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showed a strong potential dependence which we postulate 
is due to a decrease in heterogeneous electron transfer rate 
at the polymer-gold interface. Calculations of the double 
layer correction indicate that electrostatic effects on the re- 
action plane potential are probably sufficient to produce 
the observed rate decreases. 
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Electrochemical Reduction of Carbon Dioxide on Conductive 
Metallic Oxides 

A. Bandi 
Universiffit Stuttgart, Institut fiir Physikalische Elektronik, D 7000 Stuttgart 80, Germany 

ABSTRACT 

Faradaic efficiencies and current-voltage characteristics for the reduction of CO2 on various conductive oxide mix- 
tures (RuO2, TiO2, MOO2, Co304, Rh203) were determined. Product analysis was performed by gas chromatography. Elec- 
trodes composed ofRuO2 + TiO2 [35 + 65 mole percent (m/o)] and RuO2 + Co304 + SnO2 + TiO2 (20 + 10 + 8 + 62 m/o) show 
high current efficiencies for methanol production when polarized near the equilibrium potential of hydrogen evolution in 
solutions of 0.2M Na2SO4 (pH = 4) saturated with CO2. It can be concluded from the Tafel slopes that the first electron 
transfer is the rate-limiting step in the reduction of CO2 on the investigated oxides in acidic media. 

The electrochemical reduction of CO2 to higher reduc- 
tion products, like methanol or methane, is thermody- 
namically more favorable than water reduction 
(E ~ = 0.13V, respectively, 0.2V vs. NHE). The reaction is, 
however, kinetically rather complex and needs effective 
electrocatalysts. In  many studies made on metals with 
high overvoltage for hydrogen evolution, the main reac- 
tion products were CO or formic acid (1-3). Higher reduc- 
tion products are obtained with semiconductors [e.g., 
(4-9)], with some metals having medium overvoltage for 
hydrogen evolution (10-13), or in homogeneous catalysis 
[e.g., (8, 14)]. 

Metallic conductive oxides like RuO2, IrO2, or Co304 
have been known for several years to be ve~y~-a-~tive cata- 
lysts in anodic processes like C12, 02 evolution, or in ca- 

thodic reduction of 02 (8, 15-19). In addition they possess 
high electrical conductivity (ca. 104 ~-1 cm-1) and electro- 
chemical stability, especially when blended with other ox- 
ides. The high electrocatalytical activity of these oxides for 
02 evolution is correlated with the appropriate value of the 
chemisorption energy for an oxygenated species. This 
energy is itself a function of the enthalpy change for the 
lower-higher oxide transition ["volcano" curve (19)]. The 
electrochemical reduction of CO2 to methanol occurs, 
probably, by dissociative chemisorption on metallic elec- 
trodes (20-22). Studies of the adsorption on oxides in the 
gas phase showed that in the presence of adsorbed hydro- 
gen, CO2 adsorbs by formation of carbonate, bicarbonate, 
formate, or metoxi adsorbates (21-30). Therefore, these ox- 
ides should be interesting catalysts for the reduction of 
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Fig. 1. Valve system and column sequence used in gas-phase 
analysis. 

CO2. In  addit ion,  the capaci ty  of  RuO~ to adsorb  hyd rogen  
revers ib ly  (31) m a y  play an impor tan t  role for CO2 reduc-  
tion. In  this paper  we repor t  for the  first t ime  on the  elec- 
t rochemica l  reduc t ion  of  CO2 on m i x e d  oxide  e lect rodes  
wi th  Ru, Mo~ Co, Ti, and Sn as const i tuents .  

Experimental  
The oxide  layers were  prepared  on t i t an ium foil (Ven- 

t ron M2N7 0.67 mm)  us ing  alcoholic  and acidic solut ions 
of  the  cat ions and subsequen t  the rmal  decompos i t ion  at 
450~ in air. Typical ly  9-11 layers of  solut ion were  pa in ted  
on the  Ti  substrate  (1 cm 2 act ive  surface). Each layer was 
annea led  separately.  The  total  a m o u n t  of  oxides  depos i ted  
(~4 mg /cm 2) was de te rmined  by weighing  the  samples.  
The  t i t an ium substra te  was e tched  in an oxalic acid solu- 
t ion (10%) before  coating. 

The  e lec t rochemica l  expe r imen t s  were  done  in a two- 
c o m p a r t m e n t  e lec t rochemica l  cell  (20-50 ml  catholyte).  
The  work ing  e lec t rode  was pressed  into a Teflon sample  
ho lde r  (PAR). Potent ia ls  were  measured  re la t ive  to a 
Hg2SO4 reference  electrode.  All solut ions were  prepared  
f rom reagen t  grade chemicals  and bidist i l led water.  Before  
each  run  the  solutions were  deaera ted  wi th  purified N2 for 
30 min  (flow rate 10-11 liter/h) and then  saturated wi th  CO2. 
The  expe r imen t s  were  carr ied out  in a c losed system, CO~ 
be ing  recycled  by a d i aphragm gas p u m p  (Romega  010). 
Both  gases, CO2 and N2 (99.9993%) were  washed  in concen-  
t ra ted H2SO4 and then  in H20. Polar izat ion curves  and cy- 
c lovo l t ammograms  were  recorded  wi th  a Heka  potent io-  
stat  (PG/284) and BBC recorder  (Type SE 780). Tafel  plots 
were  t aken  at a sweep  rate of  i mV/s, the  cyc lovo l tammo-  
grams at 50 mV/s. The  partial  cur ren t  of  CO2 reduc t ion  for 
Tafel  representa t ions  was calculated f rom the  current  in- 
crease  wi th  respect  to the  m e a s u r e m e n t  in N2-saturated so- 
lution. I t  is he reby  as sumed  that  the  current  of  hydrogen  
evo lu t ion  is the  same in both  solutions.  L o n g t i m e  poten-  
t iostatic polarizat ion was pe r fo rmed  for p roduc t  analysis. 
The  pH  of the  solut ion was measu red  whi le  be ing  CO2 sat- 
urated.  All e lec t rochemica l  expe r imen t s  were  done  at 
20~ 
Product analyses of the gas phase and of the solution 

were performed. CO2 and distilled water were checked for 
impurities. The analyses were carried out with a Hewlett 
Packard GC-MSD system, HP-5890 and HP-5970B, moni- 

to red  by the  works ta t ion  HP-59970C. A th ree -co lumn sys- 
t e m  consis t ing of  two packed  co lumns  (I and II) and a cap- 
i l lary c o l u m n  (III) were  used  (Fig. 1). This  sys tem al lowed 
the  separat ion of  mix tu res  of  f ixed gases and organic  com- 
ponen t s  (32). The  f ixed gases were  first e luted f rom col- 
u m n  I, Po ropak  N, and passed th rough  co lumn  II  (1 --> 2), 
molecu la r  s ieve 13 t imes,  where  they  were  separated.  Then  
they  passed th rough  co lumn  III, HP-20M (Carbovax 20M, 
25m x 0.2 ram) to en ter  in MSD. The last  c o l u m n  served 
here  as an interface f rom the  packed  co lumns  to the  MSD. 
Before  organic  c o m p o u n d s  e luted f rom co lumn  I, a va lve  
changed  the  gas flow to pass direct ly  f rom co lumn  I in to 
c o l u m n  III  (1 ~ 4), where  they  are separated.  The  p roduc t s  
in the  solut ion were  analyzed by direct  in ject ion or head- 
space  sample  m e t h o d  wi th  co lumn  III. The  componen t s  
were  identif ied by thei r  character is t ic  mass  spectra  and re- 
t en t ion  t ime  information.  The  quant i ta t ive  analysis was 
carr ied  out  wi th  external  s tandards  p repared  in the  5 x 
10 - '  to  102 p p m  concent ra t ion  range. The  concen t ra t ion  o f  
the  p roduc t s  was obta ined  by automat ic  in tegra t ion of  the  
peak  area. The  de tec t ion  l imit  lies at 0.5 p p m  for me thano l  
and formic acid, 1 p p m  for methane ,  carbon  monox ide ,  
and formaldehyde .  In  carbon  d ioxide  no carbon  monox-  
ide, methane ,  or me thano l  could be  identified. In  dist i l led 
water  0.5 p p m  methano l  was found.  The  me thano l  concen-  
t ra t ion after CO2 reduc t ion  was correc ted  by this amount .  
Both  solut ion and gas analyses were  carr ied out  wi th  tem-  
pera tu re  program.  As carr ier  gas we  used  He  (99.9993). The  
reproduc ib i l i ty  of  m e a s u r e m e n t s  was at about  90%. In  the  
tables  indica ted  concent ra t ions  are an average  of  about  
five measurements .  

Results and Discussion 
The  var ious  e lect rodes  prepared  are l is ted in Table  I 

wi th  the  current  efficiencies for me thano l  and formic  acid 
p roduc t ion  in 0.05M H2SO4 (pH = 1.2) polar ized at -900 
m V  v s .  Hg2SO4. Only m e t h a n o l  and formic  acid were  found  
in the  solution. In  the  gas phase  no react ion products  were  
found.  T h e ' c u r r e n t  efficiencies were  calculated f rom the  
total  charge  (QO cor responding  to the  electrolysis  current ,  
and the  charge  invo lved  in the  reduc t ion  of  C Q ,  (Qr,d), cal- 
cu la ted  f rom the  amoun t  of  the  p roduc t  fo rmed  

Eff iciency [%] = Qr~d x 100 [1] 
Qt 

In  Fig. 2 we present  a typical  ch roma tog ram run [for 
analysis of  e lec t rode  1, see Table  I] ob ta ined  in the  "Se-  
lec ted  Ion  Moni tor ing"  mode .  Analysis  of  the  wate r  used  
for the  prepara t ion  of  the  solut ions is also shown in Fig. 2. 
E lec t rode  2 is of  the same compos i t ion  as 1 bu t  wi th  a t race 
of  Ag (SIMS shows - 1 %  of Ag on the  surface  layer). The  re- 
act ion p roduc t  wi th  e lec t rode  2 is main ly  HCOOH. The  
mos t  efficient  e lec t rode  compos i t ion  for p roduc t ion  of  
me thano l  at -900 mV v s .  Hg2SO4 and pH = 1.2 is RuO2 + 
TiO2 (35 + 65 m/o), i .e . ,  e lec t rode  1, fo l lowed by e lec t rodes  
4 and 5. Hydrogen  evo lu t ion  was also ev iden t  on all elec- 
trodes.  

Figure  3 shows a typical cyc lovol tammogram for a RuO2 + 
TiO2 (35 + 65 m/o), electrode 1 in 0.05M H2SO4 (pH = 1.20), 

Table I. Electrode composition and current efficiency for reduction of C02 on various oxide electrodes at 
- 9 0 0  mV vs .  Hg2S04 in O.05M H2S04 (pH = !.2) 

Electrode 
composition 

[m/o] 

Product eonc. Product eff. 
Q ~ [ppm] [%] 

[C] [mAJcm 2] CH3OH HCOOH CH~OH HCOOH 

1. RuO2 + TiO2 44.3 0.52 9.7 0.9 24 2 
35 + 65 

2. RuO2 + TiO2 36.0 0.43 0.8 133.7 2 78 
35 + 65 (Ag) 

3. Rh203 + TiO2 30.0 0.91 3.5 - -  5 - -  
20 + 80 

4. RuO2 + MoO2 + TiO2 31.0 0.51 10.2 <0.5 12 <1 
25 + 30 + 45 

5. RuO2 + Co~O4 + SnO2 + TiO2 34.5 0.54 6.7 59.2 7 18 
20+ 1 0 + 8 + 6 2  
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Fig. 2. Chromatograms obtained: (a) by analyzing of reduction prod- 
ucts for electrode 1 (Table I), polarized at - 9 0 0  mV v s .  HgzS04 in 
O.05M H2S04 (pH = 1.2); (b) blank analysis for bidistilled water. The 
temperature program used is shown in'the insert. 
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V vs. Hg 2S04 

(~) N 2 - s a t u r a t e d  

( ~  C 0 2 - s a t u r a t e d  

Fig. 3. Cyclic voltammograms for Ru02 + TiOz (35 + 65 m/o) elec- 
trode I in O.05M HzS04 (pH = 1.2); potential sweep rate 50 mV/s. 

saturated with N2 and CO2, respectively. A higher current 
density is observed after saturation with CO2. An increase 
of the cathodic current was found by authors (4) when the 
solution was saturated with CO2 on TiO2 electrodes doped 
with RuO2 in 0.5M KC1. They (4) concluded from the shape 
of the vol tammograms that the reduction of CO2 sets in be- 
fore water reduction. As Tinnemans et aL (5) showed, the 
increase of the cathodic current in unbuffered solutions 
can be ascribed to the lowering the pH due to the satura- 
tion with CO2. However, the saturation with CO2 cannot 
produce change o f p H  in 0.05M H2SO4 (pH = 1.2 before and 
after saturation) because carbonic acid is very weak in 
comparison with sulfuric acid. 

The high buffer capacity of 0.05N H2SO4 prevents also a 
pH change on the electrode surface. Therefore, one can say 
that the higher current density observed in the solution 
saturated with CO2 is due to CO2 reduction. Figure 3 fur- 
ther shows that the reaction begins before the onset of 
water reduction. Therefore, we expect  reduction products 
of CO~ when the electrodes are polarized near the water re- 

Table II. Current efficiency for reduction of C02 in solutions with 
various pH near the water reduction potential 

Product 
CH~OH 

Q i Conc. Eft. 
Electrode pH [C] [mA/cm 2] [ppm] [%] 

1. 4.0 a 4.0 0.061 8.4 76 
1. 6.05 5.2 0.077 5.0 35 
1. 7.5 c 7.6 0.098 1.0 5 
5. 4.0 a 4.7 0.052 6.8 53 

0.2M Na2SO4. 
b Phosphate buffer (0_2M). 
c 0.5M KHCO~. 

c .5 3 
(1) b=220mV 4 
!31 b=lso v 15 
(,4) b = 2 4 0 m V  

.~_E ( 5 )  b = 2 3 0 m V  

I I I I 
- .5 -1 

V vs.Hg 2S04 [V] 
Fig. 4. Tafel plots of partial currents of C02 reduction in O.05M 

H2S04 (pH = 1.2) for electrodes 1, 3, 4, and 5. 

duction potential. We present in Table II the current effi- 
ciencies for methanol for electrodes 1 and 5 (for composi- 
tion see Table I), polarized near the water reduction 
potential in solutions with various pH. No other reaction 
products except  methanol was found either in the solution 
or in the gas phase. There is a high current efficiency for 
methanol in solutions with pH of 4.0 for both electrodes 
and at pH = 6.0 for electrode 1. At these pH values we reg- 
istered a pH change between the beginning and the end of 
polarization in the bulk of solution not greater than 0.2. 

In order to determine the reaction mechanism, we re- 
corded Tafel plots for CO~-reduction (partial currents) in 
0.05M H2SO4 (pH 1.2) for electrodes 1, 3, 4, and 5. The Tafel 
slopes for various oxide compositions (Fig. 4) lie between 
180-240 mV. These details are similar to the ones found at 
higher current densities for the reduction of CO~ on mer- 
cury (33) and other metals 1. The authors (33) associate this 
Tafel slope with the first electron transfer as rate-deter- 
mining step. Several studies on oxides in the gas phase 
(22-26) showed that in presence of hydrogen the ad- 
sorption of CO2 takes place by formation of carbonate, bi- 
carbonate, formate, or metoxi  adsorbates. Considering an 

,-~80 

0 
~ 4-0 
(.- 

: g  

, , 

V vs.Hg2SO 4 [V] 
Fig. S. The dependence of methanol efficiency on the polarization 

potential; electrode 1,0.2M No2S04 (pH = 4.0). 
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Fig. 6. Current-time plot for Ru02 + Ti02 (35 + 65 m/o) electrode in 

O.OSM H2S04 (pH = 1.20) saturated with C02, at -900  mV vs. 

Hg~S04. 

adsorption of CO2 as bicarbonate on the hydrated oxide 
surface, the rate-determining step can be written as 

MeOOH + CO2 + e---> O=Me~ "DO'~C-OH]-- [2] 
U O ~  J.d 

with MeOOH being the result of the electrochemical hy- 
dration reaction of the surface. The electrochemical hydra- 
tion can be considered as a partial reduction of the oxide 
surface. This reaction may be written for acid media as 

e 
MeO2 + H § ---* MeOOH [3] 

and for neutral or basic media, depending of the acidity of 
the electrode 

e -  
MeO2 + H20 -* MeOOH + OH- [4] 

The dependence of methanol production efficiency upon 
the electrode potential was determined for electrode 1 in 
0.2M Na2SO4 (pH = 4.0). The results are presented in Fig. 5. 
In  this representation the total current is plotted. The effi- 
ciency falls strongly with increasingly negative potential, 
and at -1150 mV vs. Hg2SO4 the efficiency is <10%. We as- 
cribe this pronounced decay in efficiency with potential to 
the increase of the rate of the hydrogen evolution reaction. 
The longtime polarization experiments show high stability 
for the oxide electrodes. In Fig. 6 is represented a typical 
i-t curve for electrode 1 in 0.05M H2SO4 (pH = 1.2), satu- 
rated with CO2. The current drops slightly in the first hours 
and then remains constant. 

Summary 
The metallic conductive oxide electrodes known as 

anodes for chlorine and oxygen evolution and other 
anodic processes show interesting catalytic properties for 
the electrochemical reduction of CO2. As reduction prod- 
ucts, methanol and formic acid could be identified by gas 
chromatography. Mixtures of oxides of RuO2, TiO2, Co304, 
MOO2, Rh203, SnO~ show a low overvoltage for the reduc- 
tion of CO2. This reaction occurs before the onset of hydro- 
gen evolution. At low current densities (~50-100 ~A/cm~), 
when the electrodes are polarized near the water reduction 
potential, there is a high current efficiency for 
methanol on mixtures of RuO2 + TiO2 (35 + 65 m/o) and 
RuO2 + Co304 + SnO2 + TiO~ (20 + 10 + 8 + 62 m/o). For 
various oxides the Tafel slopes in 0.05M H2SO4 were found 
to be between 180 and 240 mV. In agreement with litera- 
ture data (33), it seems that the first electron transfer is the 
rate-limiting step in the electrochemical reduction of COs 
on oxide electrodes at pH = 1.2. The current efficiency for 

methanol drops quickly with overpotential. Longtime po- 
larization shows a good stability for the oxide electrodes. 
By changing the oxide composition and preparation pa- 
rameters it might be possible to improve current densities 
and methanol efficiency. 
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