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ABSTRACT: Efficient C-C bond cleavage and oxidation of alcohols to CO2 is key to developing highly efficient alcohol fuel cells 
for renewable energy applications. In this work, we report the synthesis of core/shell Au/Pt nanowires (NWs) with stepped 
Pt clusters deposited along the ultrathin (2.3 nm) stepped Au NWs as a robust catalyst to effectively oxidize alcohols to CO2. 
The catalytic oxidation reaction is dependent on the Au/Pt ratios and the Au1.0/Pt0.2 NWs have the largest percentage (~75%) 
of stepped Au/Pt sites and show the highest activity for ethanol electrooxidation, reaching an unprecedented 196.9 A/mgPt 
(32.5 A/mgPt+Au). This NW catalyst is also active in catalyzing the oxidation of other primary alcohols, such as methanol, n-
propanol, and ethylene glycol. In situ X-ray absorption spectroscopy and infrared spectroscopy are used to characterize the 
catalyst structure and to identify key reaction intermediates, providing concrete evidence that the synergy between the low-
coordinated Pt sites and the stepped Au NWs is essential to catalyze the alcohol oxidation reaction, which is further supported 
by DFT calculations that the C-C bond cleavage is indeed enhanced on the under-coordinated Pt-Au surface. Our study pro-
vides a general design concept and synthesis of core/shell structure with stepped core/shell sites for enhanced electrochem-
ical oxidation of alcohols, which will be central to the development of highly efficient direct alcohol fuel cells and other electro-
oxidation reactions. 

The difficulty in practical use of hydrogen to generate electricity has motivated the extensive search of alternative fuels for 
renewable energy applications. Ethanol is one of the most promising fuel candidates because it has almost eight times higher 
volumetric energy density than hydrogen (6.35 vs. 0.8 kWh/L, respectively) and can be massively produced from biomass. 
Although its oxidation reaction releases CO2 inevitably, ethanol requires 23 times less processing energy than hydrogen (2.39 
vs. 55 MWh/ton, respectively), which greatly reduces the life-cycle emission1. The oxidation of ethanol can be directly con-
verted to electricity in fuel cells, also known as direct ethanol fuel cells (DEFCs), but the conversion efficiency is limited by 
the low activity of the state-of-the-art electrocatalysts in catalyzing ethanol oxidation reaction (EOR)2.  

The most common electrocatalysts studied for alcohol oxidation are Pt/Pd-based, and one of the major causes of the low 
EOR activity is the blockage of catalyst surface sites by various reaction intermediates3. Although the detailed mechanism 
leading to EOR remains unclear due to the complexity of the multiple electron/proton transfer processes, it is generally agreed 
that the oxidation follows two possible pathways: (a) the C1 pathway that delivers twelve electrons, which involves C-C cleav-
age and conversion of the resulting C1 intermediates (CO*, CHx*, etc) to CO2; and (b) the C2 pathway that transfers four elec-
trons and/or two electrons to form acetic acid and/or acetaldehyde3. In both pathways, various reaction intermediates can 
strongly bind to the catalyst surface, blocking the catalyst active sites, and removal of these intermediates requires the par-
ticipation of another oxygenated intermediate, OH*, which is difficult to form on the Pt/Pd surface4,5. To facilitate OH* 
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formation, the EOR is often tested in alkaline media in the presence of an alloy catalyst (e.g. Pt-Ag, Pt-Au)6–9 or the Pt/Pd 
catalyst alloyed with another oxophilic transition metal component10–13. Despite these efforts, the activity enhancement often 
originates from the accelerated C2 pathway with acetate and acetaldehyde being detected as the predominant EOR products, 
as characterized by infrared spectroscopy11,15,16, differential electrochemical mass spectrometry16, and nuclear magnetic res-
onance17.  

In 2009, Adzic’s group found that a synergistic effect of the ternary system Pt-Rh-SnO2, where Pt adsorbs ethanol, SnO2 
adsorbs OH*, and Rh splits C−C bond, could facilitate C-C cleavage and the overall EOR activity11. The similar synergistic effect 
was observed in other multi-component systems, such as Pt-Ir-SnO218, Au-Pt-Ir19, and Cu-Pd-Ir20. A record-high EOR activity 
was achieved on the Au/Pt-Ir core/shell catalyst in alkaline media with its mass activity reaching 58 A/mgPt+Ir and the C1 
selectivity of 57%. Surface defect control is another way of increasing the EOR activity. Low-coordinated surfaces were found 
to split the C-C bond more effectively than closed-pack Pt(111)21,22,23. However, this factor is limited to the EOR activity en-
hancement possibly due to the competition between surface poisoning and C-C cleavage24. Therefore, to achieve a high EOR 
activity with good C1 pathway selectivity, both poisoning intermediate removal and C-C cleavage improvement need to be 
considered.  

In this study, we combine the composition and surface morphology control to simultaneously address the poisoning and C-
C cleavage issues in the EOR. Since Au-Pt bimetallic system has shown exceptional anti-poisoning effect against CO*-
intermediates in formic acid oxidation25 and methanol oxidation reaction26, we construct low-coordinated facets composed 
of Pt and Au clusters along the Au/Pt nanowire (NW) structure. Using a seed-mediated growth method, we synthesized ul-
trathin (2~3 nm) core/shell Au/Pt NWs, with abundant low-coordinated Au-Pt sites exposed on the catalyst’s surface. This 
core/shell Au/Pt NW catalyst shows exceptionally high EOR activity in alkaline media, achieving peak activity of 196.9 A/mgPt 
(32.5 A/mgPt+Au). The enhanced catalytic activity can be extended to oxidize other primary alcohols, such as methanol, n-
propanol, and ethylene glycol. The key intermediate steps related to OH* adsorption and C-C cleavage are confirmed by in 
situ X-ray absorption spectroscopy (XAS) and IR, providing concrete evidence on using the Au/Pt NW structure to solve the 
CO* poisoning and OH* adsorption issues that are key to enhancing C1-pathway selectivity and improving catalytic efficiency 
of the EOR. Density functional theory (DFT) calculations reveal that the low-coordinated AuPt surface (for example, the model 
AuPt(211) or AuPt(221) surface) indeed lowers the energy barriers for C-C bond cleavage and CO* activation/desorption, 
more efficiently catalyzing the oxidation of alcohols to CO2. 

 
Results and Discussion  

Catalyst synthesis and characterization. Ultrathin 2.3 nm Au NWs (Fig. 1A, Fig. S2) were prepared by reduction of 
HAuCl4 precursor in an oleylamine (OAm) and hexane micelle solution as reported27. The micelle serves as a soft template 
and facilitates the NW morphology formation. Pt was deposited onto the ultrathin Au NWs by the reduction of Pt(acac)2 in an 
OAm solution with tert-butylamine borane (TBAB) as a reducing agent at 140 ˚C. The amount of Pt deposition was controlled 
by the amount of Pt precursor and TBAB, and three different compositions were synthesized in this work and confirmed with 
ICP: Au1.0/Pt0.2 NWs, Au1.0/Pt0.5 NWs, and Au1.0/Pt1.0 NWs. The as-synthesized Au/Pt NWs are about 2 - 3 nm in diameter and 
μm-range in length (Fig. 1B, Fig. S1, 2). In the same synthetic condition without adding the Pt precursor and TBAB, smooth 
Au NWs would degrade first into zig-zag shaped NWs, and finally to spherical nanoparticles (Fig. S3A). If the reaction tem-
perature was set too high (160 ˚C), Pt would self-nucleate into nanoparticles rather than grow on Au NWs (Fig. S3B). Thus, 
the deposition of Pt onto Au NWs is successfully controlled through the reduction of Pt(acac)2 in the presence of TBAB at 140 
˚C. In this Pt deposition condition, the zig-zag Au NWs initially formed were more efficiently stabilized by the deposited Pt 
without further degrading into Au nanoparticles. HAADF-STEM and elemental mapping images reveal the core/shell Au/Pt 
structure (Fig. 1 C-G, Fig. S1 C-G). The average thickness of the Pt coating over the Au NWs is 0.3 nm for Au1.0/Pt0.2 NWs and 
0.6 nm for Au1.0/Pt1.0. NWs. The Pt coating layers are populated with low-coordinated Pt on the surface. The as-synthesized 
Au/Pt NWs still maintain the face centered cubic (fcc) structure (Fig. S4). Lattice fringes of the deposited Pt are 0.233 nm for 
(111) and 0.203 nm for (200), both larger than those of pure Pt (0.227 nm and 0.196 nm respectively) (Fig. 1C), indicating 
that the Pt-Pt bond in the deposited Pt is stretched due to the epitaxial growth of Pt on Au NWs.  



 

 
Figure 1. TEM images of (A) Au NWs, (B) Au1.0/Pt0.2 NWs. (C-F) High-angle annular dark-field scanning transmission electron 
microscopy (HAADF-STEM) image and two-dimensional mapping of Pt-Lα (green) and Au-Lα (blue) energy-dispersive spec-
troscopy (EDS) intensities for a typical Au1.0/Pt0.2 NW. Scale bar: 5 nm. (G) High-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM) image of an Au1.0/Pt0.2 NW. Scale bar: 2 nm. 

 
The core/shell structure was further analyzed by cyclic voltammetry (CV) to obtain surface Au/Pt ratios based on the re-

duction peak areas of the electro-oxidized Au and Pt (Fig. S5A-B). The Au:Pt ratios of three different Au/Pt NWs were calcu-
lated to be 1:2.6, 1:0.72, and 1:0.54 for Au1.0/ Pt1.0 NWs, Au1.0/Pt0.5 NWs, and Au1.0/ Pt0.2 NWs, respectively. Compared to the 
bulk compositions analyzed by ICP, the reduction peaks show the higher Pt ratios, suggesting the accumulation of Pt on the 
Au surface. An increase in the potential of the Pt reduction peak with a decrease in Au/Pt ratio was observed in the CV curves 
(Fig. S5B). The positive shifts indicate the electronic interaction between the surface Pt and sublayer Au, which is also seen 
in XPS spectra (Fig. S5C-D). An obvious negative shift of Pt 4f scan is observed in Au/Pt samples, and the effect is stronger 
when less Pt is presented on the Au surface. Contrary to the case of surface Pt, no discernible shift in Au 4f scans is observed 
since the most Au stays in the core with no interaction with the surface Pt. 

CO is a typical intermediate formed in the ethanol oxidation process and is known to deactivate Pt-based catalyst due to 
the strong Pt-CO interaction. We examined the CO poisoning effect on our Au/Pt NWs by studying CO oxidation reaction in 
the presence of NWs (Fig. S6). On Au NWs and Au1.0/Pt0.2 NWs, an oxidation peak around 0.4 V was observed, which is com-
parable to the previously reported CO oxidation peak on Au in alkaline media28. On Au1.0/Pt0.5 NWs and Au1.0/Pt1.0 NWs, two 



 

oxidation peaks at 0.5 V and 0.8 V show up, which indicates two types of CO adsorption sites on the NW surfaces. This split 
oxidation behavior is likely caused by the presence of segregated Pt clusters on the Au surface as Pt content increases. The 
segregated Pt binds with CO more strongly than that on Au-Pt sites. The CO oxidation profiles of all three kinds of Au/Pt NWs 
indicate the obvious Au substrate effect on promoting CO desorption.   

Electrochemical EOR. To study the ethanol oxidation catalysis of Au/Pt NWs, the catalyst was first subject to 30 cycles of 
CV scans between 0 and 1.0 V at 100 mV/s in 1 M KOH solution at room temperature to obtain a stable CV curve. CV in 1 M 
KOH + 1 M ethanol solution was then performed to study the catalytic oxidation of ethanol. Au NWs showed no detectable 
activity towards the EOR from 0 to 1.2 V, while commercial Pt/C exhibited a peak current density of 0.98 A/mgPt for the EOR 
at 0.75 V (Fig. S7). CVs for the EOR of the Au/Pt NW catalysts are presented in Fig. 2A.  The mass activity increases with the 
decrease of the Pt amount in the Au/Pt structure (Fig. 2B). Such a trend also coincides with the 1st and 2nd CO oxidation peak 
ratio (Fig. S6), suggesting a correlation between the efficiency of intermediates removal and the high EOR activity. Among 
these three Au/Pt NWs, Au1.0/Pt0.2 NWs show the highest oxidation peak at 0.9 V with the mass activity being calculated to be 
196.9 A/mgPt (32.5 A/mgPt+Au), which is about 190 times higher than the commercial Pt (0.98 A/mgPt) (Fig. 2B). To the best 
of our knowledge, this is the highest mass activity for the EOR reported in literature (Fig. S8). Furthermore, these Au/Pt NWs 
were found to be active in oxidation of not only ethanol, but other alcohols as well (Fig. 2C-D). The observed increase in mass 
activity from the oxidation of methanol, ethanol, n-propanol and ethylene glycol indicates that the catalyst is especially active 
in cleaving C-C bond and catalyzing the oxidation of primary alcohols. However, the catalyst has limited activity towards the 
oxidation of secondary alcohol (isopropanol we tested in this paper) (Fig. 2D).  

 
Figure 2. (A) Ethanol oxidation cyclic voltammetry of Au1.0/Pt0.2 NWs, Au1.0/Pt0.5 NWs and Au1.0/Pt1.0 NWs. (B) Mass activity 
of Au1.0/Pt0.2 NWs, Au1.0/Pt0.5 NWs and Au1.0/Pt1.0 NWs and commercial Pt in 1 M KOH and 1 M ethanol solution. (C) Cyclic 
voltammetry curves of Au1.0/Pt0.2 NWs in 1 M KOH + 1 M alcohol. MOR: methanol, EOR: ethanol, POR: propanol, EGOR: eth-
ylene glycol, IPOR: isopropanol oxidation reactions, and the corresponding peak mass activity (D). 

 
Electrochemical Operando XAS.  To gain more insights of the EOR enhancement on the Au/Pt NW catalyst, we first studied 

changes in atomic structure and electronic state of the catalyst during the EOR via in situ X-ray absorption near-edge structure 
(XANES) techniques29. The Pt L3-edge XANES spectra of the Au1.0/Pt0.2 NW catalyst were obtained in a potential region from 
0.4 to 1.1 V in 1 M KOH and 1 M KOH + 1 M ethanol solutions, as shown in Fig. 3A-B. In the 1 M KOH solution, upon increasing 



 

the potential, the intensity of the white line of Pt L3-edge increases and its adsorption peak is shifted to higher energies as a 
consequence of the depletion of Pt’s d-band due to the formation of Pt oxides. In contrast, in the 1 M KOH + 1 M ethanol 
solution, the Au1.0/Pt0.2 NW catalyst shows no obvious changes in white line intensity with increasing potentials. The potential 
dependence of Pt oxidation in the two solutions is more clearly presented in Fig. 3C, which shows changes in the white line 
intensity (ΔWL) relative to that at a double layer region (0.4 V) ((ΔWL(E) –ΔWL(0.4V)/ΔWL(0.4V)) as a function of the applied 
potentials. The white line intensity of the Au1.0/Pt0.2 NWs increases with increasing potentials in 1 M KOH due to the formation 
of PtOH or PtO2, while no sign of Pt oxidation is observed until 0.9 V with a small rise at 1.1 V in 1 M KOH + 1 M ethanol. The 
result suggests that the oxidization of ethanol is the main anodic reaction for the Au/Pt0.2 NW catalyst in the ethanol-contain-
ing solution and the formation of Pt oxides on the catalyst surface is significantly suppressed. A similar observation was seen 
for commercial Pt/C as shown in Fig. S9, although the following detailed analysis reveals that the surface of Au1.0/Pt0.2 NWs 
behaves quite differently from that of Pt/C. The XAS data obtained were further analyzed by the Δμ method30–33, which has 
been developed as a surface-sensitive method to identify surface/adsorbate interactions. By subtracting spectra of a sample 
at two different potentials, the Δμ method isolates surface/adsorbate interactions because bulk metal-metal interactions are 
nearly eliminated by the subtraction. Fig. 3D-F show Δμ spectra of the commercial Pt/C and Au1.0/Pt0.2 NW catalyst in 1 M 
KOH, calculated by the equation (Δμ(E, KOH) = μ(E, KOH) - μ(0.4V, KOH)), which show positive peaks at 11568 eV, 4 eV above 
the edge energy E0 (11564 eV for Pt L3 edge) (indicated by a circle in Fig. 3D). The observation is interpreted as the initiation 
of O or OH adsorption in atop sites of Pt atoms30–33. Another but more interesting feature of the Pt/C is that a negative peak 
slightly below the E0, starts to further decrease ≥ 0.9 V,  which is attributed to the formation of subsurface O due to the “place-
exchange” process, as indicated by comparison to the theoretically calculated Δμ spectral signatures32,33. In contrast, the 
Au1.0/Pt0.2 NWs do not show such a change at ≥ 0.9 V (indicated by a circle in Fig. 3D). Both the commercial Pt and Au1.0/Pt0.2 

show an increase of O or OH adsorption in atop sites of Pt at more positive potentials, but their behavior differs for subsurface 
oxygen. A stronger signal from subsurface O due to the “place-exchange” can be observed from the commercial Pt at higher 
potentials, while no detectable changes are observed from the Au1.0/Pt0.2 NWs because its surface Pt structure is a sub-mon-
olayer and these Pt atoms are stabilized by the subsurface Au. Fig. 3F shows another Δμ spectra of Au/Pt0.2 NWs, which were 
calculated by the equation (Δμ(E, EtOH) = μ(E, EtOH) - μ(0.4V, KOH)), to examine the effect of ethanol/intermediates adsorp-
tion in 1 M KOH + 1 M EtOH at different potentials relative to that at 0.4 V in 1 M KOH. By subtracting the spectrum at 0.4 V in 
1 M KOH from that of 1 M KOH + 1 M ethanol, the Δμ method can retrieve only the catalyst surface interaction with the 
adsorbates, i.e., reactants and intermediates during the EOR. The feature of Δμ(0.4 V, EtOH) for Au/Pt0.2 NWs comprising a 
negative peak at 11565 eV coupled with a positive peak at 11570 eV is similar to that of Δμ spectra of Pt/C obtained in an 
ethanol-containing solution in open circuit by subtracting the measurement for water at 0.45 V30. The Δμ spectra of Au1.0/Pt0.2 
NWs remain almost steady at potentials from 0.4 V to 1.1 V, suggesting that a reaction mechanism for the EOR is unchanged. 
Contrary to that, the intensity in Δμ(E, EtOH)  spectra of the commercial Pt shows an obvious potential dependency (Fig. S10), 
indicating the change of reaction mechanisms on Pt with applied potentials, which has been discussed in previous works3,21. 
We note that the L3-edge adsorption edges of Pt (11564 eV) and Au (11919 eV) are very close (only 355 eV apart), which 
makes it impossible to fit Pt L3 and Au L3 signals of the Au/Pt NW catalyst to examine the detailed atomic structures from the 
extended X-ray absorption fine structure (EXAFS) analysis.  

 



 

Figure 3.  In situ Pt L3-edge XANES of Au1.0/Pt0.2 NW catalyst at different potentials in 1 M KOH (A) and 1 M KOH + 1 M ethanol 
(B).  (C) Comparison of relative changes in white line intensity ((ΔWL(E) – ΔWL(0.4V)/ ΔWL(0.4V) of Au1.0/Pt0.2 NW catalyst 
in the two solutions, plotted as a function of applied potentials. Pt L3-edge Δμ spectra (Δμ(E, KOH) = μ(E, KOH) - μ(0.4V, KOH), 
where E = 0.7, 0.9, and 1.1 V)) of commercial Pt/C (D) and Au1.0/Pt0.2 NW catalyst (E) in a 1 M KOH solution. (F) Pt L3-edge Δμ 
spectra ((Δμ(E, EtOH) = μ(E, EtOH) - μ(0.4V, KOH), where E = 0.4, 0.7, 0.9, and 1.1 V)) of Au1.0/Pt0.2 NW catalyst (EtOH = 1 M 
KOH + 1 M ethanol).   

 
In situ IRRAS measurements.  In situ IRRAS experiments were performed to identify the intermediates and products and 

understand the selectivity of C-C cleavage during the EOR. The absorbance spectra given in Fig. 4 show the behavior of ad-
sorbance on Pt/C, Au1.0/Pt0.2 NWs, and Au1.0/Pt0.5 NWs in 1 M KOH and 1 M ethanol, where the positive- and negative-going 
peaks represent the gain and loss of species at the sample potential.  Supporting Table 1 lists the IR frequencies and their 
assignments. On the commercial Pt/C, ethanol oxidation begins from low potentials (>0.38 V), evidenced by the increasing of 
current density and the negative-going features at ~1040 & 870 cm-1, representing the loss of ethanol in the solution (Fig. 
4A). Simultaneously with the loss of ethanol, positive-going peaks representing the gain of acetaldehyde (CH3CHO) 
(1620~1635, 933 cm-1), and acetate (CH3COO-) (1400, 1350 cm-1) adsorbed on the Pt surface emerge. The intensity of these 
peaks stays practically constant until potential reaches 0.9 V. With the further increase in potential beyond 0.9 V, the intensity 
of the adsorbed CH3CHO & CH3COO- peaks decreases, while two new peaks emerge at 1280 and 1700 cm-1. These new peaks 
correspond to CH3COO- & CH3CHO in the solution, indicating a partial desorption of CH3COO-* and CH3CHO*. Partial oxidation 
of CH3COO-* and CH3CHO* is observed above 0.88 V as indicated by the emergence of CO2 peak at 2343 cm-1. Because the 
initially generated CO2 could react with OH- to form CO32- that shows a single band ~1390 cm-1 and would be totally covered 
by the acetate peaks (CH3COO-) (1400, 1350 cm-1), the CO2 peak at 2343 cm-1 would notbe observed until the CO2 became 
neutralized in the thin layer of KOH electrolyte34.  Based on the analysis above, on the pure Pt surface, ethanol is oxidized into 
acetaldehyde and then acetate, most of which are released into the solution from catalyst surface before they are further 
oxidized to CO2.  On the Au1.0/Pt0.2 surface (Fig. 4B), the adsorbed [CH3COO-]* & [CH3CHO]* (1620~1635, 933 cm-1, and 1400, 
1350 cm-1) were also detected starting from low potentials (>0.37 V), however, no peaks for the CH3COO- & CH3CHO in the 
solution were detected, indicating that [CH3COO-]* & [CH3CHO]* stay adsorbed on the catalyst surface and are further oxidized 
to CO2, evidenced by the positive-going CO2 peak above 0.97 V. Because Au1.0/Pt0.2 NWs have a smaller total Pt amount than 
Pt/C, the accumulated CO2 amount might be too low to be detected by IR when C-C cleavage initially occurs, by resulting in a 
higher onset potential of CO2 peak appearance (0.97 V vs. 0.88 V). For the similar reason, the accumulated CO2 peak was not 
observed until 0.97 V on Au1.0/Pt0.5 and Au1.0/Pt1.0 NWs (Fig. 4C, Fig. S11). However, the desorbed CH3COO- & CH3CHO in the 
solution were detected on Au1.0/Pt0.5 and Au1.0/Pt1.0 NWs, indicating their inferior C-C cleavage selectivity compared to 
Au1.0/Pt0.2 NWs. To compensate the difference of the accumulated CO2 induced by the Pt loading, we normalized the CO2 peak 
intensity at 1.1 V by each Pt mass as shown in Fig. 4D, where the Au1.0/Pt0.2 NW catalyst shows the highest C1 selectivity, 
about 3 times higher than that of Pt/C.  



 

 
Figure 4. In situ IRRAS spectra of Pt/C (A), Au1.0/Pt0.2 NWs (B), and Au1.0/Pt0.5 NWs (C) as a function of potential from 0.37 V 
to 1.486 V (vs. RHE) in 1 M KOH + 1 M ethanol electrolyte. (D) Intensity of CO2 peaks at 1.1 V normalized by each Pt mass. 

 
Proposed EOR mechanism. The under-coordinated Pt and Au sites along the Au1.0/Pt0.2 NW surface must act synergisti-

cally to enhance its catalysis for the EOR enhancement. Strain in surface atoms induced by substrate materials alters the 
position of the d-band center of the surface atoms, resulting in changes in surface reactivity, according to the d-band theory 
of Norskov and co-workers35,36. The Au sites help to enhance the adsorption of reactants and intermediates on the Pt sites 
through substrate-induced lateral strain in Pt. The Au-Au bond is longer than the Pt-Pt bond, thereby the epitaxial growth of 
Pt over Au leads to the Pt-Pt expansion, as shown in the high-resolution microscopy analysis (Fig. 1G). This expansion upshifts 
the d-band center of Pt and induces the stronger adsorption of ethanol molecules and OH- species, accelerating the partial 
oxidation of ethanol (reaction [1])37, in which the intermediates of [CH3CHO]* and [CH3COO-]* generated are strongly ad-
sorbed on the Pt surface and are not easily released to the solution, as demonstrated in Fig. 4B. As shown in the Δμ spectra in 
the ethanol-containing solution (Fig. 3F), this oxidation process remains nearly intact up to 1.1 V. Since no “place-exchange” 
process occurs on the Au1.0/Pt0.2 NW catalyst (Fig. 3E), the surface Pt structure of the catalyst is stable up to the high potential. 
Therefore, the high EOR activity of the Au1.0/Pt0.2 NW catalyst is partly ascribed to fast kinetics of partial oxidation (reaction 
[1]) to [CH3CHO]* and [CH3COO-]* on the stable and stretched Pt surface. The IRRAS measurements show that the EOR cata-
lyzed by Au1.0/Pt0.5 or Au1.0/Pt1.0 NWs tend to yield more free CH3CHO and CH3COO- in the solution due to the weak adsorption 
of [CH3CHO]* and [CH3COO-]* on the thicker Pt surface that has a near normal Pt-Pt distance.  

CH3CH2OH→[CH3CH2OH]*→[CH3CHO]*/[CH3COO-]*→ CH3CHO/CH3COO-                  [1] 
CH3CH2OH→[CH3CH2OH]*→[CH3CHO]*/[CH3COO]*/[CHxCO]* → CO* → CO2 [2] 
The enhanced EOR can also be attributed to the presence of stepped Au/Pt sites along the Au1.0/Pt0.2 NW surface. Feliu et 

al. have found that oxidation of ethanol on Pt[n(111) × (110)]-type electrodes takes place on the step sites, yielding CO2 as 
the major final product, since the steps catalyze the cleavage of the C-C bond and also oxidation of the adsorbed CO species38,39. 
We consider that the stepped Pt sites along the stepped Au NW surface promote the cleavage of C-C bonds in 
[CH3CHO]*/[CH3COO-]*/[CHxCO]* to CO*, and then further oxidation of CO* to CO2 (reaction [2]). To verify our hypothesis, we 
compare the activation energy of C-C bond cleavage and the free energy change of CO* desorption on different surfaces by 
density functional theory (DFT) calculations (Fig. 5A, B). We use AuPt(211) [= 2(111) × (100)]  and AuPt(221) [= 2(111) × 



 

(110)]  to represent the stepped surfaces with Au and Pt atoms, which two stepped surfaces have the highest step density of 
all [n(111) × (hkl)] planes. As shown in Fig. 5A, pure Au surfaces (i.e., Au(111), Au(100), Au(211), Au(221)) are not favorable 
for C-C cleavage. In previous in situ IRRAS study, there was also no clear sign of CO* and CO2 generation on Au(111)/PtML 
during the EOR37, suggesting that Au substrate does not contribute to the C-C bond cleavage by itself. On stepped Pt(211),  C-
C cleavage can occur more facile than Pt(111), but the CO* desorption is impeded.  The addition of Pt to the stepped Au sur-
faces (i.e., AuPt(211) and AuPt(221)) lowers the energy barrier for C-C bond cleavage as well as the CO* desorption, and the 
CO* desorption energy barrier is even lower in presence of surface oxidants (O*). The OH- that strongly adsorbed on the 
stretched Pt surface likely helps the oxidation of CO*. We thus conclude that the considerable enhancement of the catalytic 
EOR activity of the Au1.0/Pt0.2 NWs is achieved by the synergy between the surface stepped and stretched Pt on the stepped 
Au NW substrates. The stepped Pt sites are also present on the Au1.0/Pt0.5 and Au1.0/Pt1.0 NWs, but thicker Pt deposition on the 
Au NW structure reduces the stepped Pt sites and releases the stretching degree of the Pt-Pt bond, facilitating the desorption 
of [CH3CHO]* and [CH3COO-]* before their C-C bonds are cleaved (Fig. 5C), lowering their EOR catalytic activity, which is 
evidenced by the lower CO2 intensity observed on Pt-rich surfaces (Fig. 4D). 

 
Figure 5. DFT calculations on (A) relative energy of C-C bond cleavage on AuPt(211), AuPt(221), Pt(211), Pt(221), Pt(111), 
Au(211), Au(221), Au(100), and Au(111) facets (B) free energy increase for CO* desorption on Au(211), Au(221), AuPt(211), 
AuPt(221), Pt(211), Pt(221) with/without oxidants, and (C) Schematic illustration of the C-C cleavage mechanism on stepped 
Au-Pt(221) surfaces with more stepped Pt (left) and less stepped Pt sites (right).  

 
Conclusion  

The present study has shown that the low-coordinated Pt sites in conjunction with the stepped Au is critical for enhancing 
electrochemical oxidation of ethanol. Using the ultrathin (2.3 nm) Au NWs as a template, we developed a reliable solution 
phase process to deposit Pt along the Au NWs, forming a unique core/shell-type Au/Pt structure with stepped Pt clusters 
exposed along the stepped Au NWs. These Au/Pt NWs show no sign of morphology change in the solution phase processes 
and are much more robust than the template Au NWs that tend to undergo morphology ripening to form spherical nanopar-
ticles. Among three different Au/Pt NWs prepared and studied in this work, the Au1.0/Pt0.2 NWs provide the highest percentage 
(~75%) of bimetallic Pt-Au stepped sites and are most active for catalyzing EOR in alkaline media with mass activity reaching 
an unprecedented 196.9 A/mgPt. This enhanced catalysis is attributed to the desired synergy between the stepped Au and Pt 
sites, which promotes C-C cleavage, weakens the CO adsorption, and improves the OH adsorption, as characterized by in situ 
X-ray absorption spectroscopy, the Δμ method analysis, in situ IR, and DFT calculations. As a result, our Au1.0/Pt0.2 NW catalyst 
has the highest C1 selectivity ever reported towards full oxidation of ethanol to CO2. Furthermore, the enhanced catalytic 
oxidation capability of the structure has been extended to electro-oxidize methanol, n-propanol, and even ethylene glycol. In 
all, our study provides a general design concept and synthesis of core/shell structure with stepped core/shell sites for en-
hanced electrochemical oxidation of alcohols, which will be central to the development of highly efficient direct alcohol fuel 
cells and other electro-oxidation reactions.  
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