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Abstract

Cu/ZnO catalyst precursors for industrial methanol synthesis catalysts are traditionally synthesised by coprecipitation. In this 

study, a new precipitation route has been investigated based on anti-solvent precipitation using a switchable solvent system 

of triethylamine and water. This system forms a biphasic system under a nitrogen atmosphere and can be switched to an ionic 

liquid single phase under a carbon dioxide atmosphere. When metal nitrate solutions were precipitated from water using 

triethylamine–water as the anti-solvent a hydroxynitrate phase, gerhardite, was formed, rather than the hydroxycarbonate, 

malachite, formed by coprecipitation. When calcined and reduced, the gerhardite precursors formed Cu/ZnO catalysts which 

showed better productivity for methanol synthesis from  CO2 hydrogenation than a traditional malachite precursor, despite 

their larger CuO crystallite size determined by X-ray diffraction. The solvents could be recovered by switching to the biphasic 

system after precipitation, to allow solvent recycling in the process, reducing waste associated with the catalyst synthesis.

Keywords Switchable solvent · Copper zinc oxide · Methanol synthesis · Carbon dioxide hydrogenation

1 Introduction

Copper–zinc oxide (Cu/ZnO) catalysts are widely used by 

industry for various reactions, most notably for methanol 

synthesis and low temperature water–gas shift reaction 

[1–4]. Despite having been used as the industrial standard 

catalyst for methanol synthesis since the 1960s [5], Cu/

ZnO are still widely studied in academia and industry, with 

the focus on improvement in the performance of copper 

zinc catalysts through the preparation methods [3, 6]. The 

methanol synthesis reaction has had a resurgence of inter-

est recently as a utilisation option for captured  CO2 [7]. To 

reduce carbon based emissions in the atmosphere, this  CO2 

source can be used as a feedstock for different reactions, with 

methanol synthesis proposed as a possible route for  CO2 

utilisation and also as a vector for renewable hydrogen stor-

age through this reaction. This has led to increased research 

into  CO2 hydrogenation, rather than the more traditional 

syngas feedstocks, which could have a positive impact on 

climate change targets, particularly if renewable sources of 

 H2 can be used in the reaction. Although alternative catalysts 

have been investigated for this reaction, Cu/ZnO is still one 

of the most promising catalysts for  CO2 hydrogenation to 

methanol.

The most common method of preparing Cu/ZnO or Cu/

ZnO/Al2O3 methanol synthesis and water–gas shift catalysts 

is coprecipitation [8]. The catalysts are usually precipitated 

form a nitrate solution using sodium carbonate and are pre-

cipitated as hydroxyl carbonate, most commonly as a zincian 

malachite or phases such as rosasite and aurichalcite [8, 9]. 

These hydroxyl carbonate precursors are then calcined to 

form CuO/ZnO and are reduced in situ to the active Cu/

ZnO catalyst. Although the calcination and reduction steps 

are important, previous research has demonstrated that the 

precipitation and aging steps in the precursor synthesis are 

crucial in controlling the phases present and in the final per-

formance of the catalysts.

Recently, it was demonstrated that a copper–zinc car-

bonate precursor, georgeite, could be prepared through 

supercritical anti-solvent  precipitation8. Georgeite is nat-

urally unstable and difficult to synthesise using conven-

tional methods, ageing to zincian malachite during copre-

cipitation [10]. Copper–zinc oxide catalysts derived from 

supercritical anti-solvent precipitated georgeite were found 

to have highly dispersed Cu and a higher Cu surface area. 
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This resulted in Cu/ZnO that were highly active for metha-

nol synthesis from syngas [9, 11]. The supercritical anti-

solvent process also avoided the use of sodium carbonate 

as a precipitating agent, thereby eliminating poisoning by 

sodium [3]. These publications by Spencer and co-workers 

on georgeite prepared by supercritical anti-solvent pre-

cipitation, demonstrates how alternative techniques can be 

used to make catalyst precursors that are, not only difficult 

to prepare, but also enhances the catalytic properties of 

the metal oxide catalyst compared to those derived from 

conventional methods.

However, the supercritical anti-solvent process is energy 

intensive, with  CO2 cycled between 100 and 150 bar during 

the precipitation process and atmospheric pressure during 

the solvent and anti-solvent recovery. As such, the scale up 

to industrial level has not been applied for catalyst prep-

aration, even if the resulting catalyst is more active than 

the conventional coprecipitated catalysts [12]. As a result, 

coprecipitation remains the most common industrial method 

for the preparation of Cu/ZnO catalysts [3, 13]. In this study 

we have investigated low pressure precipitation methods 

using a switchable solvent system as an alternative to the 

high pressure supercritical  CO2 process.

Switchable solvents are a classification of ionic liquids 

whose properties can be changed by external stimuli [14, 

15]. Early work on switchable solvents focused around DBU 

(1,8 diazobicyclo[5.4.0]-undec-7-ene) which forms a polar 

ionic liquid when combined with an alcohol under a carbon 

dioxide atmosphere [16].

When heated to 60 °C under nitrogen the carbon dioxide 

is removed and the ionic liquid reverts back to the alcohol 

and DBU, hence it can be changed back to its original non-

polar state under a nitrogen or argon atmosphere. Subse-

quently other switchable polar solvent combinations have 

been discovered and the ability to switch between non-polar 

and polar characteristics has been used as a potential way of 

reducing the steps and solvents required for synthesis steps, 

thereby reducing waste [17, 18] Although widely used, 

DBU-alcohol and similar systems are very water sensitive 

with > 42 ppm of atmospheric water in the system result-

ing in the solid DBU carbonate. Consequently, many of the 

identified switchable solvents only work under ultra-dry 

conditions [19, 20]. The water sensitivity of these systems 

[21] makes them difficult to work with for the preparation 

of metal oxide precursors, especially if the initial metal salt 

contains water.

There are a wide variety of switchable systems that 

have been applied, using switchable hydrophilicity [18, 

21], switchable surfactants [22] and switchable water [23]; 

where the additive increases its ionic strength under different 

atmospheres and can be used to precipitate out compounds. 

The switching of the solvent properties is relatively slow 

using low pressure gases, although in theory this could be 

used as a way of precipitating a dissolved component from 

solution.

In this study we have used a switchable hydro-

philic–hydrophobic solvent system that has been previously 

applied for a range of applications including metal extraction 

[24] and recycling homogeneous catalysts [25]. This solvent 

system contains a mixture of triethylamine (TEA) and water 

that can be switched using low pressure (1 bar)  N2 or  CO2 as 

shown in Fig. 1. TEA was chosen due to the relatively broad 

switching range, commercial availability and cost, coupled 

with the compatibility with water.

The solvent switching allows the easy separation of the 

solvents after the reaction to enable reuse and recycling of 

the individual components. A material in aqueous solution 

can be precipitated using a switchable anti-solvent and then 

the water and anti-solvent can be recovered by adjusting the 

polarity of the switchable solvent.

The aim of this research was to develop the methodology 

for using the TEA–water system in green catalyst synthesis, 

using Cu/ZnO catalysts for the direct hydrogenation of  CO2 

as an exemplar process.

2  Experimental

2.1  Switchable Solvent System

Triethylamine and water (1:1 molar ratio) were added to a 

round bottom flask equipped with a gas adapter (Radleys). 

The flask was then filled with  N2 (1 bar) for 30 min, while 

being degassed twice to remove trace amounts of  CO2. This 

gave a biphasic system of water and TEA.

The solvent was switched by bubbling  CO2 (1  bar) 

through the solution for around 30 min until a single-phase 

solvent had formed. The rate of switching could be increased 

using a stainless steel frit to reduce the size of the bubbles 

passing through the solvent.

This reaction was reversible, reverting to a biphasic sys-

tem when exposed to a  N2 atmosphere for around 30 min.

2.2  Copper/Zinc Oxide Synthesis Using 
Triethylamine–Water

Copper(II) nitrate hemi(pentahydrate) and zinc(II) 

nitrate hexahydrate were used to prepare solutions for the 

Fig. 1  The phase behaviour of TEA and water mixtures under differ-

ent atmospheres
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precipitation experiments. Different Cu:Zn ratios were used, 

with a total metal content of 50 mmol in 25 ml of water. The 

metal nitrate solution was then injected into the TEA–water 

(50 ml) under a carbon dioxide atmosphere and left for 1 h 

after the addition of the metal salt. The precipitated sample 

was then filtered under vacuum, washed and then dried in 

the oven overnight. The resultant materials were then cal-

cined in a furnace under flowing air with a heating rate of 

2 °C  min−1 for 3 h.

2.3  Copper/Zinc Oxide Synthesis Using 
Coprecipitation

Copper(II) nitrate hemi(pentahydrate) (20.35 g, 350 mmol) 

and zinc(II) nitrate hexahydrate (11.16 g, 150 mmol) were 

dissolved in 250 ml of deionised water to create a mixed 

metal solution with a total molar concentration of 0.25 M. 

The coprecipitation was carried out using a Metrohm 

Titrando auto-titrator. 20 ml of the mixed metal nitrate solu-

tion was added to the reaction vessel under continuous stir-

ring. The pH was adjusted to 6.5 by the addition of 1.5 M 

aqueous solution of  Na2CO3. Subsequently, the mixed metal 

solution was added to the vessel at a rate of 5 ml  min−1 with 

continuous stirring. The base solution was added at a suf-

ficient rate to ensure that the reaction mixture maintained a 

constant pH of 6.5. Once all of the mixed metal solution was 

added, the pH was monitored and controlled for a further 

10 min to ensure complete precipitation of the material. The 

precipitate was then allowed to age in solution at 65 °C for 

3 h. The precipitate was filtered under suction and washed 

with hot water before being dried and calcined at 350 °C 

for 3 h under flowing air with a heating rate of 10 °C  min−1.

2.4  Characterisation Methods

Powder X-ray diffraction (XRD) patterns were obtained 

using a PANalytical X’Pert Pro diffractometer equipped with 

a Cu Kα source with a voltage setting of 40 kV and current 

setting of 40 mA. The scans were taken at a scan rate of 2° 

 min−1. PANalytical Highscore software was used to analyse 

the diffraction data and identify the phases present using the 

International Centre for Diffraction Data (ICDD) database.

Infra red spectra were recorded on a Bruker Vertex 70 

spectrometer equipped with an ATR cell and a deuterated 

triglycine sulphate (DTGS) detector. A background of 16 

scans was recorded prior to the sample scan. The sample 

was then placed on the ATR cell and pressed onto the crystal 

and exposed to the IR beam for 32 scans with an aperture 

setting of 6  cm−1.

Surface area analysis of the samples were performed by 

5-point nitrogen adsorption at − 196 °C using a Micromerit-

ics Gemini 2360 instrument. 100 mg of sample was degassed 

under nitrogen on a Flow-Prep 060 at 110 °C for 1 h for 

metal oxides and 60 °C for 16 h for precursor materials. The 

lower temperature for the metal precursors was to ensure 

that these materials did not degrade prematurely during the 

degassing stage.

Thermogravimetric analysis (TGA) was performed using 

a Perkin Elmer TGA 4000 instrument equipped with an auto 

sampler. The crucibles were weighed in the instrument prior 

to the addition of the sample (5–10 mg). Samples were held 

for 2 min at 30 °C to allow stabilisation before heating from 

30 to 900 °C at a ramp rate of 5 °C  min−1 under flowing air 

at 30 ml  min−1.

Scanning electron microscopy (SEM) analysis was car-

ried out using a Tescan Mira3 microscope with the electrons 

being generated by a tungsten tip, field emission gun. Imag-

ing was carried out using an in-beam secondary electron 

detector and an electron beam with an accelerating volt-

age of 5–15 kV (depending on the sample). Samples were 

suspended on a carbon film and were coated with a 10 nm 

AuPd coating to reduce charging affects that occur due to 

electrostatic build up from the beam which can interfere with 

the imaging.

Energy dispersive X-ray (EDX) analysis was performed 

with using an Oxford Instruments X-MaxN 80 solid state 

detector and analysed using Oxford Instruments AZtec 

software.

2.5  Catalyst Testing

Methanol synthesis was performed on a fixed bed reactor. 

0.1 g of the CuO/ZnO material was placed in a stainless-

steel reactor tube, suspended by quartz wool, and reduced 

to form Cu/ZnO in situ under 5%  H2/He (25 ml  min−1) at 

225 °C prior to testing.

After reduction, the reactor was then cooled down to room 

temperature and the gas flow was switched to a (20:60:20) 

 CO2:H2:N2gas mixture and the pressure set to 20 bar using 

a back pressure regulator. The reactor was then heated to 

200 °C, 225 °C and 250 °C. The reactor was held at each 

temperature interval for 200 min. Products were analysed on 

an Agilent 7890B gas chromatograph equipped with an FID 

and TCD with a gas sampling run time of 25 min.

3  Results and Discussion

The precipitation of Cu/ZnO catalysts was investigated as 

model system to investigate the feasibility of using switch-

able solvents to synthesise active mixed oxide catalysts. Ini-

tial experiments were carried out to determine whether the 

technique could be used to precipitate single metal oxide 

precursors with addition of the both copper and zinc nitrate 

solutions to the TEA–water instantly forming a precipitate. 

The X-ray diffraction pattern of the material precipitated 
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from the copper nitrate solution (Fig. 2) indicates the for-

mation of malachite [Cu(CO3)(OH)2] with the major reflec-

tions at 15.3°, 18.0° 24.5°, 31.7° and 36.1°. The XRD of the 

calcined material shows only the reflections of copper oxide 

with no other crystalline phase observed (Fig. 2).

This assignment is supported by the FTIR spectrum 

(Fig. 3) that confirms the presence of malachite with bands 

at 1625  cm−1,1475  cm−1, 1326  cm−1, 1315  cm−1, 816  cm−1 

and 748  cm−1 associated with the carbonate features and 

bands at 1097  cm−1, 1038  cm−1 and 872  cm−1 associated 

with the OH stretching [26]. This is a promising result as 

zincian malachite is the industrial precursor to the most 

active Cu/ZnO catalysts. The material precipitated from the 

zinc nitrate solution was found to be zinc oxide by XRD 

(Fig. 2). This is likely to be due to the decomposition of a 

precipitated zinc carbonate based material during the dry-

ing step, which has been shown to occur at relatively low 

temperatures (< 150 °C) [27].

The precipitation mechanism for the single metal salts 

seems to be similar to the coprecipitation process, using 

the ionic liquid, triethyl ammonium hydrogen carbonate 

(Fig. 1) as the base. One advantage of using the switchable 

solvent system to precipitate the Cu/ZnO precursors is that 

it avoids the use of sodium based reagents (for example 

sodium carbonate or sodium hydroxide) which are com-

monly used in coprecipitation. Sodium is a known poison 

for the copper–zinc oxide methanol synthesis catalyst as 

it increases sintering and copper particle size during cal-

cination [3], so the use of a system that avoids sodium is 

advantageous.

Following the precipitation of the individual components 

the methodology was investigated for precipitating solutions 

containing a mixture of copper and zinc nitrate. This was 

investigated with two different Cu:Zn ratios, an equimolar 

(1:1) solution and a molar ratio of 7:3, which is similar to 

the industrial catalysts for methanol synthesis. These were 

compared with a standard material synthesised by copre-

cipitation of copper and zinc nitrates with sodium carbonate 

(Cu:Zn = 7:3).

When the mixed solutions were precipitated using the 

TEA–water system there was a change in the phases pro-

duced, with XRD patterns that could be indexed to gerhar-

dite,  Cu2(OH)3NO3, with very small malachite reflections 

detected for some materials (Fig. 4). This suggests that using 

the mixed metal nitrate solution the precipitation mechanism 

has changed to an anti-solvent type process, with the TEA 

system reducing the nitrate solubility in water causing pre-

cipitation. This may be due to the methodology used with 

the nitrate solution being injected into the TEA. When the 

solutions are mixed, diffusion of the metal nitrate solution 

into an excess of TEA, or reaction of the water with  CO2 

and TEA to form a single phase, reduces the solvent power 

of the water, resulting in the precipitation of the nitrates. 

Previous studies showed that gerhardite could be produced 

by coprecipitation if the rate of addition of the reagents was 

fast but transformed into malachite on aging or with slower 

reagent addition [13]. The FTIR of the material precipitated 

from the mixed copper and zinc nitrates shows many of the 

features associated with malachite, although slightly shifted 
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Fig. 2  XRD of the copper and zinc materials precipitated using 

TEA–water: (a) as precipitated and (b) calcined at 350 °C for 3 h

500100015002000

T
ra

n
s
m

is
s
io

n
/
A

.U
.

Wavenumber/ cm-1

1625 1475

1326 1315 1038

872 748

816

1097 

a

b

Fig. 3  FTIR of the precipitated precursors from: (a) copper nitrate, 

and (b) copper–zinc nitrate solution (Cu:Zn = 1:1)



Topics in Catalysis 

1 3

due to the inclusion of zinc [28], suggesting this is also a 

component of the precipitated material (Fig. 3).

Thermogravimetric analysis of the copper–zinc precursor 

(Fig. 5) showed three mass losses; a minor loss at 160 °C 

followed by a large mass loss at 220 °C and a minor mass 

loss at 400–450 °C.

Previous thermogravimetric studies on gerhardite have 

shown that it decomposes to the oxide at a lower temperature 

than malachite, so it is likely that following the removal of 

water at low temperature there is a large mass loss associated 

with the decomposition of the hydroxy nitrate, followed by a 

smaller mass loss associated with the hydroxy carbonate that 

is a minor component of the precipitated material.

The precursors were calcined at different temperatures 

(250 °C or 350 °C) to form the CuO/ZnO that could be 

reduced in situ to the final Cu/ZnO catalysts.

The XRD pattern of the samples (Fig. 6) after calcination 

showed the reflections for both copper oxide and zinc oxide. 

All of the precursors had very similar patterns, despite the 

different Cu:Zn ratios and calcination temperatures used in 

the synthesis although the reflections appeared much nar-

rower compared to the precursor prepared by coprecipitation 

(Cu:Zn = 7:3, calcined at 350 °C). The ZnO phase could 

be assigned to hexagonal zincite with diffraction peaks at 

2θ = 31.9°, 34.5° and 36.5° assigned to the (100), (002) 

and (101) planes respectively. These are close to the main 

CuO reflections corresponding to the (110), (002) and (111) 

planes at 2θ = 32.5°, 35.6° and 38.9° respectively, that are 

only visible as shoulders in the broad, asymmetrical reflec-

tions for the coprecipitated derived material. This suggests 

that the materials precipitated using the TEA–water process 

are more crystalline with a larger particle size. As methanol 

synthesis activity is commonly linked to copper particle size, 

which in turn is dependent on the CuO particle size before 

reduction, it could be expected that the coprecipitated cata-

lyst would me more active. Particle sizes were determined 

for the catalysts precipitated using the switchable solvent 

(Table 1), although this could not be determined for the ZnO 

crystals in the coprecipitated material due to the overlap of 

the broad CuO and ZnO reflections. 

Representative SEM images of the Cu:Zn 1:1 precipi-

tated and calcined material is shown in Fig. 7. The precur-

sor appeared to comprise of irregular platelets, which trans-

formed into small rounded crystallites when calcined.

EDX mapping (Fig. 7) of the material calcined 350 °C 

showed that the copper and zinc were evenly distributed with 

no sign of isolated zinc or copper clusters. EDX determined 

that the target ratio of 1:1 had been achieved, although the 

sample was not completely homogeneous and the ratio 
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varied between 1.16:1 and 0.92:1 when different areas were 

analysed.

3.1  Catalyst Testing

The equilibrium yield of methanol is greatly reduced when 

 CO2 is used as the feed compared with the traditional syn-

gas route [7, 29]. This necessitates the need to run the 

reaction at low temperature with recycling of the feedstock 

and hence, active catalysts are needed for the reaction. 

A second disadvantage of using  CO2 as the feedstock is 

that water is formed as a byproduct, which can poison the 

surface of the catalyst causing deactivation. Copper is also 

a good water–gas shift (WGS) catalyst and in CO hydro-

genation the WGS reaction can help to reduce the amount 

of water adsorbed on the catalyst. However, when  CO2 

is used as the feed the reverse WGS reaction is favoured 

which can produce more water, reducing the hydrogen 

available for the hydrogenation reaction, producing CO as 

a byproduct and further decreasing the yield of methanol.

The methanol synthesis activity was determined for the 

synthesised materials at 20 bar over a temperature range 

of 200–250 °C. Prior to testing, the CuO/ZnO materials 

were reduced in situ in 5%  H2 in He to form the Cu/ZnO 

catalysts. The Cu/ZnO precipitated from switchable sol-

vents were shown to be active for methanol synthesis from 

 CO2 and  H2 (Table 2). The only products observed were 

methanol and CO for all catalysts.

CO + 2H2 ⇌ CH3O CO hydrogenation,

CO2 + 3H2 ⇌ CH3OH + H2O CO2 hydrogenation,

CO2 + H2 ⇌ CO + H2O Reverse water − gas shift reaction.

Table 1  BET surface areas and 

crystallite size of the CuO/ZnO 

materials after calcination

Sample Surface area  (m2 

 g−1)

CuO crystallite size from 

2θ = 38.96° (nm)

ZnO crystallite size 

from 2θ = 56.52° 

(nm)

Cu:Zn = 1:1 calcined 250 °C 23 12.1 17.9

Cu:Zn = 1:1 calcined 350 °C 19 12.4 22.1

Cu:Zn = 7:3 calcined 350 °C 15 13.3 18.5

Cu:Zn = 7:3 coprecipitated cal-

cined 350 °C

58 6.2 –

Fig. 7  SEM data from the material precipitated from TEA–water, Cu:Zn = 1:1: (a) as precipitated, (b) after calcination at 350 °C, (c) SEM image 

of the area used for EDX mapping, (d) Cu-L1,2 elemental map, (e) Zn-L1,2 elemental map, and (f) O-K1 elemental map
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It is interesting to note that, despite the smaller CuO 

particle sizes observed in the coprecipitated materials, the 

Cu/ZnO catalysts derived from the switchable solvent route 

had activities that were very similar to the coprecipitated 

material. The coprecipitated catalyst, that had smaller CuO 

particle size and a higher BET surface area, had a higher 

activity than the switchable solvent derived catalysts. How-

ever, the catalysts precipitated from the TEA–water system 

had a higher selectivity which could be beneficial in reac-

tors where reactant recycling is used to increase yields of 

methanol.

It should be noted that the Cu/ZnO catalysts synthesised 

in this study did not contain alumina which is added as a 

structural promotor to the industrial catalyst. However, 

despite this the catalysts did not show any deactivation over 

the relatively short testing regime where catalysts were held 

at each temperature for 200 min, giving an overall time-on-

line of around 10 h.

4  Conclusions

Although catalytic reactions are generally thought of as 

green chemistry, catalyst synthesis can often produce water 

streams that are difficult or expensive to treat. For the last 

few years, we have been investigating anti-solvent processes 

for the synthesis of metal oxide catalysts, supports and pre-

cursors with the potential for solvent recycling to minimise 

waste. Recently, we have explored different ionic liquid 

based systems in anti-solvent processes, where low vapour 

pressures and tuneable properties, could be used to reduce 

the environmental impact of catalysts synthesis methods.

In this study we have shown that CuO/ZnO materials can 

be synthesised with promising activity for  CO2 hydrogena-

tion to methanol using a switchable solvent system with 

TEA–water that could be switched between a biphasic sys-

tem and a single phase ionic liquid which could be used to 

aid solvent recycling in the process. This proof of concept 

demonstrates that the methodology could be used to synthe-

sise a range of different metal oxide materials with improved 

performance.

There is considerable room for improvement in under-

standing the process parameters in this synthetic methodol-

ogy and further investigations should enable catalysts with 

smaller particle sizes and larger surface areas to be produced 

in the future. However, even as a non-optimised synthetic 

route, catalysts that give promising yields of methanol with 

good selectivity have been produced. The methanol syn-

thesis yield was found to be higher when compared with a 

standard coprecipitated material with a smaller copper par-

ticle size, suggesting the new methodology has produced a 

material with more active sites. This is likely to be due to 

the absence of sodium containing reagents in the anti-solvent 

process, which has been shown to poison copper–zinc oxide 

catalysts prepared by coprecipitation.
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Table 2  Methanol synthesis 

testing data for the Cu/ZnO 

catalysts (0.1 g) at 200 °C, 

225 °C and 250 °C under a 

flow of  CO2:H2:N2 = 20:60:20 

at 20 bar

Catalyst Reaction tem-

perature (°C)

CO2 conver-

sion (%)

Methanol selec-

tivity (%)

Productiv-

ity  (molMeOH 

 kgcat
−1  h−1)

7:3 Cu/ZnO coprecipitation cal-

cined at 350 °C

200 11.8 9.0 1.29

225 15.1 8.4 1.53

250 16.7 7.9 1.60

7:3 Cu/ZnO calcined at 350 °C 200 3.3 52.5 2.10

225 3.6 32.2 1.40

250 7.0 15.8 1.34

1:1 Cu/ZnO calcined at 350 °C 200 2.3 56.4 1.57

225 3.8 43.5 2.00

250 6.9 21.3 1.78

1:1 Cu/ZnO calcined at 250 °C 200 2.8 71.0 2.41

225 4.6 45.8 2.55

250 9.3 20.8 2.34
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