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A B S T R A C T   

The high-efficient C-C bond cleavage is the key for ethanol electrooxidation. In this work, PtCu/Cu2− xSe 
nanowires (NWs) with abundant surface defects were constructed and exhibited remarkable activity of 5.03 A 
mg− 1

Pt as well as 5.29 A mg− 1
Pt for ethanol oxidation and methanol oxidation, respectively, which are 5.0 and 

5.3 fold of commercial Pt/C. ex situ, in situ experiments and calculation results reveal that the formation of PtCu 
alloys lowered the D-band level to promote the adsorption of hydroxyl species. The abundant defects created high 
density of low-coordinated atoms to boost the reaction kinetics. Thus, PtCu/Cu2− xSe NWs displayed enhanced C- 
C bond cleavage ability and high selectivity for C1 products (CO2). The assembled direct ethanol fuel cells 
(DEFCs) with PtCu/Cu2− xSe NWs as anode provided an open-circuit voltage (OCV) of 0.773 V and a peak power 
density of 7.8 mW cm− 2. This work not only give us a potential catalyst for C-C bond cleavage, but also provides 
an effective strategy to enhance the electrocatalytic activity of ethanol/methanol oxidation.   

1. Introduction 

Direct alcohol fuel cells (DAFCs), including direct ethanol fuel cells 
(DEFCs) and direct methanol fuel cells (DMFCs), etc., are very promising 
power sources because of the high energy density of liquid fuels (8.01 
kWh kg− 1 for ethanol and 6.07 kWh kg− 1 for methanol), mild working 
temperature and low emission of pollutants [1–3]. Though Pt-based 
catalysts for ethanol and methanol oxidation reaction (EOR and MOR) 
are effective, the low abundance of Pt impedes the commercialization 
[4]. Enormous efforts have been paid to reduce the usage of Pt while not 
lower the catalytic performance. Alloying Pt with low-priced metals and 
constructing precising nanostructure are the major strategies [5–7]. 
Moreover, the sluggish alcohol oxidation kinetics and CO-like carbo
naceous intermediates poisoning restrict the efficiency of EOR and MOR. 
For EOR, two reaction pathway exists: the incomplete oxidation of 
ethanol to acetic acid or acetate with 4 electrons transfer (C2 pathway) 
and the complete oxidation of ethanol to CO2 with 12 electrons transfer 

(C1 pathway). Particularly, due to C1 pathway’s high energy of C-C 
bond cleavage, it is challenging to enhance the reaction kinetics. 

As known, rational supported catalysts with strong metal-support 
interactions (MSIs) could bring new catalytic phenomena by electron 
transfer [8,9], interfacial condition [10], morphologies and composition 
regulation [11]. Liang et al. [12] reported the Ce-modified Pt NPs for 
MOR. The Cerium (III) oxygenated species dispersed on Pt NPs inter
acted with Pt atoms to enhance the MOR performance. Chen et al. [13] 
developed a porous Pd-PdO nanotubes for MOR. The electronic effect 
and bifunctional mechanism between PdO and Pd decreased the reac
tion activation energy of MOR. It is noted that copper selenides possess 
multiple crystal phases, such as stoichiometric (i.e., CuSe, Cu2Se, 
Cu2Se3) and nonstoichiometric (Cu2− xSe) phases [14]. With multiple 
oxidation states, the unsaturated Cu atoms on edge/surface of Cu2− xSe 
phase favor more exposed active sites [15,16]. Furthermore, to enhance 
the catalytic reactivity, defect engineering has been proved as an effi
cient strategy for electronic structure tuning and surface /interface 
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modulation [17–19]. 
Herein, on Cu2− xSe, a one-stone, two birds strategy of forming PtCu 

alloys to low the D-band center of Pt and producing more defects to 
create high density of low-coordinated atoms was demonstrated. The 
obtained PtCu/Cu2− xSe NWs catalyst exhibited 5.0 and 5.3 fold current 
densities for EOR and MOR in alkaline solution than that of commercial 
Pt/C, respectively. Combined with ex situ, in situ experiments and 
calculation results, PtCu/Cu2− xSe NWs displayed a higher efficiency to 
drive C-C bond cleavage than that of commercial Pt/C. 

2. Results and discussion 

PtCu/Cu2− xSe NWs were synthesized by self-assembly of CuSe 
nanoplates and subsequent Pt4+ precursor’s reduction (Scheme S1) 
[20]. In the X-ray diffraction (XRD) patterns (Fig. 1a), the diffraction 
peaks of Cu2− xSe NWs located between Cu2Se (JCPDS No. 88–2043) and 
Cu2− xSe phase (JCPDS No. 06-0680). After Pt4+ precursor was reduced 
and deposited on Cu2− xSe NWs, the characteristic peaks between Pt 
(JCPDS No. 87–0646) and PtCu (JCPDS No. 48-1549) emerged. The 
introduction of Pt activated the Cu2+ cation, so the Cu atoms diffuse to 

the Pt NPs and form PtCu alloy [11]. The amplified image (Fig. 1b) 
shows that the characteristic peak at 2θ of 44.8◦ occurred a slight left 
shift, and nearly coincided to Cu2− xSe phase. It explains that the Cu 
atoms among PtCu alloy stem from Cu2− xSe NWs. The isotropic electron 
paramagnetic resonance (EPR) signals at g = 2.0017 in Fig. 1c were 
observed, which should be ascribed to the hole trapped on some highly 
symmetric center [21]. In consideration of the unpaired Cu atoms on the 
surface of Cu2− xSe NWs, the EPR signal could be bound to Cu vacancies 
[22]. The intensity of EPR signal was obviously enhanced due to the 
increasing amount of vacancies [23]. Combining with the XRD analysis 
above, we can conclude that the Cu atoms on the surface of Cu2− xSe 
diffused and alloyed with Pt atoms to increase the surface defects 
concentration. 

Fig. 1d illustrates the overall TEM image of PtCu/Cu2− xSe NWs with 
a diameter of about 200 nm. As seen, Cu2− xSe NWs were composed of 
numerous thin bundles. The magnified TEM images (Fig. S1a and b) 
show that there were plenty of ditches in the middle of NWs and steps at 
ends, which were attributed to the water evaporation-induced mecha
nism of Cu2− xSe NWs. And some nanoplates that were not assembled 
into bundles, lie on the rim of NWs. This unique one-dimensional 

Fig. 1. (a) XRD patterns, (b) amplified patterns and (c) EPR spectra of PtCu/Cu2− xSe NWs and Cu2− xSe NWs. (d) TEM image of PtCu/Cu2− xSe NWs. (e, f, h) HRTEM 
images of yellow square region in (d). (g) Line intensity profile taken along L1 and L2 direction. (i) The amplified HRTEM image of yellow square region in (h). (j) 
HRTEM image of PtCu NPs with surface defects. (k) The amplified HRTEM image of yellow square region in (j). 
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nanostructure exposes more active sites for PtCu NPs, and provides rapid 
transport channel for electrons and intermediates. In the high-resolution 
TEM (HRTEM) image (Fig. 1e), the PtCu NPs can be observed clearly. 
The lattice spacing of 0.223 and 0.193 nm belonged to PtCu (200) and 
(111) planes, respectively (Fig. S1e). Following Vegard’s law [24], the 
Pt/Cu atomic ratio was calculated to be 2:1. Fig. 1f and h give the crystal 
lattice arrangement of Cu2− xSe viewed along different orientation. The 
amplified image in the yellow frame region (Fig. 1f) displayed good 
crystallinity. The line intensity profile taken along L1 and L2 direction 
exhibited the lattice spacing of 0.330 and 0.204 nm, which were 
assigned to Cu2− xSe (111) and (200) planes, respectively (Fig. 1g). For 
Cu2− xSe NWs (Fig. S1c and d), the lattice spacing of 0.203 nm corre
sponded to Cu2− xSe (200) planes, and the lattice spacing of 0.324 and 
0.333 nm corresponded to Cu2− xSe (111) planes. This nuance maybe 
stem from distortion caused by lattice compression. Fig. 1h shows the 
support situation of PtCu/Cu2− xSe NWs. The corresponding fast Fourier 
transform (FFT) patterns (Fig. S2) show that, as Pt introducing into the 
Cu2− xSe NWs, the crystal structure transformed from Fm-3m to F-43m, 
exactly as the lattice diagram listed in Fig. 1a. It confirms the diffusion of 
Cu atoms from nanoscale level. Thus, we propose that the surface defects 
originated by the diffusion of Cu atoms from Cu2− xSe NWs to PtCu NPs. 
The surface defects on PtCu/Cu2− xSe NWs can be divided into three 
species: stacking faults led by Shockley partial dislocation (Fig. 1e and 
S1c) [25,26], Cu vacancies (Fig. 1i) [27], and plane defects led by 
small-angle grain boundaries (Fig. 1k). As Pt deposited on Cu2− xSe NWs, 
these defects tended to gather on the interface, which may be due to two 
aspects. First, alloying with Pt could increase the lattice mismatch of 
surface atoms. Second, the tensile strain derived from the Pt facilitated 
the generation of defects [28]. 

The Pt, Cu, Se and O elements were observed in the X-ray photo
electron spectroscopy (XPS) of PtCu/Cu2− xSe NWs (Fig. S3). The Pt 4f 
spectra could be deconvoluted into two spin-orbit doublets (Fig. 2a). 
Compared to the Pt 4f7/2 peak of Pt/C, the fitting peak at binding energy 
of 71.3 eV shift to the left by 0.2 eV. It indicated that Pt carried positive 
charge through electron transfer from PtCu NPs to Cu2− xSe NWs [29, 

30]. The electron tuning will lower the D-band center of Pt, which 
contributed to the adsorption of Oad and OHad species on Pt atoms to 
improve intrinsic activity [31]. The fitting peaks at binding energies of 
75.7 and 72.4 eV were regarded as Pt oxidation states [32]. In the 
high-resolution Cu 2p spectra of Cu2− xSe NWs (Fig. 2b), the Cu 2p1/2 and 
2p3/2 peaks at 951.5 and 931.6 eV were attributed to Cu+. And the peaks 
at 953.6 and 933.6 eV were attributed to the Cu2+. As the Pt metal 
deposited on Cu2− xSe NWs, the intensity of peak corresponding to Cu2+

was obviously weaker. And the peaks at 951.5 and 931.6 eV were 
inferred to metallic Cu and Cu+. The reduction of Cu2+ supports the 
formation of PtCu alloy, in accordance with the HRTEM results above 
[33,34]. 

The X-ray absorption near-edge structure (XANES) spectroscopy and 
extended X-ray absorption fine structure (EXAFS) spectroscopy were 
measured to further investigate the electronic structure and coordina
tion information. The white line intensity of PtCu/Cu2− xSe NWs is 
higher than that of Pt foil, suggesting a positive valence state of Pt atoms 
(Fig. 2c) [35], consistent with XPS results. For Cu K-edge XANES spec
trum, the formation of PtCu alloy obviously improved the white line 
intensity, and the valence state of Cu in PtCu/Cu2− xSe NWs is between 
divalent and zero valence (Fig. 2e). The EXAFS oscillation curves at Pt 
L3-edge and Cu K-edge are presented in Fig. S4. In the corresponding 
Fourier-transformed EXAFS (FT-EXAFS) spectra (Fig. 2d), the Pt-Pt 
bonds at 2.63 Å and 2.11 Å of Pt foil can be observed. Simultaneously, 
the strong peak at 2.15 Å of PtCu/Cu2− xSe NWs indicated the over
lapping of both Pt-Pt and Pt-Cu coordination, resulting from the for
mation of PtCu alloy [36–38]. Fig. 2f exhibits the FT-EXAFS spectra of 
Cu K-edge. It can be found that the Cu atoms mainly coordinate with Se 
atoms (peak at 2.04 Å) in Cu2− xSe NWs and PtCu/Cu2− xSe NWs. By 
introducing Pt species onto Cu2− xSe NWs, the peak intensity dropped 
down, which suggested the new generation of Cu defects [39]. And this 
peak occurred a slight negative shift, which may be due to the structural 
lattice shrinkage of Cu-Se bonds [35]. Besides, a new coordination peak 
at 1.56 Å corresponding to Cu-O bonds appeared, which should be 
originated from the surface oxidation of PtCu/Cu2− xSe NWs. The 

Fig. 2. (a) High-resolution Pt 4f and (b) Cu 2p XPS spectra of PtCu/Cu2− xSe NWs and Cu2− xSe NWs. (c) The normalized XANES at Pt L3-edge and (d) corresponding 
FT-EXAFS spectra of (c). (e) The normalized XANES at Cu K-edge and (f) corresponding FT-EXAFS spectra of (e). 
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electronic structure of Se was investigated by XPS and XAFS charac
terization (Fig. S5). The description was given in Supporting 
information. 

The electrochemical performance was measured in a three-electrode 
system. In the cyclic voltammetry (CV) curves of PtCu/Cu2− xSe NWs 
(Fig. 3a), there was a board peak between − 0.2 and 0 V in the forward 
scan, which referred to Cu atoms dissolving process from the Cu2− xSe 
NWs [40]. In the backward scan, a PtO reduction peak at approximately 
− 0.2 V appeared, which represented the hydroxyl adsorption on the 
surface of Pt [41]. According to the mass percentage of Pt in different 
samples (Table S1), the electrochemically active surface area (ECSA) of 
PtCu/Cu2− xSe NWs was calculated to be 65.5 m2 g− 1, much larger than 
those of Pt NPs/C (36.1 m2 g− 1) and commercial Pt/C (37.1 m2 g− 1). 
The Pt NPs/C sample was prepared in the same method except replacing 
the Cu2− xSe NWs with the same weight of carbon black. The 
double-layer capacitance (Cdl) measurements (Fig. S6) showed the large 
electrochemical reaction area and more active sites. Then the electrolyte 
was replaced with 1.0 M KOH and 1.0 M ethanol, two peaks at forward 
and backward scan emerged promptly (Fig. 3b). For PtCu/Cu2− xSe NWs, 
the peak potential of ethanol oxidation was shifted positively relative to 
Pt NPs/C and commercial Pt/C, which could attribute to the formation 
of PtCu alloy [42]. The forward peak corresponded to the oxidation of 
ethanol, and the backward peak corresponded to the oxidation of in
termediate products. Since the CV curves of bare Cu2− xSe NWs were 
narrow (Fig. S7), the activity contribution mainly came from PtCu. The 
mass activities (MAs) were normalized to the mass fraction of Pt. 
PtCu/Cu2− xSe NWs showed highest MA with a current density of 
5.03 A mg− 1

Pt @− 0.10 V, which was 3.8 and 5.0 fold of Pt NPs/C 
(1.33 A mg− 1

Pt @ − 0.18 V) and commercial Pt/C (0.99 A mg− 1
Pt @ 

− 0.17 V), respectively (Fig. 3c). The PtCu/Cu2− xSe NWs displayed a 
relatively high MA among the recently reported Pt-based catalysts 
(Fig. 3d). The other Pt-based catalysts are listed in detail in Table S4. 
Moreover, PtCu/Cu2− xSe NWs showed a more negative onset potential 
(~230 mV, defined as the potential required to reach a MA of 
50 mA mg− 1

Pt) than Pt NPs/C and Pt/C. The results indicate that the 

easier formation of hydroxyl on the PtCu/Cu2− xSe surface favored 
ethanol oxidation [43]. The negative shift of onset overpotential could 
ascribe to the modified surface electronic structure [44]. Besides, the 
specific activities (SAs) normalized to ESCAs were measured to be 7.68, 
3.69, and 2.68 mA cm− 2 for PtCu/Cu2− xSe NWs, Pt NPs/C, and com
mercial Pt/C catalysts, respectively (Fig. 3c). 

In the Nyquist plots (Fig. 3e), for PtCu/Cu2− xSe NWs, the smallest 
diameter of impedance arc implied the lowest charge transfer resistance 
and highest reaction rate on catalyst surface. The forward linear sweep 
voltammetry (LSV) with a scan rate of 10 mV s− 1 was obtained as a 
quasi-steady-state condition, and the current was normalized peak value 
(Fig. S8a). The PtCu/Cu2− xSe NWs showed a much better activity at 
lower overpotential. In Fig. S8b, PtCu/Cu2− xSe NWs exhibited the 
smallest Tafel slope, suggesting that the fastest charge- and mass- 
transfer kinetics of EOR. On one hand, PtCu/Cu2− xSe NWs with abun
dant surface defects and tensile strain have a high density of low- 
coordinated atoms [45]. On the other hand, alloying Pt with Cu could 
lower the Pt D-band level and promote the adsorption of hydroxyl 
species. 

The chronoamperometry (CA) curves were performed (Fig. 3f). In 
the initial stage, all curves declined rapidly because of the formation of 
CO-like intermediates, which adsorb on the Pt active sites and obstruct 
the further EOR [46]. PtCu/Cu2− xSe NWs exhibited a slower current 
decay rate than other two catalysts. Gradually, all curves reached a 
stable state while PtCu/Cu2− xSe NWs stayed a highest current density. 
The alloying with Cu downshifted the D-band center of Pt, which could 
weaker adsorption of CO on PtCu/Cu2− xSe NWs and improve the 
oxidation of CO [47]. After 1 h electrolyzing, PtCu/Cu2− xSe NWs still 
remained 250 mA mg− 1

Pt, far higher than that of Pt NPs/C 
(68 mA mg− 1

Pt) and commercial Pt/C (8 mA mg− 1
Pt). In addition, we 

performed a consecutive 500 cycles of CV tests to further test the sta
bility (Fig. S9). At first 200 cycles, PtCu/Cu2− xSe NWs and commercial 
Pt/C remained almost the same normalized current. After 200th cycle, 
the decline rate of PtCu/Cu2− xSe NWs turned smoothly. To explain this 
phenomenon, we analyzed the TEM images of PtCu/Cu2− xNWs at 200th 

Fig. 3. CV curves in (a) 1.0 M KOH, and (b) 1.0 M KOH and 1.0 M ethanol solution (scanning rate: 50 mV s− 1). (c) MAs and SAs. (d) EOR MAs of recent reported Pt- 
based catalysts. (references listed in Supporting information) (e) Nyquist plots measured at − 0.4 V in 1.0 M KOH and 1.0 M ethanol electrolyte. (f) CA curves 
at − 0.2 V. 
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and 500th CV cycle (Fig. S10). The acitivies loss was mainly owing to the 
volume expansion of selenide [48]. The Raman spectra of PtCu/Cu2− xSe 
NWs before and after EOR electrolyzing were shown in Fig. S11. The 
vibration modes of 181 and 212 cm− 1 were ascribed to Se-Se stretching 
mode [49]. The full width at half maximum of peak at 212 cm− 1 were 
narrower after EOR electrolyzing, which suggested that the lattice 
distortion was decreasing. These are the major reasons for the catalytic 
activity of Pt/Cu2− xSe NWs catalyst going down. Due to the multiple 
dehydrogenation and oxidation of ethanol, the reaction pathway of EOR 
was complicated (Fig. S12). 

Fig. 4a and b show the in situ FTIR spectra from − 0.9 to 0.1 V. The 
major bands related to the production or consumption of species were 
listed in Table S2. The consumption of OH- species was verified by the 
two negative bands between 2500 and 2800 and 1700–2000 cm− 1 

(Fig. 4a and b). In combination with the stretching vibration of C-O bond 
at 1045 cm− 1, the deplete of ethanol was confirmed. The CH3CH2O* , 
which was then oxidized to acetate (CH3COO-) by OHads, was the initial 
intermediate by adsorption of ethanol. The positive bands at 2919 and 
2850 cm− 1 were attributed to C-H stretches of ethoxy (CH3CH2O*) 
adsorbed on the surface of catalyst. For PtCu/Cu2− xSe NWs, at 
− 600 mV, the positive band located at 2329 cm− 1 was associated with 
CO2 symmetric stretching vibration originated from the C-C bond 
splitting via C1 pathway. The CO2 dissolved into the alkaline electrolyte 
and formed CO3

2-, so the band became inconspicuous. In the case of the 
commercial Pt/C, more acidic intermediate lowered the pH of thin 
electrolyte layer, thus presenting the band of CO2 [50]. In both samples, 
no band of CO (~ 2050 cm− 1) was observed. It is because that the C-C 
bond cleavage could be regarded as an instantaneous process, during 

which CO2 produced [51]. Besides, two positive bands at 1546 and 
1419 cm− 1 corresponded to asymmetric and symmetric O-C-O bonds 
stretching vibrations from the acetate (CH3COO-). Due to the over
lapping of CO3

2- that located at ~1390 cm− 1, the band at 1419 cm− 1 

showed a higher intensity [52]. And the band at 1346 cm− 1 corre
sponded to the -CH3 bending vibrations in acetate. In the in situ FTIR 
spectra of PtCu/Cu2− xSe NWs, when the potential reached − 100 mV, 
the bands at 1646 cm− 1 of C––O bonds in acetaldehyde (CH3CHO) and 
acetyl (CH3CO*) emerged. It indicated that the C-OH formation process 
from CH3CHO to CH3COOH had slowed down, and dehydrogenation 
process was still going on. The negative band at 1230 cm− 1 represented 
the consumption of CH3CHOH* -O-Pt, which was an important inter
mediate of acetate. The bands at 1646 and 1230 cm− 1 explained that the 
oxidation of ethanol to acetate was an instantaneous process in a low 
potential range. As the potential increasing, the C2 pathway was hin
dered and the generation and consumption of intermediate were 
observed. 

Fig. 4c shows the integral intensities of bands at 1546 and 1419 cm− 1 

corresponding the formation of acetate and carbonate [53,54]. When 
the voltage raised to − 300 mV, the bands of PtCu/Cu2− xSe began to 
descend, in accord with the appearance of acetaldehyde/acetyl and 
CH3CHOH* -O-Pt. However, the bands of commercial Pt/C declined 
until reaching 0 V. Therefore, the PtCu/Cu2− xSe NWs had a better ca
pacity of hindering the formation of acetate. Moreover, the band at 
1419 cm− 1 of PtCu/Cu2− xSe NWs became smooth at a higher potential 
due to the overlapping of carbonate. For PtCu/Cu2− xSe NWs, the inte
gral intensity of band at 1419 cm− 1 was higher than that at 1546 cm− 1, 
while commercial Pt/C was the opposite. All above results demonstrate 

Fig. 4. in situ FTIR spectra of (a) PtCu/Cu2− xSe NWs and (b) commercial Pt/C with a step of 100 mV in 1.0 M KOH and 1.0 M ethanol solution (reference potential 
ER is − 1.0 V). (c) Integral in situ FTIR intensities at 1545 and 1419 cm− 1. (d) Reaction energy profile of intermediates for ethanol oxidation toward CH3COO-. 
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that the oxidation of ethanol on PtCu/Cu2− xSe surface is easier to split 
the C-C bonds to generate CO3

2-. 
The C2 product selectivities in EOR were further analyzed. After CV 

electrolyzing, the electrolytes were collected and quantitatively detec
ted by HPLC. The result showed that acetate and acetaldehyde were 
identified to be the main oxidation products (Figs. S13 and S14). By 
comparison of the ratio of integration intensity with standard concen
tration samples, the concentration of acetate and acetaldehyde in elec
trolyte are recorded in Table S3. The corresponding faraday efficiency 
for C2 pathway of PtCu/Cu2− xSe NWs and commercial Pt/C were 30.8% 
and 52.1%, respectively (Fig. S15) [55]. It suggests that PtCu/Cu2− xSe 
NWs had a higher C-C cleavage ability to generating C1 products than 
commercial Pt/C. 

DFT calculations were then performed to further describe the cata
lytic mechanism. A Cu atom in Cu2Se (111) surface is removed to create 
surface Cu defects and then a Pt13 cluster was placed on the surface to 
construct PtCu/Cu2− xSe model. The most important intermediates on 
the Pt13/Cu2− xSe (111) model were calculated and showed in Fig. S16. 
The depletion of the partial Pt orbitals upon interaction with the surface 
was observed from the differential charge density plot (Fig. S17). It 
stayed balanced between the charge density increasing of Pt-Cu and Pt- 
Se bonds and the surface atoms bonding with the adsorbed Pt atom 
[56]. Fig. 4d shows the reaction free energy profile of ethanol oxidation 
based on the computational hydrogen electrode, intermediates below 
and above the dotted line are due to exothermic and endothermic pro
cesses, respectively. Generally, three elementary reaction steps should 
be considered for the first step of ethanol-electrooxidation under alka
line condition as follows: 

The cleavage of O-H:  

CH3CH2OH@cat⋅→ CH3CH2O*@cat⋅+ H+ + e-                                 (1) 

The cleavage of α-C-H:  

CH3CH2OH@cat⋅→ CH3CHOH*@cat⋅+ H+ + e-                                (2) 

The cleavage of β-C-H:  

CH3CH2OH@cat⋅→ CH2CH2OH*@cat⋅+ H+ + e-                               (3) 

Therefore, the oxidation of ethanol leads to three possible in
termediates: CH3CH2O* , CH3CHOH* (α-hydroxyethyl) and 
CH2CH2OH* (β-hydroxyethyl). One can see that the α-C-H broken-bond 
is prior to other two kind of dehydrogenation, which is energetic 
favorable with the activation energy of 0.16 eV. The intermediates of the 
first oxidation-step were further dehydrogenated with removing a H+

and an e- to form CH3CHO, CH2CHOH* and CH3COH* . It is worth 
noting that CH2CHOH* is the predominant precursor for C-C bond 
splitting [57], so that this reaction route could go further to generate 
one-carbon intermediates (COads and CHx,ads) and finally oxidated to 
CO2. Besides, the intermediate CH3CH(OH)2* was formed by the addi
tion of OH- group into CH3CHOH* to get C-OH bond. During the process 

of C-OH formation, the OH- group was adsorbed on Pt atom, and 
CH3CHOH* -O-Pt acted as the intermediate was observed in the in situ 
FTIR spectra of PtCu/Cu2− xSe NWs. 

To demonstrate the universality of PtCu/Cu2− xSe NWs in alcohol 
oxidation reaction, the EOR in acid media and MOR in alkaline media 
were measured. For EOR in acid media (Fig. S18a-c), the MAs of PtCu/ 
Cu2− xSe NWs and commercial Pt/C were fallen to 1617 and 
609 mA mg− 1

Pt, respectively. It is obvious that the PtCu/Cu2− xSe NWs 
exhibit more excellent catalytic activity in alkaline media. It can be seen 
that the PtCu/Cu2− xSe NWs showed a highest MA among the recently 
reported Pt-based catalysts (Fig. S19). The detailed comparison in 
literature were shown in Table S5. For MOR in alkaline media 
(Fig. S18d-f), the variation trend of CV curves was similar toward EOR. 
The MA of PtCu/Cu2− xSe NWs (5.29 A mg− 1

Pt) was still greater than 
that of Pt NPs/C (1.34 A mg− 1

Pt) and commercial Pt/C (1.03 A mg− 1
Pt). 

The peak current of backward scans was obvious lower than that of EOR, 
owing to the unitary intermediates of MOR, multiple dehydrogenation 
and oxidation of EOR [58]. The CA curves (Fig. S18c) confirmed the 
durability of these catalysts. After electrolyzing for 1 h, the retained MAs 
were 415 mA mg− 1

Pt for PtCu/Cu2− xSe NWs, 134 mA mg− 1
Pt for Pt 

NPs/C, and 66 mA mg− 1
Pt for commercial Pt/C. 

Finally, the membrane electrodes were assembled (Fig. 5a). Fig. 5b 
and c show the performance of the DAFCs with commercial Pt/C as 
cathode for the oxygen reduction reaction. The DEFCs with PtCu/ 
Cu2− xSe NWs anode provided an open-circuit voltage (OCV) of 0.773 V, 
which was 240 mV higher than that of Pt/C. And the peak value of 
power density reached 7.8 mW cm− 2, which was 2.5 times higher than 
that of Pt/C. The DMFCs with PtCu/Cu2− xSe NWs anode also displayed 
210 mV higher OCV and 1.7 times higher peak power density than that 
of Pt/C. The DEFC voltage was collected at a constant current density of 
10 mA cm− 2 for 60 h. Overall, except a few fluctuations, the cell voltage 
with PtCu/Cu2− xSe NWs anode only showed a slight decline (Fig. S20a) 
[59]. However, the cell voltage with Pt/C anode dropped by over 50% 
after 35 h. For DMFCs (Fig. S20b), the cell voltage with PtCu/Cu2− xSe 
NWs anode was also more stable than that with Pt/C anode. Overall, 
both the catalytic activity and stability of PtCu/Cu2− xSe NWs outper
form the commercial Pt/C, which make it promising for alkaline DAFCs. 

3. Conclusion 

In summary, benefiting from the PtCu alloy and abundant surface 
defects, PtCu/Cu2− xSe NWs showed a remarkable activity for both EOR 
and MOR. The intermediates and the products of ethanol oxidation were 
analyzed through ex situ, in situ characteristics and DFT calculation. 
PtCu/Cu2− xSe NWs displayed higher efficiency to break C-C bond to 
produce more C1 intermediates than commercial Pt/C to oxidize ethanol 
to CO2. The assembled DEFCs with PtCu/Cu2− xSe NWs as anode pro
vided an open-circuit voltage (OCV) of 0.773 V and a peak power den
sity of 7.8 mW cm− 2. This work gives us a potential catalyst for C-C bond 
cleavage, and presents an effective strategy to enhance the 

Fig. 5. (a) Schematic diagram of DAFCs. Polarization and power density curves of (b) DEFCs and (c) DMFCs (anode: 4.0 M KOH and 2.0 M ethanol or methanol, 
cathode: O2 flow with 10 mL min− 1). 
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electrocatalytic activity of ethanol/methanol oxidation. 
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