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Summary 

An aqueous suspension of hydrous cuprous oxide (C&O-xH,O) is 
found to photoreduce carbonic acid selectively to methanol, but is itself 
sacrificed. The high yield and selectivity is attributed to strong chemisorp- 
tion of carbon dioxide, highly negative flat-band potential and multielectron 
transfer. 

1. Introduction 

There are three chemical reactions whose photocatalytic initiation 
would be of tremendous economic importance: (1) the decomposition of 
water into oxygen and hydrogen; (2) the reduction of dinitrogen to 
ammonia; (3) the reduction of carbon dioxide to C1 or C2 compounds 
[l - 61. 

The virtues of the photodecomposition of water are well known and 
during the past decade a large number of model systems have been studied 
[I, 2,7 - 133. Unfortunately, their quantum efficiencies are small and a 
promising practical device is not yet available. 

The photoreduction of dinitrogen [ 14 - 171 presents the following addi- 
tional difficulties: (i) the reduction of one molecule of dinitrogen involves 
the transfer of six electrons compared with the two electrons needed for the 
production of one molecule of hydrogen from water; (ii) ammonia accumu- 
lates in the solution and participates in back reactions, i.e. the oxidation of 
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ammonia into nitrates, nitrites or nitrogen; (iii) the reduction of dinitrogen 
presents a strong activation barrier; (iv) nitrogen is poorly chemisorbed on 
catalyst surfaces. 

Unlike water or nitrogen, carbon dioxide can be reduced in a series of 
steps to yield formic acid, formaldehyde, methanol and methane 

CO2 + 2H+ + 2e- - HCOOH (1) 

CO2 + 4H+ + 4e- + HCHO + Hz0 (2) 

COz + 6H+ + 6e- + CH30H + H,O (3) 

COz + 8H+ + 8e- + CH4 + 2H,O (4) 

Each step requires a transfer of two additional electrons. Carbon dioxide 
generally chemisorbs strongly on most catalysts and involves little activation 
energy during reduction. Thus it seems that the reduction of carbon dioxide 
is relatively easy, when compared with dinitrogen. However, the constraint 
set by back reactions is very severe in the reduction of carbon dioxide. The 
reduction products of carbon dioxide (i.e. formic acid, formaldehyde) are 
themselves excellent electron donors. As their concentration increases, the 
oxidative back reactions become more favourable. Consequently, the 
photolysis of carbonic acid in the presence of semiconductor catalysts yields 
trace quantities of formic acid, formaldehyde, methanol and methane 
[ 5,18 - 221. With semiconductor catalysts such as TiOz and SrTi03, the 
yield of the first reduction product, i.e. formic acid, is higher than that of 
formaldehyde and methanol by more than one order of magnitude [ 51. 

Unlike the photoreduction of water, photoreduction of carbon dioxide 
cannot be enhanced by incorporating strong electron donors in the solution. 
The reason for this is that the reduction products of carbon dioxide are 
themselves powerful electron donors which get readily chemisorbed into the 
catalyst particles. One way to overcome this problem is to employ semi- 
conductor catalysts that undergo self-sacrifice with the rapid consumption of 
photogenerated holes. In our studies we have found that hydrous cuprous 
oxide possesses this property. The photolysis of a suspension of hydrous 
cuprous oxide is found to produce methanol selectively and the yield 
obtained is higher than that observed in previous systems reported in the 
literature. 

2. Experimental details 

The catalyst was prepared by the hydrolysis of CuCNS as described in 
ref. 22. As drying was found to inactivate the catalyst, moist material was 
used in all experiments and the equivalent amount of Cu,O was estimated 
from the quantity of CuCNS employed. The band gap of the material 
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deduced from the reflectance spectrum is 2.5 eV [22] (compared with 2.3 
eV for dehydrated material). The Hall test performed with desiccator-dried 
compound shows that it is a p-type material. Furthermore, surfaces coated 
with CuzO-xH,O show cathodic photoresponse in electrolytic media [22]. 

The photolysis experiments were carried out in a 200 ml glass bulb 
where the suspension of CuzO.xH,O was stirred magnetically. Purified 
carbon dioxide (passed through wash bottles containing chromic acid and 
water to remove organic matter and the spray) was bubbled through the 
flask at a rate of 0.6 1 min- I. The light source used was a 200 W medium 
pressure mercury lamp (full spectrum). 

The photolysis product was tested for formic acid, formaldehyde and 
methanol by the following methods. The contents of the flask were filtered 
and distilled. A portion of the filtrate was treated with Tollen’s reagent and 
estimated for formaldehyde turbidimetrically. Another portion was digested 
with aluminium amalgam and redistilled. In this process any formic acid 
present is reduced into formaldehyde. From the two estimations of formal- 
dehyde, the formic acid concentration was determined. To estimate 
methanol, a third portion of the original distillate was reacted with acidified 
dichromate, then re-distilled and estimated for formaldehyde. The presence 
of methanol was also confirmed by gas chromatographic analysis. Hydrogen 
was detected using a polarographic detector (Applied Photophysics) and 
confirmed by gas chromatography (Shimadzu GC - 9AM). 

3. Results and discussion 

The variation in the concentration of methanol and formaldehyde 
during photolysis is presented in Fig. 1. Formic acid and formates are not 

t/min 

Fig. 1. Variation in the yields of methanol (a) and formaldehyde (b) as a function of time 
(the quantity of CuzO-x&O used was equivalent to 20 mg of CuzO). 
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detected. Formaldehyde and methanol concentrations reach peak values in 
approximately 30 min and 45 min respectively. The yields of these com- 
pounds are more than two orders of magnitude higher than those obtained 
with SrTi03 suspensions of similar absorbance under similar conditions. The 
optimum yields of formic acid, formaldehyde and methanol are compared 
in Table 1. It is important to note that with SrTiO,, the substance produced 
in the highest concentration is formic acid. The photochemical reactions 
which occur can be represented as follows 

CO* + 4H+ + 4e- - HCHO + H,O 

T 
conduction band 

(5) 

2Cu,O.xH,O + 4OH- + 4h+ - 4CuO + 2(x + l)H,O 

T 
valence band 

CO, + 6H+ + 6e- 13 CH,OH + H,O 

T 
valence band 

~CU,OYXH,O + 60H- +6h+-- 6CuO + 3(x + l)H,O 

(6) 

(7) 

(8) 

T 
valence band 

The oxidation of hydrous cuprous oxide can be seen as a darkening of 
the suspension. The almost complete absence of formic acid is an indication 
that the transfer of two electrons is less probable than four or six electrons. 

TABLE 1 

A comparison of the optimum yields of C1 products from Cu20-xH20 and SrTi03 under 
similar conditions 

Ca falys f HCOOH HCHO CH30H 
(pm01 1-l) (pm01 1-l) (l-(mollP1) 

CuzO-xHzO 0.00 3.5 24.0 
SrTi03 0.70 0.02 0.03 



373 

The presence of methanol in large excess over formaldehyde suggests that 
the successive two-step electron transfer is not the mechanism of the reac- 
tion. An interesting question is: why are electron transfers of higher multi- 
plicity favoured ? A possible explanation is as follows. In a p-type semi- 
conducting particle, the photogenerated electrons accumulate in the bulk of 
the material and holes readily diffuse towards the surface. In the present 
case, holes are quickly removed by capture on OH- ions adsorbed at the 
surface, followed by self-sacrifice of the sensitizer. The rapid removal of 
holes results in a build-up of the electron density within the particles, 
making multielectron transfers more probable. The stepwise reductions 
cannot be completely ruled out. 

In a separate experiment, we have observed that when a suspension of 
Cu,O*xH,O in aqueous formaldehyde (10e3 M) is irradiated, more than 30% 
is reduced to methanol in about 45 min. When the same experiment is 
repeated with SrTiO, only trace quantities of methanol are produced. Here, 
the predominant reaction is oxidative degradation of formaldehyde with 
concomitant evolution of hydrogen. This observation clearly demonstrates 
that in the Cu,O*xH,O system, holes are consumed exclusively in its own 
oxidation. A suspension of hydrous cuprous oxide in water photogenerates 
hydrogen on irradiation (Fig. 2). However, in carbonic acid medium, hydro- 
gen evolution is not detected. Undoubtedly this is a consequence of the fact 
that carbon dioxide (or carbonate and bicarbonate ions) is strongly chemi- 
sorbed in Cu,O-xH,O. 

It is important to note that dehydrated cuprous oxide neither photo- 
generates hydrogen from water nor reduces carbonic acid. The flat-band 
potential of Cu,O is not favourable for these reduction processes. Although 
we have not succeeded in determining the exact value of the flat-band 
potential of Cu,O*xH,O, a comparison of the onset potentials of Cu,O and 
Cu,O-xH,O shows that the latter is distinctly shifted in the negative 
direction [ 221. The shift is more pronounced when the pH is increased [ 221. 

15 30 45 
t/min 

Fig. 2. Hydrogen photogeneration from water (the quantity of CU~O-XH~O used 
equivalent to 20 mg of Cu,O; numbers indicated near each curve are the pH values). 

was 
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Thermodynamically, both water and carbon dioxide reduction are favoured 
at low pH. In the reduction of water with Cu,O-xH,O, the rate of reaction 
is optimum at around pH 11. The origin of an optimum pH can be under- 
stood as arising from the combined effect of the above two factors. How- 
ever, in the reduction of carbon dioxide, an increase in pH in the alkaline 
direction leads to a rapid decrease in the reaction rates. The reason could 
be that the active species involved in carbon dioxide reduction is the 
bicarbonate ion, whose presence is favoured when the pH is acidic. 

The decrease in the concentration of methanol on prolonged irradiation 
could result from the following reactions: (i) the reduction of methanol to 
hydrogen or methane; (ii) the oxidation of methanol by the degraded 
catalyst containing cupric oxide which is completely reduced to Cu,O (non- 
hydrous). We did not have the facilities to detect methane; however, photol- 
ysis of methanol with Cu,O-xH,O yields detectable quantities of hydrogen. 

4. Conclusion 

The selective production of methanol and the high yield make the 
above system interesting. Photochemical reactions where the sensitizer 
undergoes self-sacrifice deserve more attention. If a method could be found 
to regenerate the sensitizer, devices of this type would become of practical 
importance. If a second light reaction was found, which converted the 
degraded sensitizer containing CuO into Cu,O-xH,O, then our process would 
closely mimic natural photosynthesis with CuO-Cu,O*xH,O as the sensitizer 
as well as the intermediate redox couple. We have also noted that hydrous 
cuprous oxide has the ability to photoreduce dinitrogen to ammonia [ 221. 
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