728 Journal of Korean Institute of surface Engineering Vol. 29, No. 6, 1996

Journal of Korean Institute of surface Engineering
Vol. 29, No. 6, Dec., 1996

SURFACE CHARACTERIZATION OF CU ELECTRODES IN ELEC-
TROCHEMICAL REDUCTION OF CO: BY CORE LEVEL X-RAY
PHOTOELECTRON SPECTROSCOPY AND VALENCE LEVEL
PHOTOELECTRON EMISSION MEASUREMENT

Y. Terunuma, A. Saitoh, and Y. Momose

Department of Materials Science, Faculty of Engineering, Ibaraki University,
Nakanarusawa-cho, Hitachi 316, Japan

ABSTRACT

To obtain the relation in the electrochemical reduction of CO, in aqueous KHCO; colution
between an activity for the product and the nature of Cu electrode, the electrode surface was
characterized by using two methods : X-ray photoelectron spectroscopy (XPS) and photo-
electron emission (PE) measurement. Electrolyses were performed with Cu electrodes
pretreated in several ways. The distribution of the products changed drastically with elec-
trolysis time and the pretreatment method. The features in XPS spectra were closely con-
nected with the product distribution. The oxide film at the electrode surface was gradually
reduced to bare Cu metal with electrolysis time, resulting in a variation of the product dis-
tribution. PE was measured by verying the wavelength of incident light at several tempera-
tures. The dependence of PE on the measurement temperature changed greatly before and

after electrolysis.

INTRODUCTION

The products on the electrochemical re-
duchon of CO, depend remarkably on the
electrode metal"?. Although the same ele-
mental metal was used, it has also been re-
ported that the prodict disbutidn varies be-
cause of slight differences in electrolytic con-
ditions such as temterature, pressure, the
concentration of electrolyte, stirring, and the
electrode preparation method®*.

In the preparation of electrodes, various
procedures have been used to prepare the
electrode surface to lead to the reduction of
CO, with high reproduciblity. They include

the removal of the native oxide film by chem-
ical etching, degreasing by an organic sol-
vent, production of a mirror finish by me-
chanical and electrolytic polishing(anodiza-
ion), and electrolytic cleaning by applying a
cathodic current. However, it is usually im-
possible to eliminate any oxides and contami-
nants at the surface perfectly. Metallic Cu is
said to be the only electrocatalyst for effec-
tive production of hydrocarbons in the elec-
trochemical reduction of CO,". It has two sta-
ble oxides(Cu,0O and CuQ) and the oxidation
states are alterable, depending on the sur-
roundings. And metallic Cu is also very like-

ly to be contaminated with organic com-
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pounds because of their high affinity®. How-
ever, little 1s known about how the oxides
and the contaminants on the electrode partic-
ipate in the reaction mechanism and the
electrocatalytic activity.

In this paper, we report that the product
distribution is greatly influenced by the pre-
treatment method even under the same elec-
trolytic conditions. In addition, we present
some Information on the chemical structure
of the electrode surface required to form the
desirable product effectively. Moreover the
correlation between the product distribution
and the ease of PE from electrode surface
will be discussed.

EXPERIMENTAL

Preparation of working electrode

Polyccrustalline copper sheets (Nilaco, pur-
ity >99.9%, thuckness 0.2mm, size 10 X 10mm?® )
were used for working electrode. The sheets
cleaned ultrasonically in acetone forr 40 min,
followed by dying in a vacuum, called un-
treated, and then two pretreatments were
carried out. The electrodes used are summa-
rized in Table 1. The electrolytic pretreat-
ment(Table 1, Electrode Il) was expected to
reduce organic contaminants by both electro-

Table. 1 Pretreatment of Cu working electrodes

Electrode Pretreatment
I Untreated
1 Oxidized in air at 200°C for 30 min
M Electrolytically cleaned by sweep-

ing potential back and forth 30
times between 0 and -3.0 V wvs.
SCE at the rate of 0.1 V/min

chemical reduction and mechanical eleaning
by H, bubbles produced vigorously at the pre-
treatment potential. This pretreatment time
to be most effective in the reduction of CO,
was adopted.

Electrolysis

Aqueous carbonate solutions of 0.1 M were
prepared from KHCO; (Wako Pure Chemical
and distilled
delonized water. A cell with two-compart-

Industries, reagent grade)
ments for the working and counter electrodes
was used. These compartments were separat-
ed by a cation exchange membrane(Nafion®
117). A Pt sheet(20x20x0.1mm*)was  used
as a counter electrode(anode). A saturated
calomel electrode(SCE) was used as the ref-
erence. Before each run, the fresh carbonate
solutions were introduced into each compart-
ment(100mL) and then the solution of the
solution of the working compartment was
purged with and saturated with CO, gas
(Takachiho,

bubbling for 90min. After saturation, the pH

purity 99.99%) by vigorous

of the solution was approximately 6.8.

All electrolyses were carried out at room
temperature and at several potentials of the
working electrode controlled by a poten-
tiostat (Hokutoh Denko HA-501). During
electro-lyses, the catholyte was bubbled con-
tinuously by CO, gas at a folw rate of 2.5
mL/min and was magnetically stirred. The
date used in this paper were obtained at an
electrode potential of-1.9Vvs. SCE.

Product analysis

Effluent gases from the cell were sampled
periodically with a gas syringe and analyzed
by gas chromatographs (Shimadzu GC-8A),
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equipped with thermal conductivity detectors.
3m stainless-steel columns packed with a
Molecular sieve 5A and with a Porapak QS
were employed at 60°C with Ar and He carri-
er gases at a flow rate of 25mL/min. For lig-
uid prodcts in the solution, the latter column
was also employed at 110°C. The results of

the product analysis in this paper represent |

the average values of the data collected re-
peatedly under the same electrolytic condi-

tions.

Characterization of the electrode surfaces

XPS spectra of working electrodes before
and after electrolysis were taken with a Shi-
madzu ESCA 750 spectrometer using MgK X
-ray radiation. The measurements were con-
ducted at a pressure of =107 % Torr. The elec-
trode was taken out of the electrolyte solu-
tion immediately before and after each elec-
trolysis, rinsed in distilled deionized water for
20 s, dired in a vacuum, and then transferred
into spectrometer within 15 min in all.

PE measurement apparatus i1s shown in
Fig. 1. The voltage of an electron counter
was set at 1400V. Q gas (He(95-97% + iso
C.H,,) Jwas used as a counter gas. A 94V po-
tential relative to the grounded grid of the
counter was applied to accelerate and collect
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Fig. 1 Apparatus for photoelectron emission(PE}
measurement.

the electrons emitted from the sample. A
spot of 4mm* on the sample was illuminated
with the light. PE intensity(count/mim) was
measured by varying the wave length of the
light from 300 to 170 nm at the scan rate of
20 nm/min. We call the emission intensity vs.
the wave length “a PE spectrum” and the
number of emitted electrons in a PE spec-
trum “a PE total count”. For one sample of a
Cu electrode before or after electrolysis, PE
spectra were taken repeatedly at different
temperatures, which were changed succes-
sively between 25 and 3507C in a round cycle
of heating and colling.

Here 1t should be noted that the electrode
before electrolysis were propared by holding
in the electrolyte solution at open circuit dur-
ing bubbling with CO, for 90 min as in the
usual procedure for electrolysis.

RESULT AND DISCUSSION

Product analysis

Gaseous products, CH,, C;H,, CO and H,
were detected in every cell effluent in addi-
tion to the CO, bubbled into and passed thro-
ugh the catholyte. On the other hand, there
was no amount of detectable products soluble
in the catholyte even after 10h of electroly-
sis. The yield of the gaseous products was
monitored as a function of electrolysis time,
and was converted into the relative ratio of
the electric charge, which would have been
used for each product formation. In other
words, the ratio was calculated from the yield
by assuming that each product was formed
directly from CO, and then the following
number of electrons were consumed : 2 elec-
trons per-molecule CO, 8 elec-trons per mole-
cule CH,, 12 electrons per molecule C;H,, and
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2 electrons per molecule H,. If any other
products are negligible, then the ratio is re-
garded as the value corresponding to the
faradaic efficiency (FE). We call the ratio
“the production ratio of gas”, and use this as
a criterion for the efficiency of gas forma-
tion.

Figure 2 shows the dependence of the pro-
duction ratio on elecrolysis time for Electrode
1. The time profile of CH, exhibits a rapid
rise at the initial stage of electrolysis, reach-
ing a peak at 1 h. This peak value is approxi-
mately 30%, followed by a slow decay to 11
% at 5h. The ratio of CO drastically increas-
es from nearly zero at the start of ectrolysis
to about 50% at 5h. The ratio of H, has a
rapid fall at the early stage of electrolysis
and then reaches a level of about 30% after
2 h. Figure 3 shows the results for Electrode
II. A large amount of H, is produced prefer-
entially over the whole electrolysis time,
while the ratioc of CO remains considerably

low.
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Fig. 2 Plots of the production ratio of gases vs.
electrolysis time for CO2 reduction at Elec-
trode | in KHCO3 aq..
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Fig. 3 Plots of the production ratio of gases vs.
electrolysis time for CO2 reduction at Elec-
trode II in KHCOS aq..

Figure 4 shows the results for Electrode
M. The rate of increasing in the ratio of CO
becomes markedly lower than that of Elec-
trode I. On the other hand, the ratio of CH,
is significantly greater than that for Elec-
trode T over the whole range of time.

XPS analysis

Figure 5 shows the XPS spectra of Elec-
trode [I before and after electrolysis. Before
electrolysis (Fig. 5(a))the whole surface is
covered with a mixed film of CuO and Cu20
as shown by two features: satellite peaks lo-
cated at 5-10 eV above the principal Cu2p3/
2 line (933 eV)in the Cu2p spectrum and a
peak at about 337 eV in the x-ray-induced
Auger Cuyu spectrum®. After electrolysis
(Fig. 5(b)]), a new shoulder peak assigned to
metallic Cu appears at about 335 eV in the
Cu;mu spectrum®. This suggests that the sur-
face oxide is unstable and is reduced electro-
chemically. The Ols spectra before and after
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" Fig. 4 Plots of the production ratio of gases vs,
electrolysis time for CO, reduction at Elec-
trode III in KHCO3
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Fig. 5 XPS spectra for Electrode II for CO, re-
duction : (a) before electrolysis, (b) after
electrolysis for bh.

electrolysis consist of two components at
lower and higher binding energies. The for-
mer appearing at about 530 eV is identified
to be oxide oxygen(Cu0(529.7 eV) and Cu,0
(530.6 eV)Jand the latter at about 532 eV to
be adsorbed oxygen (532.5 eV)”. A compari-
son of both Ols spectra shows that adsorbed
oxygen decreases remarkably after electroly-
Sis. ‘

Figure 6 shows the spectra of Electrode I
for various periods of electrolysis. The peak
derived from metallic Cu in the Cu_yy spectra

1s always present. It develops greatly after 1

h of electrolysis, followed by a gradual in-
crease in the intensity with electrolysis time.
We also found that this peak becones still
higher at longer time of electrolysis. These
facts suggests that the native oxide film is
rapidly reduced to a certain extent at the ini-
tial stage of electrolysis, and is then gradual-
ly reduced, a surface with more metallic char-
acter being exposed. The increase in CO pro-
duction with electrolysis time can be related
to the gradual disappearing of Cu oxide at
the electrode surface. On the other hand, the
Cu,yy spectrum before electrolysis(Fig. 6
(a))is very similar to that of ElectrodeIl
after electrolysis(Fig. 5(b)]). At the initial
stage of electrolysis for Electrode I and over
the whole time for Electrode M, H, is pro-
duced in remarkable great amounts. This re-
veals that the surface covered with Cu oxide
largely favors H, production, but not CO pro-
duction.

Figure 7 shows the XPS spectra of Elec-
trode [. From the Cu_yyw spectra before elec-
trolysis for Electrode M(Fig. 7(a))and for
Electrode I (Fig. 6(a)) it can be seen that
the native oxide film is reduced in parts by
the pretreatment. Contrary to our expecta-

tion, quantitative analysis showed that the
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Fig. 6 Variation of XPS spectra for Electrode |
with electrolysis time for CO; reduc-
tion : (a) Oh, (b) 1h, (c) 3h, (d) bh
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Fig. 7 XPS spectra for Electrode 1l for CO, re-
duction: (a) before electrolysis, (b) after
electrolysis for bh,

pretreatment did not so much decrease the
amount of carbon. After electolysis, there is
no further increase of metallic Cu in the Cu,y
w Spectrum, in contrast to the result for Elec-
trode I. This implies that the pretreatment
yields an oxide film resistant to electrochemi-
cal reduction under a negative bias. In the
Ols spectrum after the Ols spectrum after
electrolysis(Fig. 7(b)], the peak assigned to
adsorbed oxygen increases to a level compa-
rable to the peak of oxide oxygen. This trend
contrasts with the fact that adsorbed oxygen
decreases after electrolysis for Electrodes I
and IO (Fig. 5 and 6). These observations sug-
gest that CH, is produced on the surface with
both Cu oxide and metallic Cu, having a high
affinity for adsorbed oxygen.

PE

Figure 8 shows the PE spectra of Electrode
I before and after 40 min of electrolysis((a)
and (b)Jat room temperature. The threshold
values, that is, the minimum Pho-ton energies
mecessary for PE of both are substantially
the same. PE intensity is, however, apparent-
ly higher before electrolysis than that after
electrolysis.

Regarding the lowering of PE intensity, we
observed at Electrode I that the current de-
creased with electrolysis time. At the initial
of electrolysis, which may be taken as the
corresponding to(a), the electrode surface
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Fig. 8 PE spectra of Electrode | before and after
electrolysis; (a) before electrolysis, (b) after
electrolysis.

gave preferential H, production. For Elec-
trode I, which also gave remarkable H, pro-
duction, PE intensity was as high as that for
(a). This threshold is inconsistent with that
for (a). At the electrolysis period of (b), the
surface came to have an activity for
hydrocarbon production. Therefore it is possi-
ble that the product distribution is related to
PE intensity. PE intensity may be connected
with the supply of electron from the surface
during electrolysis. Then, this may influence
the adsorption of intermediate spices like
atomic hydrogend.

Figure 9 shows the dependence of the PE
total count on temperature for Electrode I
before electrolysis. In this experiment, the
area illuminated with the light was 6mm%. A
remarkable feature is that for the tempera-
ture-elevation the total count maximum with
a markedly increased level at 250°C. This
trend was more pronounced for Electrode I
without dipping in the electrolyte solution. On
the other hand, such befavior was not ob-
served for the Electrode I after electrolysis,
that 1s, the total count was independent of
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Fig. 9 Relation between the total count for Elec-
trode | before electrolysis and the measure-
ment temperature.

temperature. We have a very great difficulty

to explain the cause for the maximum PE ob-
served at 250°C. Such maximum was usually
observed for metallic Cu samples, but not for
air-oxidized one above 200°C. We believe
that the low total count at low temperature
for metallic Cu samples i1s responsible for
adsorbed oxygen and we also know that the
maximum at 250°C 1s accompamied with
some changes in the oxidation state of Cu, de-
pending on the stability of the surface with
adsorbed oxygen in the measuring system.
Accordingly, the result for Electrode [ after
electrolysis may be related that the surface
after electrolysis is likely to be oxidized even
at relatively low temperature during PE mea-
surement because of its high activity for oxi-
dation. The ease of oxidation can be pre-
sumed by XPS analysis at rom temperature
to a certamn extent.

CONCLUSION

The product distribution for an untreated
electrode in the electrochemical reduction of
CQ, varied greatly with an increase of elec-

trolysis time. the ratic for CO markedly in-
creased. On the other hand, the electrolyti-
cally pretreated electrodes exhibited only a
slight change with time and gave a large pro-
duction of hydrocarbon. As for the former
electrode, a gradual increase of metallic Cu
was observed at the surface. For the latter,
the ratio of Cu oxide to metallic Cu always
remained nearly unchanged. In addition, the
electrode surface covered with Cu oxide pro-
duced plenty of H..

Moreover it was found that the dependence
of PE on temperature changed greatly before
and after electrolysis. This may be related to
the change of the product distribution for the
electrode, too.

ACKNOWLEDGEMENTS

We wish to thank Drs. R. Urac and M.
Takeuchi for their helpful advices.

REFERENCES

1. R. L. Cook, R. C. MacDuff and A. F.
Sammells, J. Electrochem. Soc., 135
(1988) 1320.

2. M. Azuma, K. Hashimoto, M. Hiramoto,
M. Watanabe and T. Sakata,]. Elec-
trochem. Soc., 137 (1990) 1772.

3. D. W. DeWulf, T. Jin and A. J. Bard, J.
Electrochem. Soc., 136 (1989) 1686.

4. Y. Hori, A. Murata and Y. Yoshinammi,J.
Chem. Soc. Faraday Trans., 87 (1991)
125.

5. Y. Shitara and S. Mori, J. Surf. Sci. Soc.
Jpn., 17 (1993) 336.

6. N. S. Mcintyre, S. Sunders, D. W.
Shoesmith and F. W. Stanchell, J. Vac.
Sci. Technol., 18 (1981) 714.

7. S. Evans, J. Chem. Soc. Faraday Trans. 2,
71 (1975) 1044.



