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Abstract 
A new catalytic system, CuII (or Cu(0))/Cl-/TiO2/formic acid/UVssr , is proposed to 
generate hydrogen by photoreforming of formic acid. The influence of TiO2 loads 
and formic acid concentrations is investigated. Starting from zero-valent copper, 
the results indicate that, in the presence of TiO2 and formic acid, no gains in terms 
of hydrogen formed are observed with respect to the adoption of the subsystem 
Cu(0)/Cl-/UVssr. On the other hand, starting from cupric ions, a surplus of hydrogen 
production is recorded with respect to that obtained from this subsystem. 
 
Introduction 
A new interest in photocatalytic processes has been recently recorded as a way to 
produce hydrogen from aqueous solutions containing organics (photoreforming) or 
directly from water (photosplitting). It is well known that the efficiency of 
photocatalytic processes is limited by the recombination reaction between positive 
holes and photogenerated electrons.  
The addition of a sacrificial organic agent, which reacts with the holes, is a way to 
suppress this parasitic reaction. The sacrificial agent may also be a water pollutant 
and in these cases the generation of hydrogen combines with the decontamination 
of water. Among these agents, formic acid has been shown to be very effective, in 
presence of TiO2 photocatalyst, to decontaminate heavy-metal (such as copper) 
polluted waters [1,2]. Moreover, copper-doped TiO2 catalysts have been found to 
effectively enhance hydrogen photogeneration in the UV and near-UV range of 
radiation under irradiation with both visible and solar light. 
In this paper, a new photocatalytic system is proposed to generate hydrogen by 
photoreforming of formic acid in aqueous suspensions of copper and titanium 
oxide. In principle, two different initial experimental conditions are possible for the 
system. The first condition starts with copper in the lowest oxidation state 
(Cu(0)/Cl-/H+/TiO2/formic acid/UVssr) whereas the second one is obtained when 
copper is present as cupric ions (CuII/Cl-/H+/TiO2/formic acid/UVssr). Both the 
conditions are investigated in the present work.  
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Material and methods 
The TiO2 catalyst (pure anatase phase) and the other reagents were purchased from 
Sigma Aldrich and used as received.  
Photocatalytic runs were performed in a batch glass jacketed reactor described 
elsewhere [3]. The reactor was equipped with 125 W (power input) high-pressure 
solar UV lamp (Helios Italquartz) and thermostated at 25 °C.  
For each run, weighted amounts of zero-valent copper or CuII (as cupric sulphate) 
and a proper amount of TiO2 were added to 280 ml of aqueous solution, regulated 
at the desired pH, and the resulting suspension poured in the photoreactor. A 
nitrogen flow was fed into the reactor for thirty minutes before switching on the 
lamp. Samples of the suspension were withdrawn from the reactor at different 
reaction times, filtered and the filtrate was used to measure dissolved copper 
species. 
Gaseous samples were recovered from the reactor outlet in Tedlar gas sampling 
bags and then introduced in the analytical device. Hydrogen concentration was 
measured by micro-gas-chromatography (Agilent 3000A) equipped with a MS5A 
column and a TCD detector using argon instead of helium as carrier gas to increase 
the sensitivity of the system. The concentration of dissolved copper, (CuI + CuII) 
ions, was measured spectrophotometrically by means of a colorimetric method 
with an analytical kit. The concentration of formic acid was measured by means of 
HPLC analysis.  
 
Results and discussion 
1Cu(0)/Cl-/H+/TiO2/formic acid/UVssr system 
1.1 Effect of titanium dioxide load 
A preliminary evaluation of the effect of the addition of TiO2 photocatalyst to the 
Cu(0)/Cl-/H+/UV system was done. Cu(0) and TiO2 powders with a load of 800 
mg/l and 500 mg/l respectively were added to an aqueous solution containing 
chlorides (NaCl, 1.0 M) at pH=1.0. After switching the lamp on, it was observed 
that neither production of hydrogen nor formation of dissolved copper were 
occurring (data not shown). On the other hand, experiments with lower TiO2 loads 
indicated that, for values as low as 100 mg/l, the presence of the titanium dioxide 
did not exert any effect on the behaviour of the subsystem (Cu(0)/Cl-/H+/UVssr) 
which was able to generate hydrogen gas. However, for TiO2 loads higher than 100 
mg/l, a reduction of the rate of hydrogen formation was observed. 
In a first attempt at explaining this result, the possibility was considered that 
suspended TiO2 could scatter the radiation with an effect that reduces when the 
load decreases, as reported by others on photo-oxidation processes. An alternative 
explanation is that Cu(0) oxidizes giving its electrons to the photogenerated 
positive holes on the semiconductor whereas the CuI and CuII ions reduce by 
reacting with the photoelectrons, cuprous ions being capable of undergoing both 
oxidative and reductive reactions: 
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1.2 Effect of formic acid concentration 
The effect of formic acid as sacrifical agent in the solution was studied in further 
experimental runs where it was added up to a concentration of 1.0 M with a starting 
load of zero-valent copper of 800 mg/l, sodium chloride and perchloric acid both at 
a concentration of 0.1 M but in absence of titanium dioxide. No influence of formic 
acid was detected in the experimental conditions adopted (data not shown). 
The effect of formic acid in the mixture in presence of solid TiO2 (100 mg/l) was 
studied at the same conditions as described above, that is pH=1.0 and [NaCl]o=1.0 
M (Figs.1a,b). For formic acid concentrations equal or lower than 0.05 M a small 
effect was observed with respect to the system without formic acid. For 
concentrations of formic acid higher than 0.05 M, a marked decrease in reactivity 
was recorded. At the highest load of formic acid (1.0 M), the system was totally 
unreactive: no formation of dissolved copper in solution (Fig.1a) and no production 
of hydrogen were observed (Fig.1b). 
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Figure 1. Effect of initial formic acid concentration on dissolved copper formation 
(fig.1a) and hydrogen production rate (fig.1b) at pH=1.0, T=25 °C. Initial load of 
zero-valent copper: 800 mg/l. [NaCl]o: 1.0 M.   
no TiO2:  no HCOOH ( ); 100 mg/l of TiO2: [HCOOH]o = 0.01 M ( );  
[HCOOH]o = 0.05 M ( ); [HCOOH]o = 0.1 M ( ); [HCOOH]o = 1.0 M ( ). 
 
That is, surprisingly, the addition of TiO2 and formic acid to the subsystem 
Cu(0)/Cl-/H+/UVssr does not result into any gain in terms of hydrogen produced 
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with respect to the adoption of the subsystem Cu(0)/Cl-/UVssr and, in some 
conditions, renders the system completely unreactive. 
These observations suggest that the addition of formic acid (and TiO2) to the 
subsystem Cu(0)/Cl-/H+/UVssr has a deleterious effect on the formation of dissolved 
copper species and hydrogen generation. In a first attempt at explaining these data 
one can consider that the adsorption of formic acid and/or formate ions on zero-
valent copper surface may compete with that of chloride ions thus preventing 
reaction r4 [4] from occurring: 

••+− +⎯⎯⎯ →⎯+ adsaqads
Cuhv

aqads HClHCl ,
, 0 r4 

adsaqads CuClCuCl ,
0 ⎯→⎯+•

 
r5 

That is, the initial formation of cuprous species could be inhibited by the presence 
of formic acid. Moreover, it is known that the sacrificial agent utilized reacts with 
photoproduced positive holes, thus rendering photoelectrons, which slowly react 
with protons, well available for cuprous/cupric ions reduction.  
Moreover, under the experimental conditions adopted, CuII and formate ions form 
stable metal-organic complexes [5]. The formation of these species lowers the 
concentration of free CuII with a consequent limitation of the occurrence of 
reaction r6: 

III CuCuCu 20 ⎯→⎯+ r6 

Therefore, it is clear that the prompt reduction of cuprous species and its limited 
formation through r4 and r6 prevents also the occurrence of reactions r7 and r8 and 
consequently r9: 

sloweClCuCuCl hv −−+− ++⎯→⎯ 22
2

r7 

sloweClCuCuCl hv −−+− ++⎯→⎯ 322
3

r8 

•−+ ⎯→⎯+ adsaqaq HeH ,                                fast r9 

 
 
2 CuII/Cl-/H+/TiO2/formic acid/UVssr system 
2.1 Effect of TiO2 load 
To evaluate the effect of semiconductor load, a set of runs were carried out at 
varying TiO2 initial load, for a fixed pH (1.0), formic acid and chloride ion 
concentration (both at 1.0 M). The results obtained for TiO2 load ranging from 20 
to 300 mg/l are shown in Fig. 2. It is interesting to observe that at decreasing TiO2 
load the amount of hydrogen increases (Fig.2b) and, in particular, when the load is 
as low as 50 mg/l, the concentration of dissolved copper keeps at a constant value 
(Fig.2a) and hydrogen production proceeds at a constant rate (Fig.2b). For higher 
TiO2 loads the concentration of dissolved copper and the rate of hydrogen 
production decrease during each run. 
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Figure 2. Effect of TiO2 load on dissolved copper consumption (fig.2a) and 
hydrogen production rate (fig.2b) at pH=1.0, T=25 °C, in presence of formic acid 
([HCOOH]o = 1.0 M). [CuII]o: 5.0⋅10-3 M, [NaCl]o: 1.0 M. TiO2 load (mg/l):   20, 

 50,  100,  200,  300. 
 
These results may be probably due to a competition between photocatalytic 
reduction of cuprous species and their photolysis to generate free electrons (r7 and 
r8). For high TiO2 loads, photocatalytic reduction prevails and, as discussed in the 
previous paragraph, in the presence of formic acid, a limited occurrence of r4 and r6 
reactions is allowed. In this case, a decrease of dissolved copper species and lower 
rates of hydrogen generation occur as observed during the experimental runs at 
increasing TiO2 loads. 
For all the runs, the analysis carried out on samples taken at different reaction 
times (up to 300 minutes) did not reveal any valuable change in the concentration 
of formic acid with respect to the initial one. 
Moreover, prolonged photocatalytic runs (longer than 300 minutes), starting from 
CuII at low TiO2 load (50 mg/l), allowed to produce higher amounts of hydrogen 
than those obtained by the Cu(0)/Cl-/H+/UVssr subsystem with an equivalent 
quantity of zero-valent copper (data not shown). It is clear that the surplus of 
hydrogen produced in this case is closely correlated with the presence of the 
organic species whose oxidation makes the continuous reduction of cupric ions 
possible. 
 
2.2 Effect of formic acid concentration 
The effect of formic acid was studied in some runs in which it was added to an 
aqueous solution containing a starting concentration of cupric ions of 5.0⋅10-3 M 
and sodium chloride and perchloric acid both at a concentration of 1.0 M. 
Unlike the complete system in which copper was added as zero-valent species, 
when cupric ions were introduced in the mixture at beginning of the run, the 
reactivity increased as formic acid concentration increased. It was practically zero 
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at low formic acid concentrations whereas the situatio completely changed at the 
highest concentration value (1.0 M). That is, a net production of hydrogen was 
observed when formic acid concentration achieved the value of 1.0 M.  
It can be hypothesized that at low formic acid concentrations and low TiO2 loads 
(50 mg/l), few photoelectrons only are available for dissolved copper species 
reduction. Only at high concentrations of the organic species this situation changes 
making hydrogen generation possible.  
 
Conclusions 
A new photocatalytic system was proposed to generate hydrogen by the reforming 
of an organic species based on the copper/TiO2/Cl-/formic acid/UVssr system. 
The results for the system starting from zero-valent copper indicate that in the 
presence of TiO2 and formic acid, no gains in terms of hydrogen formed are 
observed with respect to the adoption of the subsystem Cu(0)/Cl-/UVssr. Under 
some conditions, the TiO2 addition renders the system completely unreactive. 
On the other hand, when the system starting from cupric ions is used, for low TiO2 loads 
and a formic acid concentration of 1.0 M, a surplus of hydrogen production is recorded 
with respect to that obtained from this subsystem with an amount of zerovalent-
copper equivalent to that of cupric ions. 
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