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Formation of Hydrocarbons and Oxygen-Containing Compounds
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Electrocatalytic reduction of CO under high pressure (< 60 atm) using a gas diffusion electrode containing Pt catalyst
(Pt-GDE) has been investigated. Acetic acid was formed at a high faradaic efficiency of 32% as a predominant CO
reduction product at a constant current density of 200 mA cm~> under CO 40 atm. Moreover, methane, ethane, ethyl-
ene, formaldehyde, acetaldehyde, ethanol, 1-propanol, and allyl alcohol were produced as CO reduction products. The
selectivity of the reduction products depends remarkably on electrolysis conditions such as the current density, pressure of
CO, and temperature. C2-compounds such as ethylene, ethanol, and acetic acid were preferentially formed at small current
densities and/or high CO pressure conditions, whereas methane was predominantly produced at large current densities

and/or low CO pressure conditions.

In the last decade, fixation of CO, which has a low re-
activity for reactions, has attracted considerable attention
from both industrial and scientific viewpoints. The electro-
chemical reduction of CO, using various metal electrodes
in aqueous electrolytes has been extensively investigated as
one of methods of chemical fixation of CO, by many work-
ers. It was found that the selectivity of the reduction products
strongly depends on the kind of metal electrode, and it is clar-
ified that metals can be divided into several main groups from
the location in the periodic table' " Interestingly, Hori et al.
found that methane and ethylene were produced as the main
products, in addition ethanol, acetaldehyde, and 1-propanol
were also formed only in the case of Cu electrode.® 19
However, little methane and ethylene are formed and the
predominant reduction product is CO in the cases of Ag,
Au, and Zn electrodes which are located near to Cu in the
periodic table. The reason why hydrocarbons and alcohols
form at high faradaic efficiency only on Cu electrode has not
been clarified yet. Formation of hydrocarbons from CO; is
observed at several metal electrodes in addition to the Cu
electrode. For example, Frese et al. reported methane for-
mation in the electrochemical CO, reduction on Ru electrode
at high temperature (< 80 °C) in aqueous electrolyte.'” In
addition, hydrocarbons such as methane, ethane, ethylene,
propane, and butane were formed from CO, at several % of
faradaic efficiencies on Fe, Ni, Co, and Pd electrodes under
1 atm CO, and high pressure conditions.'>~'%

It is thought that CO is the intermediate in the formation
of hydrocarbons by the electrochemical reduction of CO, on
metal electrodes. Hori et al. investigated the electrochemi-
cal reduction of CO on a Cu electrode at a constant current
density of 2.5 mA cm™2 in 0.1 mol dm~3 KHCOj3 aqueous

electrolyte. They reported that methane, ethylene, and eth-
anol were formed at faradaic efficiencies of 16.3, 21.2, and
10.9%, respectively.'” They concluded that carbon monox-
ide is produced firstly at Cu electrode on the electrochemical
reduction of CO,, and then CO is reduced electrochemically
into hydrocarbons and alcohols. The result that the predom-
inant CO, reduction product is not methane and ethylene but
CO at positive potential than —1.3 V vs. NHE even on Cu
electrode,'® can be explained by the above suggestion. In
addition, it was shown that hydrocarbons formed on Fe, Ni,
Co, and Pd electrodes follows well Schultz—Flory distribu-
tion. It suggests that the mechanism of hydrocarbon forma-
tion on these electrodes is similar to that of Fischer-Tropsch
reaction.>'>™1® Absorbed CO formed on Cu and Ni elec-
trodes studied by FTIR were reported.'*?®

Recently, authors have investigated the electrochemical
reduction of CO, under high pressure using a gas diffusion
electrode containing Pt catalyst (Pt-GDE).2** As a result,
CO, reduction at a partial current density of 415 mA cm—2
was achieved; methane, ethanol, ethylene, carbon monoxide,
and formic acid were produced as CO, reduction products
at a constant current density of 900 mA cm~2 under 30 atm.
Methane was produced at the faradaic efficiency of 35% with
the partial current density of 313 mA cm~2. The selectiv-
ity of the reduction products depended remarkably on the
electrolysis condition such as configuration of the electrode,
current density, CO, pressure, and the reaction temperature.
It was suggested that carbon monoxide was an intermediate
for the formation of methane, ethylene, and ethanol on the
electrochemical reduction of CO; on the Pt-GDE in the same
way as at Cu, Ni, and Fe electrodes. From the comparison
between the selectivity of the products of the CO, reduction
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and that of the CO reduction, we expect to obtain important
information concerning the reaction mechanism of the CO,
reduction. From this viewpoint, we have investigated the
electrochemical reduction of CO under high pressure using
Pt-GDE, and report the results in this publication.

It is well-known that various hydrocarbons, alcohols, and
organic acids have been industrially synthesized from CO
and H, (synthesis gas), catalyzed with various metals and
metal complex catalysts, whereas the industrial catalytic re-
actions using CO; are rare. This indicates that the reaction
activity of CO in these catalytic reactions is higher than that
of CO,. From this viewpoint, the selectivity of the products
in the electrocatalytic reduction of CO is very interesting.
We have also studied the electrochemical reduction of CO
on a Pt-GDE in detail, in order to investigate the possibility
of the electrocatalytic Fischer—Tropsch reaction. We report
the effects of the pressure, the current density, and the reac-
tion temperature on the selectivity of reduction products in
this publication.

Experimental

Electrolysis Electrolyses under high pressure were conducted
in a glass cell fixed in a stainless steel autoclave, as described in
the previous publication.”” The aqueous electrolyte was 45 ml.
of 0.5 moldm—* KHCO5 aqueous solution prepared from reagent
grade chemicals and distilled water (Wako Pure Chemical Indus-
tries, Ltd.). The electrolyte was purified by pre-electrolyses with a
Pt black cathode under Ar atmosphere for 15 h to eliminate heavy
metal impurities. Electrolyses were conducted without separation
between cathode and anode. A magnetic stirrer was used for agi-
tation of the electrolyte and the gas phase. The reference electrode
was a Ag/AgCl/sat. KCl and a Pt wire was employed as counter
electrode. Carbon monoxide (99.95%) was used without purifica-
tion and introduced to the gas phase compartment. The conﬁgura-
tion of the cell is the following:

high pressure CO/Pt-GDFE/electrolyte/Pt

A GDE containing a Pt electrocatalyst and a stainless steel mesh
current collector (the amount of incorporated Pt: 0.56 mgem™2,
apparent surface area: 1 cm®) was purchased from Tanaka Noble
Metal, Ltd., and was employed as the working electrode. The
structure and configuration of the Pt-GDE was described in the
previous paper.”? A Pt-GDE consists of two layers, i.e. the catalyst
layer containing Pt catalyst and the gas diffusion layer. In the
present experiments, the GDE was mainly used at the configuration
in which the catalyst layer is directed toward the gas phase and the
gas diffusion layer faces the electrolyte (the reverse configuration).
A GDE without a Pt catalyst purchased from Tanaka Noble Metal,
Ltd., was also used for the control experiment. The hydrogen pre-
treatment of the Pt-GDE was carried out for 1 h under hydrogen
atmosphere at 220 °C before electrolysis. After the bubbling of
CO for 20 min to exchange the atmosphere, a known pressure
of CO was introduced into the autoclave. The electrolyses were
conducted galvanostatically at passage of 150 C at 25 °C using
a potentiostat-galvanostat (Hokuto, HA-501 and 305) connected
in series with a coulomb meter (Hokuto, HF-201). The electrode
potential was corrected and measured with an IR compensation
instrument (Hokuto, HI-203).

Analysis of the Reduction Products.  Quantitative analysis
of the electrolysis products contained in the gas phase were con-
ducted by using the following instruments. A gas chromatograph
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(Ohkura GC-202) equipped with a VZ-10 column (4 mmx2 m)
and flame ionization detector (FID) for hydrocarbons and a gas
chromatograph (Ohkura GC-802) equipped with an active carbon
column (4 mmx2 m) and a thermal conduction deterctor (TCD)
for hydrogen were used for this purpose. Ethanol, formaldehyde,
acetaldehyde, 1-propanol, and allyl alcohol contained in the lig-
uid phase were analyzed with a gas chromatograph (Ohkura GC-
103) equipped with a Porapak QS column (4 mm X2 m) and a FID.
Acetic acid was analyzed by a high pressure liquid chromatograph
(HPLC, Shimadzu LC-4A equipped with a column (Shodex-Ion-
pack KC-811, 8 mmx300 mm) and a UV detector (220 nm)). The
faradaic efficiencies of reduction products were calculated from the
following reaction equations.

CO+2H' +2¢~ — HCHO

2CO +4H" +4¢~ — CH;COOH
CO+6H" +6e~ — CHs + H,0
2CO+6H" +6e~ — CH3CHO + H,0
2C0 +8H" +8¢~ — CoHs +H,0

2CO +8H" +8¢~ — C,HsOH +H,0O
2CO+10H" +10e~ — C,Hs +2H,0
3CO+10H" +10e~ — C3HsOH +2H,0
3CO+12H" + 12~ — 1-C3H;0H +2H,0
2H" +2e~ — H,

The limit amounts of the reduction products for quantitative analy-
sis are the following: CHz 5.1x107% mol (0.02%), C2Hs 2.9 1078
mol (0.01%), C2Hs 2.7x107% mol (0.02%), HCHO 1.9x107°
moldm™ (0.01%), CH3COOH 2.4x10™° moldm™> (0.3%),
CH;CHO 5.3%1077 moldm™® (0.01%), C,HsOH 3.6x1077
moldm™ (0.01%), C;HsOH 1.9%1077 moldm > (0.006%),
1-C3H;0H 2.0x 1077 mol dm ™ (0.007%).

Result

Current Density Dependence of the Products.  The
electrochemical reduction of CO under 20 atm on a Pt-GDE
at the reverse configuration in 0.5 mol dm=3 KHCOj3 aqueous
solution was conducted. As a result, CO was efficiently re-
duced and methane, ethylene, ethanol, formaldehyde, acetal-
dehyde, 1-propanol, and allyl alcohol were produced as prod-
ucts of CO reduction. Interestingly, acetic acid which was
hardly produced in the electrochemical reduction of CO, on a
Pt-GDE, was formed at high faradaic efficiency. Faradaic ef-
ficiencies of the reduction products formed in the electrolyses
under 20 atm CO at current densities 50—600 mA cm™? are
shown in Table 1. Figure 1 shows the dependence of faradaic
efficiencies of methane, ethylene, ethanol, acetic acid, and
hydrogen formations on the current density under CO 20
atm, and Fig. 2 shows that of formaldehyde, acetaldehyde,
allyl alcohol, and 1-propanol. However, no methanol forma-
tion was observed in this electrochemical system (the limit
amount of methanol for analysis is 8.8x10~7 mol dm™3,
corresponding to 0.02% of faradaic efficiency).

As shown in Table 1 and Fig. 1, the faradaic efﬁc1ency for
methane formation increases with increasing the current den-
sity (16% at 50 mA cm™2, 27% at 100 mA cm™2, and 42% at
200 mA cm~2, respectively) and decreases at current density
larger than 200 mA cm~2. The faradaic efficiency of ethyl-
ene was 12% at 50 mA cm™2, 9.4% at 100 mA cm~2, and
2.6% at 200 mA cm™~2, respectively. Faradaic efficiencies
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Table 1. Effect of Current Density on the Electrochemical Reduction of High Pressure CO on a Pt-GDE
Current density ~ E® Faradaic efficiency/%

mAcm 2 V . CH; CHsy HCHO CH;CHO CHsOH C3HsOH 1-CsH,0OH 2-C3H;OH CH;COOH H, Total

50 -1.79 161 122 043 0.42 5.4 1.1 1.4 NP 34.7 244 963

100 —1.80 272 122 043 0.23 4.2 0.56 0.90 N 23.4 121 814

200 —1.83 422 94 031 N 5.1 0.02 0.92 0.07 18.7 108 877

300 —-195 272 26 0.12 N 34 Trace 0.38 0.05 2.6 574 939

600 —1.97 171 1.0 0.10 N 2.6 N Trace Trace Trace 80.1 101.0

CO pressure, 20 atm; passed charge, 150 C; electrolyte, 45 mL of 0.5 mol dm 3 KHCQ3; working electrode, Pt-GDE (apparent surface area, 1

cm?) which was used for the reverse arrangement.
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Fig. 1. The current density dependence of the reduction prod-
ucts formed on a Pt-GDE under 20 atm CO at the reverse
configuration: (O) CHy; (M) C:Hs; (O) C:HsOH; (A)
CH;COOH; (@) H,.

of ethylene and ethanol decrease with increasing the current
density. The faradaic efficiency for acetic acid reaches 35%
at 50 mA cm~2, and decreases with increasing the current
density (19% at 200 mA cm~?2 and 2.6% at 300 mA cm™?).
The current density dependence of acetic acid is similar to
those of ethylene and ethanol. Hydrogen was formed as
the main reduction product at the faradaic efficiency of 80%
by the reduction of HyO (or H*) at the current density of
600 mA cm~2. As shown in Fig. 1, C2-compounds such as
acetic acid, ethylene, and ethanol were preferentially pro-
duced at small current density and methane was formed as
the main CO reduction product at larger current density than
that at which preferential formation of C2-compounds were
observed. In other words, the main reduction product formed
on Pt-GDE was varied in the order of C2-compounds, meth-
ane, and hydrogen with increasing the current density. As
shown in Fig. 2, formaldehyde, acetaldehyde, allyl alcohol,
and 1-propanol were also produced preferentially at small
current densities as well as C2-compounds. The potentials
of the working electrode during the constant current electrol-
ysis are shown in Table 1. These potentials hardly changed
at all during the electrolysis.

a) Corrected with an IR compensation instrument (vs. Ag/AgCl).

b) Not detected.

1.5
R
—
Y
c 10|
g | \0\©
0
=
w
L
« 05 F
T
(]
L)
©
[T
0 N ’ "
0 200 400 600

Current Density / mA cm-2

Fig. 2. The current density dependence of the reduction prod-
ucts formed on a Pt-GDE under 20 atm CO at the reverse
configuration: ((1) HCHO; (M) CH;CHO; (O) 1-C;H;0H;
(@) C3H50H.

Effect of CO Pressure. Results of the CO pressure
dependence of faradaic efficiencies of the reduction prod-
ucts formed on a Pt-GDE at the reverse configuration at 200
mA cm~2 at passage of 150 C are shown in Figs. 3 and 4.
As shown in Fig. 3, hydrogen was formed as the predomi-
nant reduction product at faradaic efficiency of 95% under
CO 1 atm. The faradaic efficiency of hydrogen decreases
drastically and those of products of CO reduction increase
with increasing the CO pressure. The faradaic efficiency
for methane formation was 4.4% at 1 atm of CO, 26% at
S atm, and 45% at 10 atm and decreases beyond 10 atm
(38% at 40 atm and 31% at 60 atm). The same tendency
that the faradaic efficiency of hydrogen decreases drastically
and that of methane increases with increasing the reactant
pressure was also observed in the electrochemical reduction
of CO, on a Pt-GDE.?"*? The maximum faradaic efficien-
cies of ethylene and ethanol were the same 11% at 40 atm
and at 60 atm, respectively. Acetic acid was produced at
faradaic efficiencies of 17% at 10 atm and 19% at 20 atm,
respectively, and the maximum is 32% at 40 atm, while no
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Fig. 3. The CO pressure dependence of the reduction prod-
ucts formed on a Pt-GDE at 200 mA cm™? at the reverse
configuration: (O) CHy; () CHy; () C:H50H; (A)
CH3COOH; (@) H.
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Fig. 4. The CO pressure dependence of the reduction prod-
ucts formed on a Pt-GDE at 200 mA cm™? at the reverse
configuration: (ll) HCHO; (@) 1-C5H,0H.

acetic acid formation was observed under 1 and 5 atm. The
partial current density of acetic acid formation reaches 64
mA cm~? at 40 atm. Faradaic efficiencies of formaldehyde
and 1-propanol also increases monotonously with increasing
the CO pressure, as shown in Fig. 4.

The above CO pressure dependence of reduction products
shows that main reduction product changes in the order of
hydrogen formed by reduction of H,O, methane, and C2-
compounds such as ethylene, ethanol, and acetic acid with
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increasing the CO pressure.

Effect of Temperature. Temperature dependence of
faradaic efficiencies of methane, ethylene, acetic acid, and .
hydrogen formed on a Pt-GDE at the reverse configuration
under 20 atm at a constant current density of 100 mA cm~2at
passage of 150 C, is shown in Fig. 5. The faradaic efficiency
of methane decreases with increasing the temperature (47%
at 0 °C, 27% at 28 °C, 4.8% at 60 °C, and 1.2% at 80 °C,
respectively), while that of hydrogen increases. Ethylene
were formed at faradaic efficiencies of 6% at 0 °C, 12%
at 28 °C, 10% at 60 °C, and 5.6% at 80 °C, respectively,
as shown in Fig. 5. The temperature dependence of the
faradaic efficiency of acetic acid is similar to that of ethyl-
ene. Interestingly, faradaic efficiencies of ethylene and acetic
acid were hardly changed by increasing temperature, while
that of methane decreases drastically. Thus, the temperature
dependence of faradaic efficiencies of reduction products
depended strongly on the kind of products.

Tafel Plot. Figure 6 shows Tafel plots of methane, eth-
ylene, ethanol, acetic acid, and hydrogen formed under 20
atm CO on a Pt-GDE in the case of the reverse configuration
These Tafel plots were obtained from the electrode poten-
tial during the electrolysis and partial current densities of
reduction products calculated from the faradaic efficiencies.
As shown in Fig. 6, the partial current densities of the CO
reduction products such as methane, ethylene, and ethanol -
level off at —1.85 V vs. Ag/AgCl presumably because of the
mass transfer limitation of CO, while that of hydrogen in-
creases with increasing the electrode potential in the cathodic
direction. The partial current densities of methane and etha-
nol formations are constant at more negative potentials than
—1.85V, while those of ethylene and acetic acid decrease, as
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Fig. 5. The temperature dependence of the reduction prod-
ucts formed on a Pt-GDE under 20 atm CO at 100 mA cm ™2
at the reverse configuration: (O) CHs; (H) CoHy; (D)
CH;COOH; (@) H,.
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Fig. 6. Tafel plots of the reduction products formed on the
electrochemical reduction of CO under 20 atm on a Pt-
GDE at the reverse configuration: (O) CHy; (l) C2Hy; (O0)
C,Hs0H; (A) CH;COOH; (@) Hy; (V) total.

shown in Fig. 6. Thus the products of CO reduction can be
classified into two groups based on the behavior of the Tafel
plot. - The maximum partial current densities of methane,
ethylene, ethanol, and acetic acid formations under CO 20
atm were 102.6 mA cm~2, 18.8 mAcm~2, 15.6 mA cm ™2,
and 37.4 mA cm~2, respectively.

Effects of the Pt Catalyst and Electrode Configuration.
Table 2 indicates effects of the Pt catalyst and configuration
of the electrode on the faradaic efficiencies of the reduc-
tion products formed at a constant current density of 200
mA cm™~2 under CO 20 atm. Firstly, in the case of GDE with
Pt catalyst, CO reduction products such as methane, ethyl-
ene, acetic acid, ethanol, and 1-propanol were produced at
high faradaic efficiencies at the reverse configuration, as has
been already shown above. However, in the case of the nor-
mal configuration, hydrogen was the predominant product
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and CO reduction products were hardly produced at all, even
on a Pt-GDE. The electrode potential measured during the
electrolyses are —1.83 V vs. Ag/AgCl at the reverse configu-
ration and —1.47 V at the normal configuration, indicating a
smaller overpotential for the electrode reaction at the normal
configuration, compared with the reverse configuration.

In the case of the GDE without Pt catalyst, the predominant
reduction product was hydrogen regardless of the electrode
configuration, as shown in Table 2. However, methane were
produced even without Pt catalyst at normal and reverse con-
figurations at faradaic efficiencies of 0.34 and 2.8%, respec-
tively. The result that methane formation was observed in the
case of GDE without Pt catalyst indicates that carbon con-
tained in the GDE has electrocatalytic activity of methane
formation from CO. Faradaic efficiency of CO reduction
with Pt catalyst was 79.3%, while that without Pt catalyst
was 4.1%, as shows in Table 2. This result indicates that Pt
catalyst participates in the CO reduction. These results also
show that the Pt catalyst and configuration of the electrode
are important for the CO reduction on the GDE.

Effect of Hydrogen Pre-treatment of the Pt-GDE. Fig-
ure 7 shows the effect of the hydrogen pre-treatment of the
Pt-GDE on faradaic efficiencies of methane and ethylene
formed at 200 mA cm~2 under 20 atm CO. The yield of
methane increases with increasing the charge passed until
150 C and levels off after 150 C without hydrogen pre-treat-
ment. This result indicates that the electrocatalytic activity
of methane formation of Pt-GDE decreases drastically after
150 C without hydrogen treatment. The yield of ethylene
formed on Pt-GDE without hydrogen treatment increases
with increasing the charge passed until 700 C. However it is
only 13 umol at 700 C. On the other hand, when hydrogen
treatment of Pt-GDE was conducted, the yield of methane
increases until 900 C and reaches 363 pmol, which is 3 times
larger than that without pre-treatment at 700 C. The yield
of ethylene reaches 79 umol, which is 6 times larger than
that without hydrogen treatment at 900 C. It is clear that
the electrocatalytic activity of methane and ethylene forma-
tions of Pt-GDE improved drastically by the hydrogen pre-

“treatment of the GDE. In the case of electrochemical CO,

reduction on Pt-GDE at 600 mA cm™~2 under 30 atm CO, at
the reverse arrangement, similar, deterioration of the elec-
trocatalytic activities was observed in the CO and methane
formation from CO, after passing a change of 250 C,?" as

Table 2. Effect of the Pt Catalyst and the Electrode Configuration on the Electrochemical Reduction of High Pressure Carbon

Monoxide on the GDE
E? Faradaic efficiency/%

Catalyst  Configuration \Y% CH, GCHs CH, CHsOH CH;COOH H, COred”  Total
— Normal —-1.92 0.34 0.03 0.04 N N 92.7 04 93.1
— Reverse —-1.92 2.8 Trace 0.24 N 1.0 94.1 4.1 97.2
Pt Normal —1.47  Trace N N N 100.8 0.0 100.8
Pt Reverse —1.83 422 0.16 9.4 5.1 18.7 . 10.8 79.3 87.7

CO pressure, 20 atm; current density, 200 mA cm™2; passed charge, 150 C; electrolyte, 45 mL of 0.5 mol dm™3 KHCO3. a) Corrected with
an IR compensation instrument (vs. Ag/AgCl). b) The total faradaic efficiency for CO reduction.
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Fig. 7. The passed charge dependence of yields of methane
and ethylene formed on a Pt-GDE at 200 mA cm ™2 under
20 atm CO at the reverse configuration: (O) CHy; (1) CoHa
without hydrogen pretreatment of GDE, (@) CHy; (ll) C2Hy4
with hydrogen pre-treatment.
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well as the increase of methane yield by hydrogen pre-treat-
ment of the GDE.?” The potential of the working electrode
during the electrolysis was —1.85 V vs. Ag/AgCl in the case
of without hydrogen pre-treatment, whereas that with hy-
drogen treatment was —1.77 V. These electrode potentials
hardly changed at all during the electrolysis.

Discussion

Drastic CO Reduction in the Reverse Configuration.
As shown in Table 2, drastic CO reduction was observed in
the electrochemical CO reduction using Pt-GDE in the case of
reverse configuration, while hydrogen was only the reduction
product in the normal configuration. The electrode potential
of Pt-GDE at the normal configuration electrolysis was more
positive by 360 mV than that of the reverse configuration,
as shown in Table 2. This suggests that hydrogen is easily
formed by reduction of water with a lower overpotential
on a Pt catalyst at the normal configuration, even under 20
atm of CO. At the present stage of research, we cannot
explain clearly the reason why high efficient CO reduction
was observed only in the case of the reverse configuration
of Pt-GDE. Effect of the reverse configuration might be
effective for preventing the hydrogen formation due to the hy-
drophobicity of the gas diffusion layer, as has been described
in the previous paper.?

In the case of electrolysis on the GDE without Pt cata-
lyst, hydrogen was preferentially formed at more than 90%
of faradaic efficiencies regardless of the configuration of the
electrode, as shown in Table 2. However, methane was pro-
duced at 2.8% even without a Pt catalyst at the reverse con-
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figuration. This result suggests that CO can be also reduced
to hydrocarbons and alcohols on carbon support.

Effects of the Current Density and CO Pressure. In
the current density dependence of faradaic efficiencies of re-
duction products formed under 20 atm CO (Fig. 1), the main
reduction product changed in the order of C2-compounds,
methane, and hydrogen with increasing the current density.
In the CO pressure dependence at 200 mA cm~2, the main
reduction product changed in the order of hydrogen, meth-
ane, and C2-compounds with increasing the CO pressure, as
shown in Fig. 3.

The results of the current density and CO pressure depen-
dencies of faradaic efficiencies of reduction products can be
explained by the following supposition. Under the condi-
tions of low current density and/or high pressure of CO, it is
thought that CO is adsorbed sufficiently on the reaction sites
of the catalyst surface because of sufficient supply of CO,
resulting in prevention of adsorbed H formation. Taking into
consideration the assumption that CO is reduced to hydro-
carbons and alcohols by the reaction with adsorbed H, the
electrocatalytic activity of the CO reduction is low under the
condition of low concentration of adsorbed H on the reaction
sites, so that the activity of hydrogenation of CO is low. As
a result, oxygen-containing compounds such as ethanol and
acetic acid, which are lower reducible products from CO, are
preferentially formed as main CO reduction products under
the conditions of low current density and/or high pressure of
CO. .
Under the conditions of large current density and/or low
pressure of CO, a large number of electrons from the elec-
trocatalyst are consumed to reduce water (protons), resulting
in the formation of a high concentration of adsorbed H on
the reaction site. As a result, methane, which is the highest
reduction product of CO, is thought to be formed as the main
CO reduction product because of the increase in the concen-
tration of the adsorbed H. At larger current density and lower
CO pressure, compared with the condition at which methane
is preferentially formed, hydrogen molecules are predomi-
nantly produced by the recombination of adsorbed H because
of the mass-transfer-limited supply of CO to the reaction
sites. In summary, the balance between adsorbed CO and
adsorbed H formed on the electrocatalyst is controlled by the
balance between the current density of electrons) and the CO
pressure (concentration), which determines the selectivity of
the reduction products.

It was been found by UCC Co., Ltd. that acetic acid, eth-
anol, and acetaldehyde were produced from CO and H; cat-
alyzed by Rh/SiO, heterogeneous catalyst at 220 °C under
210 atm.?** Hydrocarbons such as methane were also pro-
duced as co-products in this reaction. It was shown that
acetic acid is preferentially produced on this catalyst, at low
temperature and at low partial pressure of hydrogen and high
partial pressure of CO. In the electrochemical reduction of
CO using a Pt-GDE, preferential formation of acetic acid
was observed under the conditions of low current density
and high pressure of CO, i.e. low concentration of adsorbed
H and high concentration of CO in the same condition as
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the reaction on Rh/SiO, catalyst. Taking into consideration
this fact, it is suggested that the balance of concentration of
adsorbed species formed on the electrocatalyst is one of the
important factors in the electrochemical system that deter-
mine the selectivity of reduction product, in the same way
as the heterogeneous catalytic reactions. In the case of the
electrocatalytic reaction, it can be said that the product se-
lectivity is controlled by the current density (or the electrode
potential) and the supply of the reactant. In fact, we have
already shown that the selectivity of the product of CO, re-
duction formed on a Cu electrode in an aqueous electrolyte
depends strongly on the balance between the current density
and supply of CO; to the electrode surface.5%

Comparison between the CO, Reduction and CO Re-
duction. As shown in the electrochemical reduction of
CO,*"* and CO under high pressure using a Pt-GDE at the
reverse configuration, methane was produced not only from
CO,, but also from CO at a high faradaic efficiency and at a
large partial current density. These results suggest that CO
is the first intermediate of methane formation in the electro-
chemical CO,; reduction, as has been already suggested in
the case of a Cu electrode in aqueous electrolytes by Hori et
al.'” Interestingly, highly efficient formation of acetic acid
was observed in the electrochemical CO reduction, while
no acetic acid formation was observed in the CO, reduction
even on a Pt-GDE. This result suggests the importance of
CO concentration and the reaction paths in which adsorbed
CO and/or gaseous CO participate as an important reactant,
such as insertion of CO into methyl group (~CH3) and/or
carbene (: CHy) in formation of acetic acid. In the case of
the electrochemical CO, reduction, although CO is formed
by the electrochemical CO, reduction, concentration of CO
near the electrocatalyst, is thought to be much less than that
under the condition of high pressure CO. In addition, the
result that CO is hardly reduced under CO 1 atm even on Pt-
GDE at the reverse configuration as shown in Fig. 3, sug-
gests that high concentration of CO is needed for the CO
reduction with a high faradaic efficiency. Drastic increase
in the concentration of CO must increase the reaction rate
of acetic acid formation in the CO reduction, compared with
the electrochemical CO, reduction.

Faradaic efficiencies of ethylene and ethanol formed in the
CO reduction were higher than those in the CO, reduction. In
the case of the electrochemical CO, reduction, for example,
faradaic efficiencies of ethylene and ethanol formed on a Pt-
GDE at the reverse configuration at 200 mA cm™2 under CO,
30 atm were 0.6 and 1.2%, respectively®" In the case of CO
reduction, ethylene and ethanol were produced at faradaic
efficiency of 9.4 and 5.1%, respectively, at 200 mA cm™2
under 20 atm CO. The result that faradaic efficiencies of
ethylene and ethanol formations in the CO reduction are
larger than those in the CO, reduction, suggests that CO also
takes part in the formation of ethylene and ethanol and the
concentration of CO is important for these reactions in the
same way as the acetic acid formation.

Mechanism of Formation of HCHO and CHy. The
reaction schemes proposed from the results obtained in the
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present experiment are given in Fig. 8. Firstly, let us discuss
formation of Cl-compounds, formaldehyde and methane.
Formaldehyde is thought to be formed via formyl species
(-CHO) which was formed by the reduction of adsorbed
CO (step 1). Formyl species is subsequently reduced to
formaldehyde (step 3), as shown in Fig. 8. In this scheme,
it is assumed that the reduction of carbon species is due
reaction with adsorbed H. No methanol is formed in this
electrocatalytic reaction, while formaldehyde and methane
are formed as reduction products of C1-compounds.
Gladysz et al. investigated the reduction of carbon-
yl complex such as [Re(CsHs)(CO)NO] and [Mo(CHs)-
(CsHs)(CO)»(PPh3)] with hydride compounds (BH3 and Li-
[BH(C,Hs)3] as a model reaction of the Fischer—Tropsch
reaction.?® They reported that formyl complex (~CHO) was
formed by the reduction of carbonyl complex (—CO) and
methyl complex (—CHj3) was formed by the reduction of
formyl complex. However, no methanol or hydroxymethyl
complex (—CH,OH) were produced. Taking into consid-
eration their result, it may be possible that formyl species
formed by reduction of adsorbed CO is reduced to meth-
yl species (step 4), resulting in formation of methane (step
6), so that no methanol formation was observed and only
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Fig. 8. Reaction schemes of the electrocatalytic Fischer-Tropsch
reactions.



752 Bull. Chem. Soc. Jpn., 70, No. 4 (1997)

formaldehyde and methane were produced in the reaction on
the Pt-GDE. An intermediate of methanol formation in the
heterogeneous catalytic processes is thought to be methoxy
species (CH30-). For example, Takezawa et al. supposed
that Zn methoxy (CH30-) species was an intermediate for
methanol formation from CO, on Cu/ZnO catalyst.?” On the
other hand, formation of methoxy species has never been ob-
served in the electrocatalytic and electrochemical reduction
of CO, and CO using various electrodes.

Hori etal. investigated the electrochemical reduction of al-
dehydes on a Cu electrode at a constant current density of 2.5
mAcm™2 in 0.1 moldm—3 KHCO; aqueous electrolyte.”®
They reported that ethanol was formed at a faradaic efficiency
of 92% form acetaldehyde. However, faradaic efficiency of
methanol formation from formaldehyde was only 10%. This
result indicates that it is difficult to reduce formaldehyde to
methanol by the electrode reaction and formaldehyde is not
the intermediate of methanol formation.

Next, let us discuss methane formation. Methane is
thought to be produced by the reduction of methyl species
(step 6) via formation of carbene species (: CHj) by the
reduction of adsorbed CO (step 2) and/or the reduction of
formyl species (step 4). In the electrocatalytic reduction of
CO on a Pt-GDE, the yield of methane was much larger than
that of formaldehyde at most electrolysis conditions, as has
been shown above. This result suggests that methane is pro-
duced on a Pt-GDE from CO because of the high activity
of the reduction (hydrogenation), compared with formation
of formaldehyde which is an intermediate reduction prod-
uct. Generally, carbide (or atomic carbon) formed on the
surface of the catalyst by dissociation of adsorbed CO, is
assumed as an intermediate for hydrocarbon formation in the
Fischer-Tropsch reaction.?* 32 Carbide is hydrogenated to
carbene species (step 2) and methyl species (step 5). Frese
et al. suggested that atomic carbon is the intermediate of
methane formation in the electrochemical reduction of CO,
and CO on the Ru electrode in aqueous solutions form the
results of Auger electron spectroscopy analysis of the elec-
trode surface after the electrolysis.!'*® At the present stage
of this research, however, it is not clear whether methyl
species, which is thought to be an intermediate for methane
formation, is formed via dissociative steps (steps 2 and 5)
or non-dissociative steps (steps 1 and 4). It may be possible
that the mechanism of hydrocarbon formation in the elec-
trocatalytic of CO and CO, on a Pt-GDE is different form
the Fischer—Tropsch reaction in the heterogeneous catalyst
system.

Mechanism of Formation of C2-Compounds.  Next,
let us discuss the mechanism of formation of C2-compounds
such as ethylene, ethanol, and acetic acid. In the Tafel plot
of reduction products shown in Fig. 6, the partial current
densities of methane and ethanol are constant at negative
potential lower than —1.85 V vs. Ag/AgCl. This might be
caused by the mass transfer limitation of CO. On the other
hand, after the mass transfer limitation, the partial current
densities of ethylene and acetic acid decrease with increasing
the electrode potential in the cathodic direction. Temperature
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dependence of acetic acid also showed the same tendency as
ethylene, as shown in Fig. 5. These results suggest that ethyl-
ene and acetic acid are formed by a similar reaction path and
the mechanism of ethanol formation is close to the pathway
of methane formation. The reaction schemes of formation
of C2-compounds suggested from these results are shown in
Fig. 8.

Ethanol is thought to be formed by the insertion of ab-
sorbed CO (or CO molecule) into methyl species (step 7),
resulting in formation of acetyl species (CH3CO-). Acetyl
species is reduced to acetaldehyde (step 9), and ethanol is
subsequently formed by reduction of acetaldehyde (step 11).
Formation of acyl group (RCO-) by insertion of CO into
alkyl group (e.g. step 7) has been well-known as the key
step of many homogeneous catalytic reactions such as the
hydroformyl reactions (Oxo reactions) and Reppe reactions.
The insertion of CO into alkyl group may also take place
in formation of C3-compounds such as 1-propanol and allyl
alcohol.

On the other hand, ethylene and acetic acid may be formed
via insertion of CO into carbene (step 8), resulting in forma-
tion of ketene (CH,=C=0). Ketene is subsequently reduced
to ethylene (step 10) or reacts with water to produce acetic
acid (step 12), as shown in Fig. 8. Takeuchi et al. suggested
that ketene formed by insertion of CO into carbene species (:
CH,) is the intermediate in the formation of ethanol from CO
and H, catalyzed by Rh/TiO, catalyst in the Fischer-Tropsch
reaction.>® In the reaction of the present experiment using
a Pt-GDE, it can be supposed that ketene formed on the re-
action site reacts with water to produce acetic acid due to
the presence of a large amount of water in the electrolyte. It
is possible that dimerization of carbene takes place to form
ethylene.

As shown in the Tafel plot (Fig. 6), the partial current
densities of ethylene and acetic acid formations decrease
with increasing the electrode potential in the cathodic di-
rection. At negative potential, concentration of adsorbed H
increases, leading to the increase in hydrogenation activity
with adsorbed H. Under this condition, carbene is prefer-
entially consumed in formation of methyl species (step 5),
suppressing the formation of ethylene and acetic acid (step
8,10, and 12). On the other hand, methane formation by
the hydrogenation of methyl species remains nearly constant
because of preferential consumption of carbene to methyl
species (step 5) even under the mass transfer limitation of
CO. This is thought to be the reason why the partial current
densities of ethylene and acetic acid decrease at negative
potential and that of methane remains constant.

There are several processes of acetic acid synthesis cat-
alyzed by metal complexes in homogeneous systems. In
Monsanto process, carbonylation of methanol to acetic acid
catalyzed by Rh complex at 150—200 °C under 30 atm, is
well-known and conducted as an industrial synthesis proc-
ess of acetic acid.® In this system, Rh acetyl complex
(CH3CO-Rh) produced by insertion of CO into methyl group
(CH3-Rbh), is thought to be the intermediate, which is hydro-
lyzed to acetic acid.*® Fujiwara et al. found that acetic acid is
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produced from methane and CO* = or CO,*” catalyzed by
Pd(OAc),/Cu(OAc), catalyst. Moreover, Lin et al. reported
the catalytic conversion of methane into acetic acid with CO
and O,, catalyzed by RuCls catalyst in aqueous medium at
100 °C.*Y In these catalytic reactions, it has been also pro-
posed that acetyl that acetyl complex is the intermediate in
the formation of acetic acid. Taking into consideration these
reaction mechanisms of acetic acid formation, it might be
possible that asetic acid is also formed in the electrochem-
ical CO reduction on the Pt-GDE by hydrolysis of acetyl
species (step 13).

Possibility of the Electrocatalytic Fischer—Tropsch Re-
action  Fisher—Tropsch reaction is known as the hetero-
geneous processes of hydrocarbons and oxygen-containing
compounds formation from CO and H,, catalyzed by 8—
10 group metal catalysts such as Fe, Co, Ni, Ru, Rh, Pd,
and Pt. In the present experiment, is was found for the
first time that hydrocarbons and alcohols were produced at
high faradaic efficiencies and at large partial current density
on the electrocatalytic reduction of CO using the Pt-GDE
at room temperature. Sammells et al. reported the elec-
trochemical reduction of CO under 1 atm using the GDEs
loaded with dispersed Cu, Cu—Ag, and Cu—Pb electrocata-
lysts in a 1 moldm~3 KOH aqueous electrolyte at ambient
temperature.*” As a result, methane, ethylene, and alcohols
were produced at high faradaic efficiencies and at large par-
tial current densities on these electrocatalysts. Total faradaic
efficiency for CO reduction on a Cu-GDE at a constant cur-
rent density of 600 mA cm™2 reached 98%. The results of
the present experiment and those reported by Sammells et
al. that hydrocarbons and alcohols are produced from CO
on electrocatalysts at ambient temperature and low CO pres-
sure conditions show the achievement of the electrocatalytic
Fischer-Tropsch reactions in the electrochemical systems.
The catalytic activity proceeding these catalytic reactions
under even mild conditions, compared with that in the hetero-
catalytic systems, might be thought to be due to the electrode
potential assistance. In an electrochemical system, H,O con-
tained in the electrolyte can be directly used as the hydrogen
source. It is for the first time acetic acid is formed from
CO in the electrocatalytic system of Pt-GDE. This result
indicates the possible of development of the electrocatalytic
Fischer—Tropsch reaction.
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