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ARTICLE INFO ABSTRACT

Supported PtCu alloys have been broadly applied in heterogeneous catalysis and electrocatalysis
owing to their excellent catalytic performance and high CO tolerance. It is important to analyze the
outermost surface composition of the supported alloy nanoparticles to understand the nature of the
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Published 5 July 2017 catalytically active sites. In this paper, homogeneous face-centered cubic PtCu nanoparticles with a

narrow particle size distribution were successfully fabricated and dispersed on a high-surface-area
Keywords: TiO2 powder support. The samples were oxidized and reduced in situ and then introduced into the
PtCu alloy ultrahigh vacuum chamber to measure the topmost surface composition by high-sensitivity

low-energy ion scattering spectroscopy, and to determine the oxidation states of the elements by
X-ray photoelectron spectroscopy. The surface composition and morphology, elemental distribu-
tion, and oxidation states of the components were found to be significantly affected by the support
and treatment conditions. The PtCu is de-alloyed upon oxidation with CuO wetting on the TiO2 sur-
face and re-alloyed upon reduction. Phase diagrams of the surface composition and the bulk com-
position were plotted and compared for the supported and unsupported materials.
© 2017, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.
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1. Introduction dodecahedra, nanodendrites, and cubic cages have been suc-

cessfully synthesized [15-25].

Noble metal alloy catalysts have been used for a number of
applications [1-10]. In recent years, Pt-based alloys have been
widely used in various fields to reduce the amount of Pt used.
Among these alloys, the PtCu alloy is one of the most common
alloy catalysts used in heterogeneous catalysis and electroca-
talysis [2-10]. Adding Cu can improve the catalytic efficiency of
Pt, leading to a reduction in the cost and enhancement in the
catalytic performance. Most studies of PtCu alloy nanoparticles
focus on tuning the size and morphology for improving their
catalytic activities [11-14]. Different types of PtCu alloy nano-
particles including cubes, octahedrons, nanowires, rhombic

The morphology and surface composition are the most im-
portant factors that influence the catalytic performance [26,27].
However, most industrial catalysts are supported on oxides to
improve their efficiency and catalytic performance. Upon sup-
porting nanoparticles onto oxide supports, their morphology,
composition, and catalytic performance may change owing to
their interaction with the support [28-35]. The so-called sup-
port effect often occurs at the metal/oxide interface by encap-
sulation [31] or high dispersion [32-35]. Among which, strong
metal-support interaction (SMSI) is the most famous one
[28-30]. Therefore, it is crucial to determine the dispersion, the
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surface composition as a function of the bulk composition, of an
alloy catalyst.

In this paper, homogeneous PtCu alloy nanoparticles were
successfully synthesized by a solvothermal method [36]. The
obtained nanoparticles were loaded on common oxide sup-
ports. In situ X-ray photoelectron spectroscopy (XPS) [37-41]
and high-sensitivity low-energy ion scattering spectroscopy
(HS-LEIS) [42-44] were used to characterize the chemical
states and compositions after different treatments. Phase dia-
grams of the surface composition as a function of the bulk
composition were obtained and compared with those of un-
supported PtCu alloy nanoparticles.

2. Experimental

2.1. Catalyst synthesis

PtCu alloy: 4.0 mg of Pt(acac)z and 8.0 mg of Cu(acac)z were
dissolved in 3.0 mL of DMF under ultrasonication. Subsequent-
ly, 10.0 mL of CTAC (0.01 mol/L in DMF) solution was injected
under vigorous stirring. The mixed solution was further stirred
for 30 min and then transferred into a 20-mL Teflon-lined
stainless-steel autoclave. The sealed vessel was heated from
room temperature to 160 °C, maintained at this temperature
for 10 h, and then naturally cooled to room temperature. The
products were collected by centrifugation (9000 r/min for 5
min), and then washed several times with ethanol to remove
any impurities.

PtCu/TiO2 alloy nanocatalysts: The PtCu alloy nanoparticles
were uniformly dispersed in ethanol under ultrasonication and
loaded on the TiOz support (P25) using an impregnation
method and then dried at 80 °C under vacuum overnight.
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2.2. Catalyst characterization

Transmission  electron  microscopy  (TEM) and
high-resolution TEM (HRTEM) images were conducted on a
transmission electron microscope (JEM-2100) operated at 200
kV. High angle annular dark field scanning transmission elec-
tron microscopy (HAADF-STEM) and energy-dispersive X-ray
analysis spectroscopy (EDS) were performed using a FEI
TECNAI F30 high-resolution transmission electron microscope
operating at 300 kV. All samples subjected to TEM measure-
ments were prepared by impregnating the diluted suspension
in ethanol under ultrasonication with molybdenum grids (Bei-
jing Xinxing Braim Technology Co. Ltd.). The Pt and Cu contents
were analyzed quantitatively by an inductively coupled plas-
ma-optical emission spectrometer (ICP-OES, IRIS Intrepid II
XSP). X-ray powder diffraction (XRD) measurements were rec-
orded on a Rigaku Ultima IV X-ray diffractometer employing Cu
Kq radiation at 35 kV and 15 mA. The surface compositions of
the alloy were determined by XPS (Qtac-100 LEIS-XPS) using
monochromatic Al K« (1486.6 eV) radiation. The binding ener-
gies were calibrated with respect to the signal for Ti of the tita-
nia support (P25, Ti 2p3/2 binding energy of 458.8 eV). The
outermost surface compositions were detected by LEIS with
Ne*. The related peak area sensitivities were calibrated by pure
metal platinum and copper, TiO2 (110).

3. Results and discussion

The representative HAADF-STEM images (Fig. 1(a, b)) re-
veal that PtCu nanoparticles were successfully prepared with a
uniform size of ca. 13 nm. Both Pt and Cu were homogeneously
distributed in each alloy particle, as indicated by the EDS ele-
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Fig. 1. TEM (a), HAADF-STEM (b), EDS elemental mapping (c, d) images of PtCu alloy nanoparticles, high-magnification TEM images (e), XRD patterns
(f), the cross-sectional compositional line profiles (g), and EDS (h) of the PtCu alloy nanoparticles.
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Table 1
Composition of the as-prepared PtCu alloy nanoparticles.

Theoretical feed ICP-OES EDS
Element ratio XRD (mol %) (atomic %)
Pt 1 1 0.55 52.5
Cu 3 1 0.45 47.5

mental mapping images in Fig. 1(c, d) and the cross-sectional
compositional line profiles in Fig. 1(g). A lattice distance of ca.
0.22 nm was observed in the high-magnification TEM image
(Fig. 1(e)), which corresponds to the crystal lattice of the (111)
planes of the face-centered-cubic PtCu alloy [36]. XRD pattern
of the as-prepared nanoparticles only shows a group of peaks
corresponding to PtCu alloy (JCPDS NO. 48-1549). No addition-
al diffraction peaks from either Pt or Cu were detected, as
shown in Fig. 1(f). The sharp peaks and perfect match between
the diffraction peaks of the PtCu nanoparticles and standard
PtCu alloy indicated the high crystallinity of the alloy PtCu
phase. The EDS (Fig. 1(h)) and ICP-OES data both showed that
each PtCu nanoparticle was composed of Pt and Cu with a close
atomic ratio of 1:1 (Table 1). All the above information con-
firmed the formation of a homogeneous single-phase PtCu alloy
nanoparticle.

The PtCu/TiO2 sample was calcined at 250 °C in air for 2 h
to remove the CTAC surfactant. XRD results (Fig. 2) show that
the PtCu alloy phase is stable and still exists after calcining at
300 °C, but shifts to a lower angle after it was calcined at higher
temperature and reduced under Hz. This suggested the for-
mation of Pt-rich PtCux alloys.

XPS analysis was performed to investigate the chemical
state and composition for the PtCu/TiO2 samples. The atomic
percentages of the elements were calculated from the normal-
ized peak areas. The binding energy of Ti 2p3/2 at 458.8 eV was
used as a reference. The C 1s peak at 284.6 eV is commonly
used as a reference. However, for the PtCu/TiO2 with succes-
sive redox process, the C 1s peak intensity was very weak and
broad. Because TiO: is the support and is considerably stable
during the redox process, Ti 2p3/2 at 458.8 eV for TiO2 was a
better reference value. The XPS spectra of Pt 4f for the Pt/TiO2

and PtCu/TiO2 samples are presented in Fig. 3(a). The Pt 4f7,2
for the Pt/TiOz is ca. 71.0 eV, corresponding to metallic Pt. A
negative shift of 0.6 eV was observed for the PtCu/TiO: [45],
consistent with the XRD result for the formation of PtCu alloy.
The XPS spectra of Cu 2ps/2 for the Cu/TiO2 are shown in Fig.
3(b). The calcined sample shows a broad peak at 934.4 eV with
a shoulder at 932.5 eV, characteristic of Cu2* and Cu%/Cu*, re-
spectively. The reduced sample shows a peak at 931.8 eV cor-
responding to Cu® [46]. For the PtCu/TiO2 sample, the Cu 2p3,2
features are obviously different from those for the Cu/TiO2. The
peak for the alloy PtCu at 931.8 eV disappears quickly and the
Cu?+ peak gradually increases during the oxidation process in
Fig. 3(c). After the sample is reduced again, the Cu 2p3/2 peak
moves to 932.1 eV, which is slightly higher than that of 931.8
eV for the as-prepared alloy clusters in Fig. 3(d). This reveals
that after the oxidation-reduction cycle, the alloy clusters be-
come Pt rich, which may result from the high dispersion of Cu
on the TiO2 surface. The XRD (Fig. 2(b)) and TEM (not shown)
analyses also confirm that the PtCu alloy phase cannot be fully
recovered, and a Pt-rich PtCuy alloy phase forms after the oxi-
dation-reduction cycle.

The Cu 3p3/2 peak is at approximately 75 eV, which overlaps
with the Pt 4f peak. It is important to deconvolute the Cu 3ps,2
peak from the Pt 4f peak to distinguish the surface Pt species.
The Pt 4f can be fitted into three peaks (Fig. 4), 71.0-71.1 eV for
the metallic Pt, 71.8-71.9 eV for Pt* that bonds with oxygen
[47], and 70.4-70.5 eV for Pt alloyed with Cu. After oxidation at
450 °C, the peak for the alloying Pt disappears, whereas the
peaks for metallic Pt and Pt* gradually increase. Finally, the
peak for the metallic Pt becomes dominant. Oxidation of the
pre-reduced sample (Fig. 4(b)), metallic and Pt’ always coex-
ist. The difference in the Pt species obtained by direct oxidation
and oxidation of pre-reduction could result from the different
dispersion of Pt. After reduction, Pt species interacted with Cu®
to form an alloy phase again, with a small amount of Pt%,
probably owing to the interaction between Pt atoms and TiO2
or CuOx. The relative intensities of the different Pt species ob-
tained from the peak area in the curve fitting as a function of
the treating temperatures are summarized in Fig. 5.
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Fig. 2. XRD patterns of PtCu/TiO: catalysts under air (a) and Hz (b) at different temperatures.
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Fig. 3. Pt 4f(a) and Cu 2p (b) XPS spectra of Cu/TiO2,and Cu 2p XPS spectra of PtCu/TiO: after the successive treatment with air (c) and Hz (d).
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Fig. 4. Pt 4f XPS spectra with peak fitting under direct oxidation (a), oxidation (b) of the pre-reduced PtCu/TiO2, and reduction (c) of the pre-oxidized
PtCu/TiOx.

The relative area ratios from both XPS and LEIS for the depositing PtCu nanoparticles onto the TiO2 support and oxida-
PtCu/TiO2 sample during oxidation are shown in Fig. 6. After tion, both the Cu/Ti and Cu/(Cu+Pt) ratios increase signifi-
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Fig. 5. The amount of the different Pt species from in situ XPS under direct oxidation (a) and oxidation of the pre-reduced (b) PtCu/TiO-.
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Fig. 6. Variation curves of the relative content of elemental Pt/Cu on the surface of PtCu/TiO: acquired by XPS (a, c) and LEIS (b, d) during the oxida-

tion process.

cantly, but there is no significant change in the Pt/Ti ratios. The
decrease of the Pt/(Cu+Pt) ratios is clearly evident and is
caused by the increase in Cu content. These results indicate
that de-alloying occurs with Cu spreading out predominately
on the surface, and Pt clustering during the oxidation process
[48]. In contrast, upon reduction of the pre-oxidized sample,
the XPS Cu/Ti ratio decreased (Fig. 7(a)), whereas the XPS

Pt/Ti ratio remained almost constant (Fig. 7(c)). Such tenden-
cies are more apparent in the LEIS (Fig. 7(b, d)). Combined with
the core-level binding energies from XPS, it can be concluded
that part of Cu re-alloys with Pt during the reduction process.
The surface Cu amount is much higher than that of the alloy
surface as well as the bulk composition.

The above results show that the support has a significant
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Fig. 7. Variation curves of the relative content of elemental Pt/Cu on the surface of PtCu/TiO: acquired by XPS (a, c) and LEIS (b, d) during the reduc-
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effect on the dispersion and morphology of the alloy nanoparti- nates and disperses on the surface. For the unsupported PtCux
cles. It is important to understand the surface composition of samples, the surface Pt is also much lower than the bulk Pt un-
the supported alloy nanoparticles. A phase diagram of the sur- der both the oxidation and reduction processes. The Pt ratio of
face composition versus their bulk composition is the most the supported sample is higher when reduced at 400 °C but
intuitive to graphically display such alloy effects (Fig. 8). The lower when oxidized at 400 °C than those for the unsupported
Pt/total metal ratios obtained by both XPS and LEIS are signifi- samples. This demonstrates that the support plays a key role in
cantly lower than in the bulk, which indicates that Cu domi- determining the surface composition of an alloy sample.
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Fig. 8. Phase diagrams of the surface composition versus the bulk composition for (a) supported PtCux alloy catalysts, and (b) unsupported PtCux
bimetallic catalysts.
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Scheme 1. Schematic drawing of the redox process for the surface
properties and change rule PtCu/TiO: alloy nanoparticles.

The changes of the chemical state, morphology and compo-
sition of the PtCu/TiOz alloy nanoparticles are illustrated in
Scheme 1. According to the core-level binding energy shift of Cu
2p and Pt 4f, the change of Cu® to Cu?+ and Cu* to Cu® and small
amount of Cu* during the oxidation and reduction processes,
respectively, are confirmed. From the elemental ratios deter-
mined by XPS and LEIS, oxidation results in a significant in-
crease of the surface Cu amount but not Pt, which indicates that
de-alloying occurs with Cu forming CuO wetting on the support
surface. In contrast, reduction leads to a decrease in the
amount of surface Cu, which indicates that de-wetting and
re-alloying occurs.

4. Conclusions

In summary, homogeneous face-centered cubic PtCu alloy
nanoparticles were successfully synthesized by the solvother-
mal method and dispersed onto a TiO2 support. The surface
composition and chemical states were investigated by in situ
XPS and LEIS. Upon oxidation, de-alloying takes place with Cu
being oxidized and well dispersed on the oxide support,
whereas Pt being metallic and clustering. Reduction of the
pre-oxidized PtCu/TiOz results in partial re-alloying of the sur-
face Cu with Pt. The surface composition is significantly differ-
ent from that of the bulk one, with a high Cu content on the
surface. The support plays an important role in the dispersion
of Cu.

References

[1] M.S. Chen, D. Kumar, C. W.Yi, D. W. Goodman, Science, 2005, 310,

[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]
[22]

[23]

[24]

[25]

1235

291-293.

M. S. Chen, D. W. Goodman, Chin. J. Catal., 2008, 29, 1178-1186.

T. Komatsu, A. Tamura, /. Catal., 2008, 258, 306-314.

D. Liang, . Gao, ]. H. Wang, P. Chen, Y. F. Wei, Z. Y. Hou, Catal
Commun., 2011, 12, 1059-1062.

S. H. Zhou, B. Varughese, B. Eichhorn, G. Jackson, K. Mcllwrath,
Angew. Chem. Int. Ed., 2005, 44, 4539-4543.

L.Y.Li, Z. Y. Xu, F. L. Liy, Y. Shao, J. H. Wang, H. Q. Wan, S. R. Zheng,
J. Photochem. Photobio. A, 2010, 212,113-121.

J. Knudsen, A. U. Nilekar, R. T. Vang, ]. Schnadt, E. L. Kunkes, J. A.
Dumesic, M. Mavrikakis, F. Besenbacher, J. Am. Chem. Soc., 2007,
129, 6485-6490.

F. Papa, A. Miyazaki, M. Scurtu, A. C. lanculescu, . Balint, J. Nano-
part. Res., 2014, 16,2249/1-2249/12.

W. J. Kang, R. Li, D. H. Wei, S. L. Xu, S. Y. Wei, H. B. Li, RSC Adv.,
2015, 5,94210-94215.

H. Xu, Q. Fu, X. H. Bao, Chin.J. Catal., 2013, 34, 2029-2035.

H. D. Zhao, C. Z. Yu, H.]. You, S. C. Yang, Y. Guo, B.]. Ding, X. P. Song,
J. Mater. Chem., 2012, 22, 4780-4789.

Y. X. Wang, H.]. Zhou, P. C. Sun, T. H. Chen, J. Power Sources, 2014,
245, 663-670.

Y.J. Li, F. X. Quan, E. B. Zhy, L. Chen, Y. Huang, C. F. Chen, Nano Res.,
2015, 8,3342-3352.

G. L. Zhang, Z. Z. Yang, W. Zhang, H. W. Hu, C. Z. Wang, C. D. Huang,
Y. X. Wang, Nanoscale, 2016, 8, 3075-3084.

D. Xu, S. Bliznakov, Z. D. Liu, J. Y. Fang, N. Dimitrov, Angew. Chem.
Int. Ed., 2010, 49, 1282-1285.

X.Y. Zhao, B. B. Luo, R. Long, C. M. Wang, Y. J. Xiong, J. Mater. Chem.
A, 2015, 3,4134-4138.

Y. Q. Jiang, Y. Y. Jia, ]. W. Zhang, L. Zhang, H. Huang, Z. X. Xie, L. S.
Zheng, Chem. Eur. J.,2013,19,3119-3124.

Y. Y. ]ia, Y. Q. Jiang, J. W. Zhang, L. Zhang, Q. L. Chen, Z. X. Xie, L. S.
Zheng, J. Am. Chem. Soc., 2014, 136, 3748-3751.

J. P. Lai, L. Zhang, W. ]. Qj, ]. M. Zhao, M. Xu, W. Y. Gao, G. B. Xu,
ChemCatChem, 2014, 6, 2253-2257.

M. L. Xiao, S. T. Li, X. Zhao, ]. B. Zhu, M. Yin, C. P. Liu, W. Xing,
ChemCatChem, 2014, 6, 2825-2831.

W. Hong, ]. Wang, E. Wang, Nano Res., 2015, 8, 2308-2316.

B.Y. Xia, H. B. Wu, X. Wang, X. W. Lou, J. Am. Chem. Soc., 2012, 134,
13934-13937.

E. Taylor, S. T. Chen, J. Tao, L. ]. Wy, Y. M. Zhy, ]. Y. Chen, ChemSus-
Chem, 2013, 6,1863-1867.

S. F. Fu, C. Z. Zhuy, Q. R. Shi, H. B. Xia, D. Dy, Y. H. Lin, Nanoscale,
2016, 8,5076-5081.

X. H. Sun, K. Z. Jiang, N. Zhang, S. J. Guo, X. Q. Huang, ACS Nano,

Chin. J. Catal, 2017, 38: 1229-1236

The effect of the support on the surface composition of PtCu
alloy nanocatalysts: In situ XPS and HS-LEIS studies

Junjie Huang, Yanying Song, Dongdong Ma, Yanping Zheng,
Mingshu Chen *, Huilin Wan
Xiamen University

Upon oxidation, de-alloying of PtCu takes place and Cu is oxidized
and well dispersed on a TiOz support, whereas Pt is being metallic
and clustering. Reduction results in partial re-alloying of Cu with
Pt.

doi: 10.1016/S1872-2067(17)62857-2

Graphical Abstract

PtCu@Pt/Cu,0
PtCu alloy Pt/CuO Pt,;,Cu/Cu
Oxidation Reduction
BN TIO, @Pt ® CuO, @ Cu @ PtCu,alloy




1236 Junjie Huang et al. / Chinese Journal of Catalysis 38 (2017) 1229-1236

2015, 7, 7634-7640. Encyclopedia of Physical Science and Technology, 3rd edition. R.

[26] ]J.N.Wang, H. X. Dai, H. He, Chin. J. Catal,, 2011, 32,1329-1335. A. Meyers, ed. Academic Press, NY, 2002, 17, 921-938.

[27] C.M.Wang, S. Bai, Y.]. Xiong, Chin. J. Catal. 2015, 36, 1476-1493. [39] E.B.Fox, A.F.Lee, K. Wilson, C. S. Song, Top. Catal., 2008, 49, 89-96.

[28] S.].Tauster, Acc. Chem. Res., 1987, 20, 389-394. [40] S. Cao, J. R. Monnier, C. T. Williams, W. J. Diao, ]. R. Regalbuto, J.

[29] Q.Fu, T. Wagner, Surf. Sci. Rep., 2007, 62, 431-498. Catal,, 2015, 326, 69-81.

[30] D.S.Mao, G.Z.Luy, Q. L. Chen, Chin. J. Catal., 2004, 25, 501-510. [41] S.Alayoglu, G. A. Somorjai, Top. Catal,, 2015, 59, 420-438.

[31] S. Schauermann, N. Nilius, S. Shaikhutdinov, H. ]J. Freund, Acc. [42] E.Taglauer, W. Heiland, Appl. Phys., 1976, 9, 261-275.

Chem. Res., 2013, 46, 1673-1681. [43] M. Casagrande, S. Lacombe, L. Guillemot, V. A. Esaulov, Surf. Sci.

[32] Q.Fuy,F.Yang, X. H.Bao, Acc. Chem. Res., 2013, 46, 1692-1701. Rep., 2000, 445, L36-L40.

[33] X.N. Chen, ]. Y. Chen, Y. Zhao, M. S. Chen, H. L. Wan, Chin. J. Catal, [44] H.R.]. ter Veen, T. Kim, 1. E. Wachs, H. H. Brongersma, Catal. To-
2012, 33,1901-1905. day, 2009, 140, 197-201.

[34] L.Dong, X.].Yao, Y. Chen, Chin. . Catal., 2013, 34, 851-864. [45] Z.Xu, H. M. Zhang, S. S. Liy, B. S. Zhang, H. X. Zhong, D. S. Su, Int. J.

[35] X.].Yao,F.Gao, L. Dong, Chin. J. Catal.,, 2013, 34, 1975-1985. Hydrogen Energy, 2012, 37,17978-17983.

[36] Y.Y.]ia, ]. Y. Sy, Z. B. Chen, K. Tan, Q. L. Chen, Z. M. Cao, Y. Q. Jiang, [46] N. Barrabés, A. Frare, K. Fottinger, A. Urakawa, J. Llorca, G. Rup-
Z.X.Xie, L. S. Zheng, RSC Adv., 2015, 5, 18153-18158. prechter, D. Tichit, Appl. Clay Sci., 2012, 69, 1-10.

[37] C.D.Wagner, W. M. Riggs, L. E. Davis, ]. F. Mouler, G. E. Muilenberg, [47] D.R.Butcher, M. E. Grass, Z. H. Zeng, F. Aksoy, H. Bluhm, W. X. Li, B.
Handbook of X-ray Photoelectron Spectroscopy, Perkin-elmer Cor- S. Mun, G. A. Somorjai, Z. Liu, | Am. Chem. Soc, 2011, 133,
poration, Physical Electronics Division, Eden Prairie, Minnesota, 20319-20325.

USA, 1979, 190. [48] R.T.Muy, Q. Fu, H. Y. Liu, D. L. Tan, R. S. Zhai, X. H. Bao, Appl. Surf.

[38] C.C.Chusuei, D. W. Goodman, X-ray Photoelectron Spectroscopy, In Sci,, 2009, 255, 7296-7301.

AR RIXPSFAHS-LEISTFR £ A3 PtCus £ 40K 1L 7 R 2B X B9 =21

ERA, RIFE, DAL AR, A, 7 ER
BASASRTEE, BARENEAFERELLRE, BREL TR L HX TELRE, B8 1361005

FEE: PUE—m. FasE AT, (HPEEEYsa sk FLA RS B 5, BRI T 302 BRI . A ] LAAEPE T 5 K A 9
b, HAEFERE D 5 m SL A Pk B, D V2 N T 2 AR AR LA, LR PtCus 42 — 2R ARAT i S I i 4L 77, Cu¥t it
Fw . MRARRR, AR T oA, 1 H i &SR0V Ee & Tk st et i TF&ankift. Bk, AR
P s i S A RE ) TR L IR 35, H BTIF UK 22 DGR IX SEAREAE (1) T 425 6 Bk

SR, K2 Tk 48 A A 57 02 5 3 T b LB s i Ak B, A S KR 1R TE 50 DA R 2 1T A1l PR 5 8 A4/ T
BT, o T AR RN, X AR IR SR AR S AL, Re e m R il SORIDES R R s dEim
SR HAEAL TR, H b i FACR PRI G - AR s A B AR . DRI, WSS [R) SR A 8 A L 4 S AR AR 1 20 ERE « 6 1T 2
225, R AR AN TR AR RS, ) BH A% e AL R PR e (0 S B R D R S (R i T 2 AR AR I S A%, B3R
i R BINARTBUR D, H AT CHGE IS A 2. 354 R S 1) iy R B0 AIK BE 25 1 HIUH i (HS-LEIS) 2 R 11 2 R 8501 ik
AR, T LA B 2 111 2 1R 4 ORI 5 3t

AR SR P FFRILIE S50 T il 46 T 34— A BRI A I PtCu & 4K UKL, JFia R0 L 4R TIO,
Bk L, DURIEAA Lok 41 B35 —E. SR U BR AT X5 265 FiL 7 AE 1% (XPS) R iR HS-LE IS X 61 2 I PtCu & - 42K
AL FIAEAS R S b B S B R T AT A 2R AR HEAT RAE, RIUVEACTI IR AL 340« FESURIAL 220 IR 2 525 52 B 3k ik
AL ER A AR e, [ ] 75 380 G B8R A 7 38 A AR 79 2 TR AL R 5 AR A AL o0 R AR . 45 S 3R W, PtCuJTiO i AL 77 1%
SRR, Culbl AL IR e SRR Al e, Pt-Cuf SRS HLIR, PEATRE = 2B o — &8 gk, JEE Ft i
AT RSP . AR JE S Js i FE AR, 80 MO S5 K Cu, S5 PO B B PHA Gk 1. ALK 12 1 35 Cu, PUR /D, SR 4L AT
AR 2259, i B 8 A s Cun ) 2 B 3] o 4 1
FKHEIR: G4 A B, RINAIEG AR B X-5 80 B R il A 2 1 U i

W A5 B H: 2017-04-11. 4% H #1: 2017-05-12. i B H #: 2017-07-05.

*E A AL WIE/MEE: (0592)2183723; H F 1= 44: chenms@xmu.edu.cn

H4RE: BRESERTR LK BT X973 %], 2013CB933102); [E K B 4 £+ 2 4 (21273178, 21573180, 91545204); /& |1 £ %
A S R TR F]

AR SCHY 3 TR F IR i Elsevier tH ik 4 7 ScienceDirect_E H AR (http://www.sciencedirect.com/science/journal/18722067).



