Photo- and radiation-induced preparation of nanocrystalline copper and cuprous oxide catalysts
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Spherical copper nanoparticles have been prepared by photo- or radiation-induced reduction of aqueous solutions containing 10‑3 mol.dm‑3 copper sulphate or formate, 1.3 mol.dm‑3 propan‑2‑ol and polyvinyl alcohol as a stabilizer. Increase of initial copper concentration to 10‑2 mol.dm‑3 resulted in formation of different reaction product – octahedral cuprous oxide nanoparticles. Solutions were irradiated by means of electron beam, 60Co γ rays (dose rate 70 Gy.h‑1) or by 400W medium-pressure mercury lamp and were characterised by UV‑Vis spectrophotometry, X-Ray Powder Diffraction, TEM and SEM. Pink to violet colour of colloidal copper solutions corresponded to measured copper surface plasmon band at circa 580 nm and has been found to be very sensitive to oxygen, which causes dissolution of particles. Therefore, the influence of purging by nitrogen gas prior to irradiation was thoroughly examined and has been found to only hinder, not alter irradiation effects. Moreover, the evolution of absorption spectrum of colloidal copper solution in contact with air has been measured, revealing interesting non-monotonous dependence probably caused by formation of protective oxide layer. Catalytic activity of prepared cuprous oxide has been measured by catalytic decomposition of hydrogen peroxide and has been found to be higher or comparable to commercial cuprous oxide.
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Introduction

In recent decades, nanometre-sized materials have drawn substantial attention of numerous researchers in wide range of science branches, particularly for the properties originating from their small size or related high surface area. Nanoparticles of metals or metal oxides are therefore promising catalysts for various redox reactions [1-3]. Among other noble metals, copper has a special position because of its easy oxidation to form various stable oxides. Copper nanoparticles have been prepared by numerous methods, including solvothermal treatment [4], laser ablation [5], chemical reduction by different strong reductants [6, 7], radiation-induced reduction [8-12], photolysis [13-15] etc. Using radiation-induced reduction, cuprous oxide Cu2O (semiconductor, catalyst and photocatalyst) has been also directly prepared in aqueous buffered solutions [16] and water-in-oil microemulsions [17]. 

Radiation-induced preparation offers several advantages for the production of metal or metal oxide nanoparticles. Their shape and size can be controlled by varying the applied dose or dose rate; in homogenous radiation field, even particles with narrow size distribution may be formed. Moreover, the synthesis does not require elevated temperatures so various thermally unstable substances may be used. [18]

Absorption of ionizing radiation in aqueous solutions leads to radiolysis of water and creation of reactive radicals and ion-radicals following the summary reaction:
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The main reducing species are solvated electron e‑aq and H∙, whereas ∙OH radicals exhibit strong oxidative properties. Therefore it is necessary to introduce ∙OH scavenger into the solution – formate anion or propan‑2‑ol serve as convenient ∙OH scavengers, forming strong reductive radicals from both ∙OH and H∙ [19]:


[image: image2.wmf](

)

(

)

O

H

H

OH

C

CH

H

O

H

CHOH

CH

O

H

H

OO

C

H

O

H

HCOO

2

2

2

3

2

3

2

2

+

®

+

+

®

+

-

-

&

&

&

&

&

&


In the case of cuprous ion, the reduction consists of two successive steps – at first, Cu2+ is quickly reduced to Cu+ by e‑aq or ∙COO–, whereas reduction by H∙ and (CH3)2ĊOH is rather slow [19-22]. Cuprous ions Cu+ then undergo several competitive reactions – disproportionation to Cu0 and Cu2+, further reduction to Cu0 by all mentioned reducing species with approximately equal reaction rates and at last, reaction with OH– forming yellow unstable CuOH [8, 16, 17]. 

Presence of dissolved oxygen in water may seriously affect the processes following radiolysis of water by converting reducing species into oxidative (O2–, HO2) and also react with already-formed particles. Colloidal copper is, in fact, very sensitive to reverse oxidation by oxygen [7, 8, 11] and when exposed to air, these nanoparticles completely dissolve in the solution back to Cu2+ form.

Photo-induced processes exhibit similar properties to radiation-induced methods including the above-mentioned advantages and the use of very cost-effective discharge lamps. Reductive species are formed either by direct photolysis of water (H2O* → H∙, ∙OH), by photo-dissociation of various sensitizers or direct photo-reduction of metal complexes [13-15]. However, the solvated electron e‑aq plays rather a minor role in comparison to radiolysis due to non-ionizing character of UV radiation.

General catalytic activity of redox catalysts (metals, metal oxides or their mixtures) can be determined by decomposition of hydrogen peroxide solution containing tested catalyst in the form of suspension [23]:
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where km stands for mass-specific rate constant of catalyst, t is time and [H2O2] represents actual concentration of H2O2. Amount of suitable catalytic centres is, however, dependent on specific surface area of used catalyst S/m and therefore, normalised catalytic activity ks defined by relation km = ks · (S/m) reflects the actual concentration of active centres on the surface of catalyst. 

Experimental

Copper sulphate pentahydrate (CuSO4 · 5 H2O, ≥ 99.0%) was purchased from Fluka, copper formate hydrate (Cu(HCOO)2 · x H2O, ≥ 97%) from Aldrich; both were used without further purification. Isopropyl alcohol (propan‑2‑ol, IPA, ≥ 99.5%) and powdered polyvinyl alcohol (PVA, Mr ~ 72000) were purchased from Carl Roth. Hydrogen peroxide (30% solution in water, analytical grade) was purchased from Penta, Czech Republic. Commercial cuprous oxide for comparison of catalytic properties was purchased from Sigma-Aldrich (≥ 99.99%, anhydrous). Potassium ferrioxalate was prepared by mixing 1.5 mol.dm‑3 solutions of potassium oxalate (Fluka, ≥ 99.0%) and ferric chloride (Sigma-Aldrich, ≥ 99%) in volumetric ratio 25:8, three times recrystallised from deionized water and stored in dark. 

Deionized water or 1.3 mol.dm‑3 propan‑2‑ol in deionized water were used for the preparation of solutions. Copper concentration was varied in the range from 10‑3 mol.dm‑3 to 10‑2 mol.dm‑3; amount of PVA in solutions (where used) was kept at 0.72 g.dm‑3. No additives affecting the natural pH of solutions were used. In order to examine effect of dissolved oxygen, some studied solutions were purged by nitrogen gas (from Linde, ≥ 99.99%) prior to irradiation.

Radiolysis experiments were performed using 60Co radionuclide source Gammacell 220 (dose rate 70 Gy.h-1) and high-frequency linear electron accelerator LINAC‑4‑1200 (manufacturer: Tesla V. T. Mikroel, mean electron energy 4.5 MeV). Applied doses were in the range from 5 to 80 kGy. Medium pressure mercury lamp UVH 1016‑6 (manufacturer: uv‑technik meyer, maximum power input of 400W used) protected with a quartz tube was immersed into glass vessel for UV-irradiation of large volumes of solution under thorough stirring and cooling. The average photon flow in this configuration was determined by 0.006 mol.dm-3 ferrioxalate actinometer and accounted for circa 5·1019 photons/s. 

Optical absorption spectra of irradiated solution were taken by Varian Cary 100 UV‑Vis spectrophotometer. Evolution of absorption spectrum in the presence of air was measured by Varian fibre optic probe immersed into irradiated solution, which was stirred in a 50ml test tube with natural diffusion of air from atmosphere. 

Separation of formed solid phase or colloid was performed in glove-box using Amicon nitrogen-pressurized microfiltration cell and Millipore 0,45μm HAWP filters. X-Ray Powder Diffraction (XRPD) patterns of prepared powders were recorded on modified HZG‑3 diffractometer with Cu Kα1,2 radiation (λmean = 0,15418 nm) on the monocrystalline silicon sample holder. SEM images were taken on Philips XL 30 CP scanning electron microscope, TEM images and Selected Area Electron Diffraction (SAED) patterns on Philips EM 201 transmission electron microscope.

Specific surface area of prepared solid materials was determined using selective sorption of nitrogen gas from catalytically deoxygenated mixture of 5 H2 : 1 N2 at the temperature of 77 K. The deficiency of nitrogen in the gas due to sorption on solid sample was detected by thermal conductivity detector and recorded in computer. Specific surface area was then calculated by relating the area of desorption peak from sample to desorption peak from TiO2 standard (48.88 m2.g‑1, measured by BET).

Catalytic activity of prepared powders was studied by measuring the rate of oxygen formation during catalytic decomposition of 1.2 mol.dm‑3 solution of hydrogen peroxide H2O2 in thermostated reactor at several temperatures. 

Results and Discussion

Optical Absorption Spectra

After irradiation with accelerated electrons, gamma rays or UV, the slightly bluish solutions of 10‑3 mol.dm-3 CuSO4 + IPA + PVA changed colour to violet or pink corresponding to wide absorption band around 400 nm and copper surface plasmon peak at circa 580 nm, as was previously reported in [7-12, 14, 15]. Solution pH decreased with irradiation dose from natural value of 5.9 down to 3.2 (10 kGy of electron beam) and even lesser at higher doses. In contact with air, this colouration rapidly diminished as copper particles were reoxidized by oxygen to Cu2+ ions.

To assess the effect of oxygen dissolved in aqueous solutions on the evolution of absorption spectra with dose, air-tight tubes containing N2 purged or unpurged, but otherwise identical solutions were exposed to electron beam. As can be seen from Fig. 1, no significant difference in the shape of absorption spectra was observed among all these solutions; copper surface plasmon peak shifts to higher wavelengths indicating the growth of copper particles with dose. The main difference lies in the height of copper plasmon peak and therefore in the rate of colloidal copper formation – N2 purged solutions require much lesser dose of 10 kGy to achieve the same absorbance as unpurged solutions at the dose of 40 kGy.

- Fig. 1 -

Gamma-ray irradiation with relatively slow dose rate, however, formed particles of larger dimensions in solutions with 10‑3 mol.dm‑3 copper sulphate as is illustrated in measured absorption spectrum in Fig. 2. Interestingly, formate ions as an additional OH scavenger increased the rate of copper ions reduction resulting in smaller particles and distinct copper surface plasmon peak. On the other hand, irradiation of solutions containing 10‑2 mol.dm‑3 copper ions resulted in no absorption peaks with exception of Cu(II) complexes at circa 800 nm, which decreased with dose. This trend corresponds with ongoing reduction, but absence of other spectral changes is probably caused by other product formation (Cu2O), sedimentation of formed solid phase during long irradiation time or sorption.

- Fig. 2 -

Contrary to 10‑3 mol.dm‑3 concentration, electron beam irradiation of 10‑2 mol.dm‑3 copper formate solutions resulted in yellow colouration, which has been assigned before to cuprous hydroxide CuOH [8]. During further irradiation or after several minutes of ageing, yellow solutions with or without IPA turned into black suspensions, as unstable CuOH transformed into cuprous oxide Cu2O. The presence of nanoparticle stabilizer PVA prolonged temporal stability of yellow-coloured CuOH solution, which persisted for several hours after irradiation. With increasing dose, even solutions containing PVA turned black and their absorption spectra consequently showed weak absorption band of metallic copper at circa 590 nm, indicating formation of large particles with Cu surface. Evolution of absorption spectra of N2 purged and unpurged solutions was similar, as can be seen in Fig. 3 and Fig. 4. The only difference was the threshold dose for metallic copper formation (10 kGy for purged solutions, 20 kGy for unpurged). 

- Fig. 3 -

- Fig. 4 -

Stability of particles on air – kinetic study

Relatively fast dissolution of formed colloidal copper in contact with air represents rather a minor problem, but to estimate the effect of dissolved oxygen on irradiated solutions, several kinetic studies were carried out with 2·10‑3 mol.dm‑3 CuSO4 + IPA + PVA solution irradiated with dose 10 kGy by electron beam. Interestingly, evolution of absorption spectrum with time showed non-monotonous processes, which are illustrated by selected wavelengths in Fig. 5. Solution pH steadily increased in time according to first-order kinetics almost up to its initial, pre-irradiation value as the reoxidation process proceeded. 

- Fig. 5 -

First rapid increase of the absorbance in the range from 600 to 900 nm was accompanied by similarly fast decline at lower wavelengths and the shape of original absorption spectrum almost disappeared. This process lasted for circa 14 minutes and obeyed approximately zero-order kinetics, which could be understood by assuming diffusion-controlled or saturated reaction on the surface of particles. Final absorption spectrum at the end of this stage resembles that of common suspensions; therefore, possible explanation consists in oxygen-initiated coagulation of copper particles into large aggregates or in formation of oxide layer on their surface.

The second stage of the reoxidation process can be characterised as a lag-phase – absorption spectrum remained almost constant for several hours. It can be ascribed to very slow dissolution of either protective oxide layer or the outer parts of large copper aggregates until sufficiently small size of particles is reached for copper surface plasmon to reappear.

In the last phase of reoxidation process, surface plasmon peak at 580 nm slowly faded away along with other parts of colloidal copper absorption spectrum as the remaining particles dissolved into Cu2+. The shape of the kinetic curve in the last two stages resembles autocatalytic reactions and therefore, it is possible that ongoing reactions involve Cu2+ ions on the side of reactants.

Product characterization

The separated product from all irradiated solutions was found by XRPD to consist of only two detectable crystalline phases – Cu and Cu2O (both cubic lattices) – in varying ratios. Intensity and location of the diffraction lines matched well their respective entries in ICDD PDF-2 database. The average size of coherently scattering domains l in analysed samples was calculated according to Debye-Scherrer equation
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where FWHM represents the measured width of the diffraction line at a half of maximum (in radians), b is the instrumental broadening caused by the detector and θ represents diffraction angle of the line. In all studied samples, this average size accounted for 50 to 70 nm.

Brown powders separated from 10‑3 mol.dm‑3 CuSO4 solutions irradiated by electron beam, gamma-ray or UV photons consisted almost exclusively of metallic copper and only a minor percentage of cuprous oxide (< 5 %) was present in several samples. On the other hand, solid products from 10‑2 mol.dm‑3 CuSO4 or Cu(HCOO)2 solutions were black in colour and contained mainly cuprous oxide with only traces of metallic copper.

Both cases can be illustrated by diffraction patterns of solid phases formed during repeated UV‑irradiation and separation of 10‑2 mol.dm‑3 CuSO4 + IPA + PVA solution purged by nitrogen gas prior to and during irradiation. As can be seen in Fig. 6, after 20 minutes of irradiation the product consists mainly of cuprous oxide and small amount of copper with intensity ratio of their (111) lines 14:1. From the same solution after separation of solid phase and subsequent irradiation for another 20 minutes, brown-black solid phase with Cu2O:Cu ratio of 1:2 was obtained. Third irradiation resulted in brown powder of crystalline copper. The only major differences between these three solutions were apparently initial concentration of cuprous ions and the value of pH, which both may contribute to final product composition (according to [16, 17], lower pH favours the formation of Cu). Oxygen dissolved in solution is not responsible for formation of cuprous oxide as the solution was thoroughly purged by nitrogen gas during every irradiation.

- Fig. 6 -

X-ray diffraction patterns of the solid phases separated from solutions described in Fig. 3 and Fig. 4 showed similar behaviour in product composition with increasing dose (Fig. 7). They also confirmed the copper formation threshold deducted by absorption spectra measurement. Interestingly, the yellow colouration caused by CuOH remained stable even after filtration and drying, yet the diffraction pattern showed no crystalline phase other than Cu2O. Again, when applying dose up to 10 kGy, pure Cu2O is produced from all solutions regardless of purging by N2. The only difference between purged and unpurged solutions is in the threshold of copper formation, being at the dose over 10 kGy (purged solutions) and over 20 kGy. 

- Fig. 7 -

This experiment has been also carried out with respect to absolute measurement of formed solid phase (constant volume of solution was filtered; solid phase was measured directly on the filter) and therefore several interesting conclusions can be obtained. The lines joining 5 kGy and 10 kGy points of cuprous oxide in Fig. 7 are parallel, which could mean that the rate of reduction with dose in this region is not affected by N2 purging. Decrease of cuprous oxide intensity after reaching threshold dose for copper production could be explained with the assumption that reducing species can react with CuOH before it decays to stable Cu2O.

Characterisation of prepared powders by means of electron microscopy revealed that in case of pure copper the particles are relatively large (diameter up to about 400 nm), of spherical shape and heavily agglomerated. Pure cuprous oxide samples, however, contain rather angled shapes, mostly symmetrical octahedra up to 300 nm in diameter as can be seen in Fig. 8; spherical particles and cubes can also be observed. SAED pattern of the octahedron depicted in Fig. 8 clearly indicates that prepared powder consists of monocrystalline particles as no diffraction rings are present. Rather large dimensions of the particles in all studied solutions correspond to observed sedimentation rate of circa 2 cm per day and are probably caused by insufficient stabilizing ability of used PVA. The difference between particle size measured by XRPD (circa 70 nm) and the diameter observed by TEM may be ascribed even to low percentage of small nanoparticles, which cause the broadening of diffraction lines.

- Fig. 8 -

Specific surface area and catalytic properties

Measurements revealed that the majority of prepared solid materials has relatively low specific surface area S/m of approximately 3.0 m2.g‑1 (see Table 1). Average size of particles can be very roughly estimated from simple model, in which the sample consists of equally-sized ideal spheres
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where r is radius of particle and ρ stands for material density (circa 6.0 g.cm‑3 for Cu2O). According to measured specific surface area, this gives an estimate of 350 nm diameter and is in relatively good agreement with TEM and SEM measurements. On the other hand, commercial Cu2O used as a reference sample possessed very small specific surface area of 0.51 m2.g‑1 with very high standard deviation (0.08).

Measurement of catalytic activity has been realized only for powders from solutions without stabilizer, as the separation efficiency from the filter in case of PVA was rather small and therefore the amount of solid phase was insufficient for the analysis. Thus, among measured samples were photochemically produced Cu2O from 10‑2 mol.dm‑3 Cu(HCOO)2 solution purged by N2 or unpurged and Cu2O powders obtained by electron beam irradiation of N2 purged solutions of 10‑2 mol.dm‑3 Cu(HCOO)2 and Cu(HCOO)2 + IPA. To assess the amount of adsorbed impurities (water, organic residues) and to examine the effect of mild thermal treatment on the surface of particles, photochemically produced cuprous oxide powders were annealed for 1 hour at temperature of 200 °C either in air, or at lower pressure (circa 0.05 bar, denoted ‘vacuum’). Thermally treated samples retained their composition except for emerging of almost undetectable diffraction lines of monoclinic cupric oxide CuO at the background level.

- Table 1 -

Determined catalytic activity of the samples, expressed as surface-specific rate constant ks, is summarized in Table 1. According to these raw data, commercial Cu2O surpasses measured samples by circa 50% due to its very low specific surface area, although the decomposition rate of hydrogen peroxide was the slowest. With respect to relatively high standard deviation of its specific surface area, no unambiguous conclusion can be deducted regarding the superiority of commercial Cu2O to prepared samples. When comparing mass-specific rate constants km reflecting the actual decomposition rate, the situation is completely different, as prepared samples exhibit on average 4 times higher catalytic activity than commercial Cu2O.

When inserted in Arrhenius plot [ln ks, 1/RT] (Fig. 9), measured rate constants at different temperatures do not create a straight line for any sample, therefore apparent activation energies calculated from this plot are affected by relatively high standard deviation (Table 1). Commercial Cu2O possesses the least activation energy of 40 kJ.mol-1 well below thermally untreated samples with approximately 75 kJ.mol-1 even when statistical errors are taken into account. Thermally treated samples exhibit a bit lower activation energy of circa 60 kJ.mol-1. This may reflect the existence of different catalytic centres in all three types of samples.
- Fig. 9 -
Conclusions

Nanometre-sized spherical Cu and octahedral Cu2O catalysts were successfully synthesized by radiation- or photo-induced reduction of Cu2+ aqueous solutions and several parameters influencing their formation and stability have been studied.

 Cuprous oxide was not formed by oxidation of metallic copper by oxygen but originated from spontaneous decay of yellow-coloured unstable cuprous hydroxide CuOH. Black colour of prepared cuprous oxide (as opposed to red colour of bulk Cu2O) may be caused either by thin cupric oxide layer on the surface of particles or by their small dimensions. According to our observation, radiation- and photo-induced reduction of studied solutions has lead to equivalent changes of absorption spectrum with dose / irradiation time and identical solid phase composition. 

Presented results do not indicate any differences in absorption spectra or formed solid phase composition between aerated solutions and solutions purged by nitrogen except for the dose required to achieve the same effect. This only difference may be attributed to the dose needed for consumption of dissolved oxygen in aerated solutions. Product composition seems to be influenced aside from pH also by actual concentration of reducible copper species; both values naturally decrease during the reduction process. At 10‑2 mol.dm‑3 concentration and limited dose, pure cuprous oxide may be formed, whereas at 10‑3 mol.dm‑3 only copper is produced. To our best knowledge, this strong dependence on concentration has not yet been reported in literature.

Method for measuring the stability of copper nanoparticles with respect to oxidation by air and subsequent dissolution has been developed. Possible explanations for observed non-monotonous evolution of absorption spectrum with time have been proposed, including the theory of protective oxide layer formation.

Surface-normalised catalytic activity of prepared Cu2O powder with respect to decomposition of hydrogen peroxide was found to be comparable to commercial cuprous oxide. Non-normalised catalytic activity is, however, about four times greater than for commercial Cu2O. Measured values of activation energy indicate the existence of different catalytic centres on the surface of prepared particles and commercial oxide. This difference may be related to the shape of prepared particles and/or to formation of thin CuO layer on the particle surface.

To conclude, photo- or radiation-induced reduction of copper(II) salts in aqueous solutions can be used for convenient preparation of pure nanocrystalline copper or cuprous oxide catalysts at normal temperature only by adjusting the dose and copper (II) concentration.
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List of Figures
Fig. 1 Absorption spectra of 10‑3 mol.dm‑3 CuSO4 + IPA + PVA solutions irradiated by electron beam; ── – N2 purged solutions; ······ – unpurged solutions; (a), (d) dose 10 kGy; (b), (e) dose 20 kGy; (c), (f) dose 40 kGy; inset – evolution of absorbance at 580 nm with dose
Fig. 2 Absorption spectra of Cu2+ + IPA + PVA solutions irradiated by gamma-rays, dose fixed at 5 kGy; (a) 10‑3 mol.dm‑3 formate; (b) 10‑3 mol.dm‑3 sulphate; (c) 10‑2 mol.dm‑3 sulphate; (d) 10‑2 mol.dm‑3 formate
Fig. 3 Absorption spectra of N2 purged 10‑2 mol.dm‑3 Cu(HCOO)2 + IPA + PVA; (a) dose 5 kGy; (b) dose 10 kGy; (c) dose 20 kGy; (d) dose 40 kGy
Fig. 4 Absorption spectra of unpurged 10‑2 mol.dm‑3 Cu(HCOO)2 + IPA + PVA; (a) dose 5 kGy; (b) dose 10 kGy; (c) dose 20 kGy; (d) dose 40 kGy
Fig. 5 Evolution of pH and absorbance at selected wavelengths with time in presence of air; 2.10‑3 mol.dm‑3 CuSO4 + IPA + PVA solution irradiated by electron beam with dose 10 kGy; (a) 270 nm; (b) 400 nm; (c) 580 nm; (d) 800 nm
Fig. 6 XRPD patterns of solid phase separated from UV‑irradiated 10‑2 mol.dm‑3 CuSO4 + IPA + PVA solution (a) after 20 minutes; (b) after first separation and another 20 minutes of irradiation; (c) after second separation and another 20 minutes of irradiation; ■ – Cu (PDF #04‑0836); ▲ – Cu2O (PDF #05‑0667)
Fig. 7 Evolution of absolute intensity of Cu-(111) and Cu2O-(111) diffraction lines with increasing dose in separated solid phase from the solutions mentioned in Fig. 3 and Fig. 4; ■ – Cu; ▲ – Cu2O; ── – N2 purged solutions; ----- – unpurged solutions
Fig. 8 (a), (b) TEM images of separated Cu2O powder from N2 purged 10‑2 mol.dm‑3 Cu(HCOO)2 + IPA + PVA solution irradiated by electron beam with dose 10 kGy; (c) Cu2O octahedron in the same sample and (d) its SAED pattern; (e) SEM image

Fig. 9 Normalised rate constants of H2O2 catalytic decomposition in Arrhenius plot; ■ – Cu(HCOO)2 10 kGy, N2 purged; ■ – Cu(HCOO)2 UV, N2 purged, untreated and ▲ – air 200 °C; ● – commercial Cu2O
Tables
Table 1 Measurement results for specific surface area and catalytic activity of prepared samples
	sample description
	S / m [m2.g‑1]
	ks [mol.m.s‑1]
	EA [kJ.mol-1]

with std. dev.

	
	
	30 °C
	35 °C
	40 °C
	

	commercial Cu2O
	0.51
	1.64
	2.03
	2.72
	40.0
	6.0

	Cu(HCOO)2, 10 kGy, N2 purged
	2.78
	0.69
	1.07
	1.81
	75.7
	5.3

	Cu(HCOO)2 + IPA, 10 kGy, N2 purged
	3.09
	0.87
	1.26
	2.22
	74.1
	9.2

	Cu(HCOO)2
UV, purged by N2
	untreated

vacuum, 200 °C

air, 200 °C
	2.81
	0.86
	1.20
	2.00
	66.7
	8.9

	
	
	2.93
	0.90
	1.13
	1.87
	57.6
	8.6

	
	
	3.37
	0.70
	0.88
	1.45
	57.6
	10.9

	Cu(HCOO)2
UV, unpurged
	untreated

vacuum, 200 °C

air, 200 °C
	2.32
	0.77
	1.17
	2.11
	79.0
	11.7

	
	
	3.32
	0.61
	0.93
	1.68
	80.3
	8.9

	
	
	3.09
	0.93
	1.17
	1.84
	54.0
	10.1
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