edges
of the particle, in contrast to Pt showing a “volcano” shape of
intensity profile. Both the XRD and EELS line scan strongly
suggest that as-made Pt/Sn particles were non-alloyed (Pt-
Sn0,) with a SnO, shell-rich and Pt core-rich structure.

Figure S4 shows the XANES spectra of Sn K-edge of the non-
alloyed Pt-SnO, catalysts. Pt;s-(SnO ,)s4 and Pt;-(SnO ;)5
have almost identical spectra that differ strongly from bulk Sn
and correspond to the predominantly oxidized state of Sn. This is
in good agreement with the results derived from XRD
measurements, where the segregated Pt and SnO, biphases
coexisted within Pt-SnO , non-alloyed samples. EXAFS analysis
was also conducted as shown in Figure S5. The best fit values of
coordination numbers and bond distances are summarized in
Table S2. EXAFS results show that Pt existed mainly in the
metallic phase in both non-alloyed Pt-SnO, samples, as evident
in the relatively high Pt-Pt coordination compared to the Pt-O
obtained in both samples. Table S2 also shows that Sn is
predominantly present in the form of SnO, in both Pt-SnO ,
catalysts, since strong Sn-O coordination number can be
observed ( Ng, o = 6.7 + 1.1 in Pt,-(Sn0O,)s, and N, o = 6.0
+ 0.5 in Pt;, -(SnO ,)3). Strong Sn-O coordination and
nondetectable Sn-Sn and Pt-Sn coordinations corroborate well
the XRD and STEM—EELS analyses concluding the as-made Pt-

SnO , catalysts were comprised of partially oxidized (due to the
detectable Pt-O contribution, Table S2) Pt nanoparticles with
phase-segregated SnO , clusters on the surface.

As-made Pt-SnO, particles were converted into intermetallic
compounds after being treated in an Ar/H, flow at 450 °C.
Figures S1 and S3 show their TEM images and XRD spectra.
XRD shows that Pt;,Sn;,/C has a pure cubic Pt;Sn intermetallic
phase (JCPDS 00-035-1360), while the Pt,Sng,/C catalysts
show a mixture of intermetallic cubic Pt;Sn (JCPDS 00-035-
1360) and hexagonal Pt;Sn, alloyed phases (JCPDS 00-025-
0614), respectively. No SnO, reflection was observed from both
samples. Figures S6 show the XANES spectra of intermetallic
PtSn/C catalysts. Slightly decreased white line intensity of both
intermetallic PtSn catalysts compared to Pt foil indicated a lower-
lying d-band center relative to the Fermi level, pointing to a more
filled d-band. This modified d-band feature may result from
electron back-donation from Sn upon alloy formation, which has
been previously observed in various Sn-containing noble metal
alloys.>**° The Sn K-edge XANES features in intermetallic PtSn
catalysts are located between those of a Sn foil and non-alloyed
Pt-Sn0,/C, indicating a mixture of metallic and oxidized phases.
EXAFS analyses are shown in Figure S7 and fitting results of the
intermetallic alloy are given in Table S2. The Pt atoms showed
strong coordination with Sn in Pt,Sng, (Npgg, = 2.2 & 0.3) and
Pt;oSny (Npug, = 1.8 + 0.3), and the Sn showed strong Sn-Pt
coordination and noticeable Sn-O coordination in Pt,;sSng,
(Noy_pe = 5.3 + 09, Ny, = 3.3 + 0.8) and Pt,oSnsy (Ngy_p; =
9.5 + 2.1, Ny, o = 2.9 + 1.3). Fitting results indicated metallic Sn
(in a form of Pt-Sn intermetallic alloy) and trace oxidized Sn (in a
form of SnO,) biphase in both intermetallic catalysts.

The electrochemically active surface areas (ECASAs) of non-
alloyed and alloyed Pt/Sn catalysts, commercial Pt/C (ETEK),
and a mixture of commercial Pt/C with SnO, nanoparticles are
shown in Figure S8, measured using cyclic voltammograms
(CVs) in 0.5 M H,SO,. Figure 2 shows EOR electroactivities for
Pt/Sn and Pt catalysts in both CV and chronoamperometric
(CA) analysis both at 0.35 V. Table S1 and Figure 2b show that
the current densities from CV measurements follow the order as
Pt,oSnyy > PtyeSngy > Pto-(Sn0,)s9 > Pty-(Sn0O,)s, > Pt/C
(ETEK) = Pt/C + SnO,. Specifically, the Pt;,Sn;,/C
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Figure 2. (a) Representative CVs (forward scans) and (b) ECASA-
averaged CV current densities of carbon supported Pt/Sn and Pt
(ETEK) catalysts at 0.35 V. (c) Representative CAs and (d) ECASA-
averaged CA current densities Pt/Sn and Pt/C catalysts at 1 h reaction at
0.35 V.
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intermetallic catalyst showed about 21.5 times higher current
density at 0.35 V compared to commercial Pt/C. Meanwhile, the
ECASA-specific current densities from 1 h CA measurements
follow the same order, and the Pt,,Sn;,/C intermetallic showed
best long-term stability.

Figure S9 shows the schematic of the electrochemical cell for
in situ CO, measurement, consisting of a CO, microelectrode, Pt
foils (working and counter electrode), and Ag/AgCl reference
microelectrode. Pure argon and nitrogen gases mixed with 0.5, 1,
and 5% CO, were used to calibrate the CO, microelectrodes in
an electrolyte solution at 25 °C (Figure 3a). The generation of
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Figure 3. (a) CO, microelectrode responses in various CO, gas
environments. (b) ECASA-specific P, of Pt/Sn and Pt catalysts.

CO, on Pt/Sn and commercial Pt/C catalysts was evaluated in
situ using an electrochemical cell applied with a constant
potential of 0.35 V. Figure 3b shows the plot of the partial
pressure of CO, (Pco,), normalized by ECASA values, as a

function of reaction time. The results are also summarized in
Table S1. Pt,-(Sn0,)s,/C demonstrated the best CO,
generation ability compared to the rest of Pt/Sn and Pt catalysts.
In particular, maximum CO, generation found in Pt,-(SnO,)s,/
C was 2.0 and 4.1 times higher than those found in its
intermetallic counterpart and Pt/C (ETEK). At steady state
(after 1 h reaction), Pt,s-(SnO,)s,/C still showed at least 1.5 and
2.5 times higher Pco, compared to PtySng,/C and Pt/C,

respectively. In contrast to Pt,;s-(Sn0,)s,/C and Pt,Sng,
catalysts, from which the core—shell particles outperform the
intermetallic particles in CO, generation, the Pt,,Sn;, generated
more CO, than Pt,;-(Sn0O,);/C during the EOR. The results
strongly indicated that CO, generation abilities of various Pt/Sn
catalysts were more dependent on the composition of Sn than
crystalline structure (alloys or non-alloy).

Figure S10 shows the long-term stability of Pt,s-(SnO,)s, and
Pt (ETEK) at lower potentials (0.1 and 0.2 V). Pt,s-(SnO,)s,
shows a steady current after 1 h reaction at 0.2 V, while Pt
remains negative current during the reaction due to the dominant
cathodic current from hydrogen absorption. The data indicate
that Pt,-(SnO,)s, not only has a good stability at lower
potentials but also has a lower onset potential for the EOR
compared to Pt. Figure S11 shows CO, generations of Pty,-
(Sn0,)s4 and Pt (ETEK) after 1 h CA measurements conducted
at 0.1 and 0.2 V. Combined with Figure 3b, it clearly shows: (i)
both catalysts yield more CO, at higher potentials; and (ii) Pt,s-
(Sn0O,)s, remains a plausible ability to generate CO, at lower
potentials, showing 9.6, 5.3, and 2.5 times higher Pco, compared
to Pt at 0.1, 0.2, and 0.35 V, respectively.

Aceticacid (AA) and acetaldehyde (AAL) have been identified
as major products during EOR. As shown in Figure S12, the
measured Pco, was attributed from dissolved CO, only and the
interference from AA and AAL generated during the EOR to the
Pco, was negligible (see Supporting Information (SI) for details).

We also modeled the decomposition of CHCO over Pt (111),
PtSn(1120), and Pt/SnO, interfaces using density functional
theory (DFT). Details on the calculations are found in the SI. C-
C bond breaking can occur through a variety of intermediates
that form after C—H/C—O bond breaking. Previous theoretical
work indicated over Pt (111) that C-C bond breaking of ethanol
has one of the lowest activation barriers through a CHCO
intermediate.*® Other pathways may be possible for C-C
breaking, but this species was chosen as a representative
intermediate to assess ethanol oxidation ability. For each surface
several adsorption sites were considered. For instance,
adsorption at the Pt/SnO, surface was modeled over SnO,,
over the (111) facets of the Pt, and in the Pt/SnO, interfacial
region. Only the most stable adsorption sites are reported herein
and were considered for evaluating the reaction energy for C-C
scission. Figure S13 shows the DFT results for CHCO
decomposition to CO and CH over the various surfaces of
interest. We calculated reaction energies (energies of product
states minus reactant states) for CHCO decomposition to be
—1.04 eV over Pt (111), —0.19 eV over Pt/SnO,, and 0.36 eV
over PtSn. These results indicate that breaking C-C bond is the
easiest over Pt, followed by Pt/SnO,, and then PtSn. These
simple calculations indicate that Pt/SnO, is better able to break
C-C bond compared to PtSn, in agreement with an experiment
that shows greater CO, production for Pt/SnO, catalysts. Thus,
we expect PtSn to behave much different than Pt/SnO, as an
ethanol oxidation catalyst. While Pt performs best for C-C bond
breaking, a full reaction path analysis is needed to explain its
overall activity, which is experimentally inferior.

We here discuss two possibilities to explain the physical origin
of promotional effect of Pt,s-(Sn0O,)s,/C core—shell structures
on C-C splitting observed in this study. First, concentration of
SnO, is imperative for C-C splitting. In the primary path of EOR
(black arrows in Figure S14), weakly bound AAL forms on Pt
surfaces at lower potentials. It can readily desorb from the surface
of catalysts or it can be oxidized further to form AA as primary
products in the EOR, which are very inert in electrocatalysis.
Meanwhile, AAL can possibly be further reacted to form C;
intermediates (CO, CH,) via C-C bond cleavage and eventually
oxidized to CO, (CH,CH,OH — CH,;CHO — CH, + CO —
CO,).” Therefore, OH,y,, formed via dissociative adsorption of
water at Sn sites, is needed in order to oxidize CO,4, and CHy 4
at adjacent sites to promote CO, generation. On the other hand,
complete oxidation of ethanol to form CO, is more facile on Pt
sites. Our data suggest strongly that Pt,-(Sn0O,)s, is the best
catalyst for CO, generation (See Figure S15a), so that CO, 4 and
CH, 4 can be effectively removed, and at the same time, the
ethanol dissociation is not compromised.

Second, size or coverage of SnO, clusters may play an
important role in CO, generation. It was found that 2 nm SnO,
nanoparticles on Pt electrode surfaces showed much higher
enhancement of methanol oxidation reaction current densities
compared to Pt decorated with larger SnO, nanoparticles.* DFT
calculations suggest that the binding energy of OH,4 on the
surface of SnO, nanoparticles depended on the sizes of SnO,.
Small-sized SnO, nanoparticles on Pt surface would have a
weaker OH-Sn interaction, and favor the release of OH, 4, from
the SnO, surface for effectively oxidizing CO,4,. We found that
pure Pt/C and the mixture of Pt/C and SnO, nanoparticles
(commercial product) had very similar EOR kinetics and C-C
splitting ability, both inferior to Pt-SnO, and PtSn as shown in
Figures 2 and 3 (labeled as Pt/C + Sn0,), suggesting that close
proximity of Pt and SnO, is critical to enhance the CO,
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generation. To further elucidate the effect of SnO, on CO,
generation, we calculated the SnO, coverage and SnO, coverage/
Pt coverage on the surfaces of various Pt-SnO, catalysts using
ECASAs (see detailed description in SI). Figure S15b,c shows the
CO, generation on various Pt-SnO, catalysts as functions of
SnO, coverage and SnO, coverage/Pt coverage on surface. We
found that SnO, coverage/Pt coverage on surface of Pty
(Sn0,)s, is around 2.4, accounting for 71% SnO, on surface.

The results from our work, including time-resolved CO,
generation using a CO, microelectrode, the influences of
structures (core—shell and alloy) and compositions on the
CO, generation, and DFT modeling of C-C splitting on various
Pt/Sn structures, have demonstrated that, for the first time, Pt,¢-
(Sn0,)s4 core—shell nanoparticles can effectively generate CO,
via splitting C-C bond of ethanol. Our data show that Pt,s
(Sn0,)s, electrocatalysts have 9.6, 5.3, and 2.5 times higher
amount of CO, generation compared to Pt (ETEK) after 1 h
reaction at 0.1, 0.2, and 0.35 V, respectively. We notice that
sample environments for in situ CO, determination are very
different in CO, microelectrode, FTIR, and DEMS techniques.
Comparison of CO, generation between these three techniques
will be challenging but will be the focus of our future work.
Nevertheless, our results unambiguous demonstrate the
potential of CO, microelectrode as a low-cost, easy-to-use,
high-performance in situ tool for the CO, detection in
electrochemical processes, compared to other optical- and
mass spec-electrochemical techniques.
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Detailed description of the materials syntheses and character-
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