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Article history: Supported-Au catalysts show excellent activity in CO oxidation, where the nature of the support has

Received 20 April 2020 a significant impact on catalytic activity. In this work, a hexagonal boron nitride (BN) support with a

Accepted 26 May 2020 high surface area and adequately exposed edges was obtained by the ball-milling technique. There-

Published 5 March 2021 after, impregnation of the BN support with Cu(NOs)2 followed by calcination under air at 400 °C
yielded a CuO-modified support. After Au loading, the obtained Au-CuOx/BN catalyst exhibited high

Keywords: CO oxidation activity at low temperatures with a 50% CO conversion temperature (Ts0%) of 25 °C

and a complete CO conversion temperature (T100%) of 80 °C, well within the operational tempera-
Au catalyst ture range of proton exchange membrane fuel cells. However, the CO oxidation activity of Au/BN,
CO oxidation prepared without CuOy for comparison, was found to be relatively low. Our study reveals that BN
Cuo alone disperses both Cu and Au nanoparticles well. However, Au nanoparticles on the surface of BN
in the absence of CuO species tend to aggregate upon CO oxidation reactions. Conversely, Au nano-
particles supported on the surface of CuO-modified BN remain small with an average size of ~2.0
nm before and after CO oxidation. Moreover, electron transfer between Au and Cu species possibly
favors the stabilization of highly dispersed Au nanoparticles on the BN surface and also enhances
CO adsorption. Thus, our results demonstrate that thermally stable and conductive CuO-modified
BN is an excellent support for the preparation of highly dispersed and stable Au catalysts.
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Published by Elsevier B.V. All rights reserved.
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1. Introduction the support [3,4], and the presence of additional promoters

[5-7]. Notably, varying the support material can significantly

CO oxidation at low temperatures (<200 °C) has been exten-
sively studied owing to its potential practical applications and
fundamental importance as a prototypical oxidation reaction
for probing the activities and mechanistic details of novel cata-
lysts. Supported-Au catalysts have attracted considerable at-
tention and are generally accepted as the most active catalysts
for CO oxidation [1,2]. Many factors can affect the activity of
supported-Au catalysts, such as Au particle size, the nature of

influence the catalytic performance of Au in this reaction sys-
tem as different support materials exhibit different met-
al-support interactions [8], oxygen activation abilities [9,10],
and even surface functional groups [11].

Generally, reducible oxides such as CeOz and TiO2z are used
for the immobilization of Au nanoparticles owing to their
strong metal-support interactions [12-14]. This type of support
is also beneficial for oxygen activation, consequently promoting
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the activity of Au catalysts in CO oxidation. Non-reducible ox-
ides that have large surface areas and are rich in defects, such
as Alz03, are also considered to be excellent support materials
for Au catalysts and to enhance CO oxidation activity [15,16].
Furthermore, the addition of transition-metal or metal oxides
can enhance the activity of Au catalysts by adjusting the elec-
tronic properties of the Au and promoting oxygen activation
during the reaction [17,18]. Nevertheless, the mechanisms by
which reducible and non-reducible oxides influence the cata-
lytic performances of Au catalysts remain unclear and some-
times controversial owing to the coexistence of electronic and
geometric effects in one support.

Since the discovery of its high activity and selectivity in the
oxidative dehydrogenation of  propane [19-21],
two-dimensionally structured, thermally stable, and conductive
boron nitride (BN) has attracted increasing attention as a novel
active catalytic material. Moreover, spherical BN has been
demonstrated as an excellent support for Au-Cu alloy nanopar-
ticles, showing high activity in the selective oxidation of ethanol
[22]. Compared to bulk BN, nanosized BN has a larger exposed
surface and edges that allow the high dispersion of metal parti-
cles on its external surface defects, thus facilitating fast kinetic
transfer [23]. Furthermore, the non-reducibility of BN and its
relatively weak interactions with active metallic species make it
easier to determine the origin of Au-catalyst activity in CO oxi-
dation. In addition, when considering the exothermic nature of
CO oxidation, the use of BN, which exhibits high thermal con-
ductivity, may minimize the formation of reaction hot spots,
making low temperature activity more reliable.

Accordingly, in this study, we used BN as a support material
for the preparation of novel Au catalysts for CO oxidation at low
temperatures. Furthermore, a recent study demonstrated a
synergistic interaction between Au and Cu species [24] that
may help to keep Au nanoparticles small and stable. Therefore,
CuO was used as an additive, thus affording Au-CuOx/BN cata-
lysts. The optimum catalyst exhibited high activity, with a Tsoq
(50% CO conversion temperature) value of 25 °C and a T100%
(100% CO conversion temperature) value of 80 °C, meeting the
operational temperature requirements of catalysts for proton
exchange membrane fuel cells. The catalyst was characterized
by various means in order to reveal the roles of the BN support
and metal species in the catalytic reaction.

2. Experimental
2.1. Preparation of BN supports

Commercial hexagonal BN (Aladdin) was processed by
planetary ball-milling (QM-3SP04) at 400 rpm for 4 h and then
washed for 2 h with deionized water at 80 °C. Subsequently, the
wet samples were suction-filtered and dried in an oven at 50 °C
overnight to obtain the ball-milled BN supports.

2.2.  Preparation of Au-CuOyx/BN catalysts

The BN support was first incipiently impregnated using
Cu(NOs3)2 aqueous solution at a theoretical CuO/BN mass ratio

of 0.03 (3 wt%). Then, the sample was maintained at room
temperature for 2 h and dried at 50 °C for 12 h. Finally, the
sample was calcined at 400 °C for 2 h in air to obtain CuO/BN.

The Au-CuOx/BN catalyst was prepared by a typical deposi-
tion-precipitation method at a theoretical Au/BN mass ratio of
0.03 (3 wt%). Typically, a HAuCls solution was added dropwise
to an aqueous suspension of CuO/BN at room temperature. The
pH of the mixture was adjusted to 8-9 using (NH4)2COs3 solution
and the resulting solution was kept at 60 °C for 2 h. The prod-
ucts were then washed four times with deionized water and
once with alcohol followed by centrifugal separation and dry-
ing under vacuum. Subsequently, the powder was heated to
250 °C at a heating rate of 5 °C/min and this temperature was
maintained for 2 h under an oxygen atmosphere. The obtained
catalysts are termed Au-CuOx/BN. Using a theoretical Au/BN
mass ratio of 0.01, another sample (1Au-CuOx/BN) was ob-
tained. For comparison, Au nanoparticles were supported on
the same batch of BN using the above-mentioned preparation
method, and the resulting catalyst is termed Au/BN.

2.3. Catalytic activity

Catalytic activity was evaluated using a fixed-bed quartz
U-tube reactor using 50 mg catalyst diluted with 300 mg quartz
sand (40-60 mesh). Mixtures of liquid N2 and isopropanol at
different ratios were prepared and stored in Dewar bottles,
with which cold traps with temperatures of -20 and -10 °C
were made. A mixture of ice and water was used to prepare a 0
°C cold trap. A thermocouple was used to monitor the temper-
ature of the mixture during the reaction. Constant tempera-
tures of 20 °C and above were achieved by a temperature con-
troller connected to an electric heating furnace coupled with a
thermocouple. Another thermocouple with a quartz sleeve
fixed above the catalyst bed at a distance of <1 mm was used to
monitor the temperature of the catalyst bed. The temperature
of the catalyst bed was taken as the reaction temperature. The
program heating rate was 1 °C/min. For the reaction gas, the
total flow rate was 67 mL/min and the composition was 1%
CO, 20% Oz, and 79% Nz. The composition of the effluent gas
was analyzed using an online GC-7890 gas chromatographer
(Techcomp) equipped with a thermal conductivity detector and
a 5-A molecular sieve column. The temperatures at which 50%
and 100% CO conversions were achieved are termed Tso% and
T100%, respectively.

2.4. Catalyst characterization

Powder X-ray diffraction (XRD) measurements were per-
formed on a PANalytical X'Pert3 powder diffractometer using
Cu Kz radiation (A = 0.15406 nm). Diffraction patterns were
collected with Cu Kz radiation (40 kV, 40 mA) over the 20 range
10°-90°.

The actual loadings of Au and Cu in the catalysts were
measured by inductively coupled plasma mass spectrometry
(ICP-MS, PerkinElmer). Nitrogen adsorption-desorption iso-
therms were obtained with a Micromeritics TriStar 3000 ad-
sorption analyzer. Before the measurements, all the samples
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were degassed at 200 °C for 4 h, then nitrogen adsorption and
desorption analyses were performed at liquid-nitrogen tem-
perature (-196 °C). The specific surface areas (Aser) were cal-
culated from the adsorption data in the relative pressure range
0.053-0.3 using the Brunauer-Emmett-Teller (BET) method.

The morphology of the ball-milled BN was investigated us-
ing scanning electron microscopy (SEM, Hitachi SU8220) at 20
kV. Transmission electron microscopy (TEM, TECNAI F30)
images were recorded at an accelerating voltage of 300 kV by
dispersing ground powders in ethanol and then onto holey
carbon films supported on Cu grids. High-angle annular dark
field  scanning  transmission  electron  microscopy
(HAADF-STEM) and energy dispersive X-ray spectroscopy
(EDS) elemental mapping were conducted on a JEM-2100 F
microscope.

Hydrogen temperature-programmed reduction (Hz-TPR)
analyses were performed on a Micromeritics Autochem II 2920
apparatus. The samples were first dehydrated at 150 °C for 30
min under a He atmosphere. After cooling down to 50 °C, the
samples were heated to 300 °C at a ramp rate of 10 °C/min in
8% Hz/Ar flow.

A Thermo Nicolet 6700 Fourier-transform infrared (FT-IR)
spectrometer was used to record the FT-IR spectra of the sam-
ples. The sample was mixed with potassium bromide and com-
pressed, then scanned directly at room temperature. Scans
were performed 64 times with a resolution of 4 cm-! in the
wavenumber range 640-4000 cm-!. Diffuse reflectance infra-
red Fourier transform (DRIFT) spectra were recorded on a
Bruker 70V spectrometer with an in situ reaction cell
(HARRICK) and a mercury cadmium telluride detector cooled
with liquid N2. The unpretreated samples were heated in an in
situ reaction cell to 250 °C for 2 h under oxygen flow then
cooled to 30 °C in a N2 atmosphere to collect the background
spectrum. Thereafter, 5% CO/Nz was fed for 20 min. Subse-
quently, the spectra were collected until no change in the ad-
sorption band intensities in flowing N2 was observed.

X-ray photoelectron spectroscopy (XPS) analysis was car-
ried out with a Thermo VG ESCALAB 250 Microprobe instru-
ment using Al K. radiation as the X-ray source. The binding
energies of the elements were calibrated with reference to the
C 1s peak for adventitious carbon at 284.6 eV. All samples were
pretreated at 250 °C for 2 h under oxygen atmosphere, sealed,
and stored in vials before XPS measurements.

3. Results and discussion

Compared to commercial BN, the ball-milled BN exhibits
lower crystallinity (Fig. S1(a)), higher specific surface area (Fig.
S1(b), Table S1), and more abundant surface functional groups
(Fig. S2). Ball-milling is a high-energy process that is known to
break down crystalline h-BN and create irregular layered
stacks and surface defects [25]. These exposed defects are un-
stable and readily react with moisture, thereby forming B-OH
and -NHz groups. In this study, ball-milled BN was used as a
catalyst support.

TEM and SEM measurements were used to observe the
morphologies of the as-synthesized support and catalysts.

From the SEM images (Fig. S3(a)), the ball-milled BN modified
with Cu species shows closely packed sheet-like structures.
Figure S3(b)-(f) shows the microstructure of the CuO/BN cat-
alyst. It can be seen that Cu species are finely distributed on the
surface and especially the edges of the ball-milled BN. From the
TEM images of the fresh Au/BN catalyst, the average size of the
Au nanoparticles is ~2.8 nm, and several large Au particles (>5
nm) can be observed (Fig. 1(a), (c); Fig. S4(a), (c)). For the
Au-CuOx/BN catalyst, the Au nanoparticles are well dispersed
with an average size of ~2.0 nm (Fig. 1(b), (d); Fig. S4(b), (d)),
demonstrating that pre-modification of BN with CuO effectively
maintains the Au nanoparticles at smaller sizes and improves
their dispersion. According to the elemental mapping results
for the Au-CuOx/BN catalyst (Fig. S5), Cu and oxygen are mainly
distributed over the edges of the ball-milled BN and the Au
nanoparticles are coordinated with the Cu and oxygen. These
results indicate that the functional groups and/or defects on
the ball-milled BN may immobilize the CuO, which then further
stabilize the Au nanoparticles.

The XRD patterns of the support and catalysts are shown in
Fig. 2(a). For the ball-milled BN, there are six peaks at 20 =
26.7°, 41.6°, 43.9°, 55.1°, 75.9°, and 82.1°, attributable to hex-
agonal BN (ICDD 01-073-2095). After loading with Cu, no peaks
for Cu species are detected, which may be due to their high
dispersion. After loading with Au, very weak and broad peaks
representing Au can be observed for both Au/BN and
Au-CuOx/BN catalysts, indicating highly dispersed Au species
with small particle sizes. The porosities of the BN and CuO/BN
structures were analyzed by N2 sorption (Table S1). The spe-
cific surface areas of BN and CuO/BN were determined to be 98
and 57 m2/g and the corresponding pore size distributions are
centered at 12.4 and 25.5 nm, which indicates the presence of
mainly stacking mesopores.

The catalytic performances of BN, Au/BN, CuO/BN, and
Au-CuOx/BN for CO oxidation were investigated. As shown in
Fig. 2(b), Au/BN shows negligible activity while CuO/BN exhib-
its very low catalytic performance. In the low-temperature

50inm 5 i 2P e
Fig. 1. TEM images and particle-size distributions of Au/BN (a,c) and
Au-CuOx/BN (b,d) catalysts.
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Fig. 2. (a) XRD patterns of ball-milled BN, Au/BN, CuO/BN, and Au-CuO,/BN catalysts; (b) CO oxidation activities of ball-milled BN, CuO/BN, Au/BN,

and Au-CuOx/BN catalysts with different Au loadings.

range, CO molecules mainly react with the oxygen species on
Au/BN provided by the hydroxyl groups or adsorbed oxygen.
An increase in the reaction temperature decreases the coverage
of absorbed oxygen-containing surface species and, conse-
quently, lowers catalytic activity [26]. In addition, as shown in
Fig. 1(a) and Fig. 3(a), the Au nanoparticles on the Au/BN cata-
lyst are distinctly aggregated after reaction, indicating that
h-BN does not stabilize Au nanoparticles well. After calcination
at 400 °C, the Cu species in the CuO/BN catalyst mainly exist as
Cu?+ (Fig. 4(c)) that only weakly adsorb CO in the reaction [27].
This leads to poor activity at low temperatures. However, the
Au-CuOx/BN catalyst shows excellent CO oxidation activity,
with Tio0% at 80 °C, which is in the upper level for unreducible
supported Au catalysts (Table S2). The high thermal conductiv-
ity of BN may be beneficial for reducing the formation of hot
spots in the CO oxidation reaction. Furthermore, the functional
groups and/or defects on the ball-milled BN may stabilize the
CuO, which can then anchor Au species. As a consequence, cat-
alytic activity is improved because of the small immobilized Au
particles. When the Au loading is reduced to only 1 wt% (cal-

culated based on a Au/BN mass ratio of 0.01), the
1Au-CuOx/BN catalyst still achieves 100% CO conversion at
150 °C (Fig. 2(b)). Compared to monometallic catalysts,
Au-CuOx/BN shows a significant increase in catalytic activity,
indicating the promotional effect of Cu species on the BN sup-
port.

To identify the origin of the catalytic activity and the effect
of Cu addition, a series of structural analyses of the used cata-
lysts was conducted. According to the TEM images, distinct
agglomeration of Au particles on the used Au/BN catalysts oc-
curs upon reaction, and the average Au particle size increases
to 45 nm (Fig. 3(a)). However, in the case of the used
Au-CuOx/BN catalyst, the average Au particle size increases
only slightly to 2.7 nm (Fig. 3(b)), indicating that the loading of
Cu species effectively enhances the stability of Au nanoparti-
cles, keeping them as small as possible (Table S3). The CuOx
may be highly dispersed and stabilized by the -OH and -NHz
groups over the surface of BN [28], and CuOx exhibits strong
interaction and compatibility with Au. Therefore, the small Au
nanoparticles on BN are stabilized with the assistance of CuOx.

+ Au(111)
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I + Au/BN-used

| BN ICDD: 01-073-2095
II [ | I T
20 40 60 80
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Fig. 3. TEM images and particle size distributions of Au/BN-used (a) and Au-CuOx/BN-used (b) catalysts; (c) XRD patterns of Au/BN-used and

Au-CuOx/BN-used catalysts.



392 Fan Wu et al. / Chinese Journal of Catalysis 42 (2021) 388-395

(a)
CuO/BN
226 Au-CuO /BN
—— AWBN
_
=
S
=
g
2 95 24 245
a }
o ! ' |
F
50 7300
e T SR
L} L} L} L}
100 200 300 400
Temperature ("C)
© -
Cu2p b
— Au-CuO/BN
- :
)
2
G
g
2
=

T M L} M L} M L} M L} M l
966 959 952 945 938 931
Binding energy (eV)

(b)

Audf 84.4
< |AwCuO/BN /
v
=
Qo
E 83.9
AwBN
\J v J v \J v L v L v \J
92 90 88 8 84 82
Binding energy (eV)
(@
CuLMM
B
<
2
Z
=
g
=

) ) ) ) )
921 918 915 912 909
Kinetic energy (eV)

Fig. 4. (a) H2-TPR patterns of CuO/BN, Au/BN, and Au-CuOx/BN catalysts; (b) Au 4f XPS profiles; Cu 2p XPS profiles (c) and corresponding Cu LMM

Auger electron spectra (d) of Au-CuOx/BN and CuO/BN catalysts.

The XRD results show that the intensities of the peaks for Au
increase for both used Au/BN and used Au-CuOx/BN catalysts
(Fig. 3(c)), indicating the agglomeration of Au nanoparticles.
The results agree with those of TEM observation.

Since the reduction of oxidic Cu and Au species can occur in
the CO oxidation reaction, Hz-TPR analysis was performed to
study the reduction properties of the catalysts. As shown in Fig.
4(a), no distinct reduction peak is observed for oxidized Au in
the Au/BN catalyst, indicating that Au remains in the metallic
state after oxidation pretreatment. For the CuO/BN catalyst, the
single hydrogen consumption peak at 226 °C is due to the re-
duction of CuO on the BN support [29]. After depositing Au on
CuO/BN, the presence of three reduction peaks instead of one
(as in the case of CuO/BN) is an indication of the existence of
more than one CuOx species in the catalyst.

The electronic states of active surface species are crucial
factors that influence catalytic behavior. Accordingly, XPS ex-
periments were performed to investigate the local electronic
environments of surface Au and Cu species. The photoelectron-
ic splitting of Au in Au/BN results in binding energies of 83.9
and 87.6 eV, assigned respectively to the 4f7/2 and 4f5,2 orbitals
of metallic Au (Fig. 4(b)) [30]. For Au-CuOx/BN, both peaks shift

to higher binding energies, and this can be attributed to the
existence of Aué*. Furthermore, the corresponding Cu 2ps;2
spectrum has two peaks, which are assigned to Cu2+ and Cu+
accompanied by characteristic Cu2+ shake-up satellite peaks
(Fig. 4(c)) [31]. Similarly, both Cu2+ and Cu* species are detect-
ed on the monometallic CuO/BN catalyst. The existence of Cu*,
which has been proved to be beneficial for oxygen activity and
mobility, is further confirmed by the Cu LMM Auger spectra
(Fig. 4(d)) [32]. Further information can be obtained from the
O 1s spectra, shown in Fig. S6. For the Au/BN catalyst, the O 1s
peak centered at 532.9 eV corresponds to oxygen bonded with
the B-edge [33]. For the Au-CuOx/BN catalyst, this peak shifts to
a lower binding energy (~531.1 eV), which is due to the exist-
ence of lattice oxygen.

CO-DRIFT spectra were obtained to explore the electronic
states of the active species (Fig. 5). After CO adsorption satura-
tion, three bands at 2077, 2122, and 2168 cm-! are observed
for Au/BN, which may be ascribed to the absorption of CO ad-
sorbed on Aud-, Au®, and Aué+ species, respectively [34-38]. The
intensity of the CO absorption peak around 2122 cm-! is higher
for Au-CuOx/BN than for Au/BN owing to the existence of Cu*
in the former [27,39,40]. The peaks at 2338 and 2360 cm-!



Fan Wu et al. / Chinese Journal of Catalysis 42 (2021) 388-395 393

2122 Au-CuOX/BN

o
40s
80s
120's
240's
360 s
480 s

600 s

Absorbance (a.u.)

L v Ll v L v
2200 2100 2000 1900

Wavenumber (cm’l)

(b)

AwBN

‘ 0.04

0s

- 2168 2122 40's
s
o
Q
=i
<
<
]
12}
e}
<

L v Ll v L v
2200 2100 2000 1900

Wavenumber (cm’')

Fig. 5. DRIFT spectra for CO adsorption over Au-CuOyx/BN (a) and Au/BN (b) catalysts with nitrogen purging after CO adsorption saturation.

represent gaseous COz over the Au-CuOx/BN catalyst (Fig. S7)
[5], and they are not observed for the Au/BN catalyst. This
phenomenon may indicate that the activated oxygen on the
Au-CuOx/BN catalyst readily reacts with adsorbed CO. It should
be pointed out that bands at 2120 and 2170 cm-! are often
detected for gaseous CO, which can be easily eliminated by N2
purging. With increasing purging time, all three bands for the
Au/BN catalyst gradually disappear, while the band at 2122
cm-! for Au-CuOx/BN remains. Furthermore, the intensities of
the three peaks decrease more slowly for Au-CuOx/BN than for
Au/BN upon purging for the same period of time, indicating
stronger CO adsorption for the former due to changes in the
electronic environments of the Au and Cu species.

Based on these results, the improved catalytic activity of
Au-CuOx/BN may be attributed to the electron transfer effects
of Au and Cu species. First, the interaction between Au nano-
particles and CuO/BN keeps the size of the Au particles rela-
tively small, thus producing more active sites. Second, CO mol-

ecules can be adsorbed on the surfaces of both Au nanoparti-
cles and Cu species, and the introduction of Cu distinctly
strengthens CO adsorption on Au-CuOx/BN catalyst. In addition,
the changes in the electronic environments of Au and Cu spe-
cies enhance the mobility of oxygen and thus improve CO oxi-
dation activity at relatively low temperatures over the inert BN
support.

4. Conclusions

In this work, ball-milled BN was employed as a catalyst
support, upon which Cu species and Au nanoparticles were
subsequently loaded. The obtained catalyst showed good per-
formance for CO oxidation with a 100% conversion of CO at 80
°C, which meets the operational temperature requirements for
proton exchange membrane fuel cells. On the basis of various
characterization results, we deduced that the introduction of
Cu promotes the dispersion and stabilization of Au nanoparti-
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RIS E S 2 B Au-CuO K FH A TRIRECOSE L

A, F,EXE, B OB T MW, HRE
KEH T AFNHTFR, Haft FEELLZE, ATEMRABEGENMFAEZLLRE, 7 Kk#E 116024

S
H
B

R TR A R R RIR COSAA R I, HAR B 5 AR B ME U DIAR G, JEEK, 3 T5 AL — o
RUPEACAPRLS R 7R E. S TERY], —4E85 M IR ALTI K Fr A A T 1% B a8, JF B2 8k O E 2R i A £,
PE S R AR 4 A AL R TE St A A T R SR I A R R . RN, COSAUAN S Bt S A 2, VA I B £ 1R 17 5 it
BE, RENE IR/ S N R A BRI B SR T AT 2 A SR P B, 53 R 40 <2 TR (R A LA P e 99, 7 Bd e ik R
Jinsi < 5 A A 18] AR AR EL AR .

FETF I, ASCE Se il BRI AL B R ARAT BA T PR AR AN SR 1 B ALK B 3R, SRR BUAE R K A =
SN ) v, S B AR B0 SO, SRR SR A% 4 K DU AR - DT TE ¥ % Au-CuO /BN EAL 7). 28 S Ak M AU AR BE
Au-CuO/BNAEALFIZRIL Y R AFHIRIRCOEALIEE, 80 °CTF RITT SLELCOR 5E A ¥4k

KX AT (XRD), #5573 #4155 B (HRTEM), 2 URE P THI 4 I (H,-TPR), XU 260t HL 7 RETE (XPS), COMFf J5LAir
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18 ST AN (CO-DRIFT) 25 R AL T BAR AT T Au-CuO/BN I G544 5 AL IEME R 96 . XRDIR 45 5 oK W 22 5] 9 &
1) 4 RV W b A7 5 0, 36 W] — 3 A RUAL B84 b v B 0 . HRTEMAI G 220 M T 3 4 45 TR i — b R W9, A0 1 B0 A
TBNIAZ M RE B RIS AL L, SRR -5 84 B (1 2 7] 34 Ao B — 35, R B BNIE IS A2 8 CuO MRk I SEIL T 492K
FLF(2.0 nm) 15 7380, HURSL IS 4 GoKREL R A2 B S5 T 2K Ho-TPR &S 53 B 6 FER A0 M 8] P AH LA FH AT 4t 4 4 o
HIIE R, XPS oAtk — A S8 T &M P 2 [MAF7E L T-46 8. CO-DRIFTSS & B, Au-CuO,/BNHEALFIXF COMI i BE
FFE ALV VSRR 1 B8 77 035 9 T AwBNAREAL TR, IR RE T COSAL M. 25 b, AR i B 4 PN AL B 3 ik 2[RI 1
R, (R 3E T S 9Kk 178 AR 1 7 ORI e e, TR 39 5 1 COM IR B RN AU IR G 4k, ASCHR 8 T BAL e 2 M4k
FRIRE R, AR FEBT B A A AL B (AL 1 JEL .
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