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            Abstract
Copper and zinc form an important group of hydroxycarbonate minerals that include zincian malachite, aurichalcite, rosasite and the exceptionally rare and unstableâ€”and hence little known and largely ignored1â€”georgeite. The first three of these minerals are widely used as catalyst precursors2,3,4 for the industrially important methanol-synthesis and low-temperature waterâ€“gas shift (LTS) reactions5,6,7, with the choice of precursor phase strongly influencing the activity of the final catalyst. The preferred phase2,3,8,9,10 is usually zincian malachite. This is prepared by a co-precipitation method that involves the transient formation of georgeite11; with few exceptions12 it uses sodium carbonate as the carbonate source, but this also introduces sodium ionsâ€”a potential catalyst poison. Here we show that supercritical antisolvent (SAS) precipitation using carbon dioxide (refs 13, 14), a process that exploits the high diffusion rates and solvation power of supercritical carbon dioxide to rapidly expand and supersaturate solutions, can be used to prepare copper/zinc hydroxycarbonate precursors with low sodium content. These include stable georgeite, which we find to be a precursor to highly active methanol-synthesis and superior LTS catalysts. Our findings highlight the value of advanced synthesis methods in accessing unusual mineral phases, and show that there is room for exploring improvements to established industrial catalysts.
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                    Figure 1: Thermal gravimetric analysis (TGA) with evolved gas analysis (EGA) of georgeite and malachite.[image: ]


Figure 2: Comparison of our model catalysts to commercial catalysts.[image: ]


Figure 3: X-ray absorption fine-edge spectroscopy (XAFS) and X-ray pair distribution function (PDF) analysis.[image: ]


Figure 4: Characterization, by environmental transmission electron microscopy, of the microstructure of the reduced final-state catalysts derived from zincian georgeite and zincian malachite.[image: ]
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Extended data figures and tables

Extended Data Figure 1 FT-IR and XRD characterization of SAS copper and copper/zinc acetate precipitates.
Key: i, SAS-prepared copper acetate; ii, SAS-prepared georgeite; iii, malachite prepared by co-precipitation; iv, 2/1 copper/zinc malachite prepared by co-precipitation; v, SAS-prepared 2/1 copper/zinc georgeite; vi, SAS-prepared 1/1 copper/zinc georgeite; vii, SAS-prepared zmithsonite (ZnCO3). a, XRD analysis of copper-only samples. b, FT-IR analysis of copper-only samples. c, FT-IR band assignment of copper-only samples, with (reference) designated as received copper(ii) acetate monohydrate. Values given are for IR band positions in wavenumbers (cmâˆ’1). *The presence of this band shows that SAS precipitation with no additional water co-solvent produced some georgeite as well as amorphous copper acetate. We attribute the formation of georgeite to the small amount of water present from the monohydrated starting salt. d, IR spectrum of mineralogical georgeite, reproduced with the permission of the Mineralogical Society of Great Britain and Ireland from ref. 11. e, FT-IR spectra of copper/zinc samples. f, XRD of copper/zinc samples.


Extended Data Figure 2 Elemental composition of copper and copper/zinc samples, with supplementary TGA analysis.
a, Elemental composition of SAS-prepared georgeite and co-precipitated malachite samples. Elemental composition was determined by CHN analysis and ICP-MS. Densities were determined by helium pycnometry. aValues from ref. 11. bValues from ref. 16. *Density determined by sinkâ€“float (SF) method. The helium pycnometry used in our present study provides a skeletal density that negates buoyancy effects. b, Comparison of experimental and calculated mass losses for georgeite and malachite from TGA measurements. *Calculated from the assumption of final products being 2/1 copper oxide/zinc oxide. The lower-than-expected mass losses for the zincian phases could be associated with the inclusion of copper ions in the zinc oxide lattice. c, TGA analysis of 2/1 copper/zinc georgeite (red line) and 1/1 copper/zinc georgeite (black line).


Extended Data Figure 3 Representative STEM micrographs of the zincian georgeite precursor.
Left, dark-field (DF) STEM micrograph. Right, bright-field (BF) micrograph. The general morphology of the zincian-georgeite precursor is shown in the DF-STEM micrograph. It typically consists of very characteristic, irregularly shaped agglomerates, about 100â€“200â€‰nm in diameter, that are composed of â€˜amorphousâ€™ non-faceted particles about 40â€‰nm wide. Closer inspection by BF-STEM shows that these non-faceted particles consist of an amorphous matrix phase in which are embedded largely disconnected, sub-2-nm crystallites of ordered material exhibiting clear lattice fringes. The amorphous matrix, probably containing the carbonate and hydroxyl species, is by far the majority phase, while the nanocrystallites make up less than 10% of the material by volume. This observation is consistent with our other characterization data, as signals from the matrix phase would dominate the XAFS analysis, whereas the nanocrystallites are too small in dimension to be detected by XRD. Analysis of fringe spacings and interplanar angles of individual nanocrystallites from such images suggests that some of the grains could be CuO (tenorite, where the copper is fourfold coordinated by oxygen), while others fit better to Cu2O (cuprite, where the copper has a coordination number of 2). No convincing matches of the lattice fringes to either ZnO or ZnCO3 could be found.


Extended Data Figure 4 Further catalyst testing in methanol-synthesis and LTS reactions.
Filled red triangles, 2/1 Cu/Zn georgeite; open triangles, 1/1 Cu/Zn georgeite; open squares, industrial standard; filled blue squares, 2/1 Cu/Zn malachite (this test was terminated after 190â€‰Â°C because of poor activity). a, b, Methanol-synthesis data, normalized to total catalyst mass (a) and copper mass (b), at 190â€“250â€‰Â°C. The dashed line shows the representative reactor-bed temperature. Reaction conditions were as follows: pressure 25 bar; gas composition CO/CO2/H2/N2â€‰=â€‰6/9.2/67/17.8; MHSVâ€‰=â€‰7,200â€‰l kgâˆ’1â€‰hâˆ’1. c, Concentration of byproducts that were collected in the condensate pot after the methanol-synthesis reaction, as determined by gas-chromatographic (GC) analysis. Byproducts are: ethanol (blue), propanol (red), butanol (green), iso-butanol (purple), and methyl iso-butyl ketone (turquoise). d, e, LTS-reaction data, normalized to total catalyst mass (d) and copper mass (e). Reaction conditions were as follows: temperature 220â€‰Â°C; pressure 27.5 bar; gas composition H2O/CO/CO2/H2/N2â€‰=â€‰50/2/8/27.35/12.5; MHSVâ€‰=â€‰75,000â€‰lâ€‰kgâˆ’1â€‰hâˆ’1. f, Concentration of methanol collected in the condensate pot after the LTS reaction, as determined by GC analysis. g, Methanol-synthesis productivities and LTS activities, normalized by copper surface area. *Copper surface area analysis determined by N2O reactive frontal chromatography before testing. Â§Methanol-synthesis data acquired at 190â€‰Â°C, with steady state being at 18 hoursâ€™ time-on-line. ^LTS data acquired at 220â€‰Â°C, with steady state being at 40 hours time-on-line. Note that LTS simulation testing showed that copper surface area dropped markedly after 40 hours (to 17â€‰m2â€‰gâˆ’1 and 19â€‰m2â€‰gâˆ’1 for zincian-georgeite-derived and zincian-malachite-derived catalysts, respectively). The inverse correlation between copper surface area and initial productivity also suggests that loss of surface area occurs rapidly during the reaction and that the initial rate data are therefore likely to be inaccurate.


Extended Data Figure 5 Spectroscopic analysis of the addition of zinc to georgeite.
a, Diffuse reflectance UVâ€“vis spectra of zincian malachite (red) and zincian georgeite (black). b, Copper K-edge EXAFS (Ï‡) comparison of zincian georgeite (with a 4/1 or 2/1 copper/zinc ratio) with georgeite. c, Zinc K-edge XANES comparison of zincian georgeite with SAS-prepared smithsonite. d, Zinc K-edge EXAFS (Ï‡) comparison of zincian georgeite with SAS-prepared smithsonite. e, Comparison of observed georgeite PDF data with simulated data for crystalline hydroxycarbonate minerals with similar compositions to that of georgeiteâ€”namely aurichalcite, azurite, rosasite, zincian malachite and malachite.


Extended Data Figure 6 Representative DF-STEM and BF-STEM micrographs of zincian georgeite and zincian malachite, calcined at 300â€‰Â°C.
a, DF-STEM of calcined zincian georgeite. Higher-magnification imaging reveals that, after much of the carbonate and hydroxyl content is lost by calcination, most of the disordered matrix material in the precursor has crystallized, and only a small amount of amorphous material remains. The crystallized material is entirely in a nanocrystalline form, with a mean grain diameter of 3â€“4â€‰nm, which is just below the detection limit for XRD. Analysis of the fringe spacings and interplanar angles from individual grains suggests that the material is now mainly an intimate mixture of zinc and copper oxides; the small amount of disordered material corresponds to the residual occluded carbonate material, as detected by TGA/EGA analysis of this material. b, BF-STEM of calcined zincian georgeite. c, DF-STEM of calcined zincian malachite. d, BF-STEM of calcined zincian malachite.


Extended Data Figure 7 X-ray diffraction analysis of calcined zincian georgeite and zincian malachite.
a, PDF of zincian georgeite, as prepared and after calcination at 120â€‰Â°C, 200â€‰Â°C, 250â€‰Â°C, 300â€‰Â°C and 450â€‰Â°C. There is little change in the observed PDF up to 250â€‰Â°C, other than a slight peak broadening, which can be attributed to a reduction in short-range order. The dashed line shows the position of the Câ€“O peak, which is retained until temperatures higher than 300â€‰Â°C. b, PDF and c, Rietveld fits of zincian georgeite after calcination at 450â€‰Â°C. The measured data are shown as open circles; the fit is a solid black line; the difference is a grey line. Both techniques determine the product to be a mixture of copper oxide and zinc oxide (weight ratio of 68/32 by PDF; 67.7(4)/32.3(4) by Rietveld). d, Ex situ XRD patterns following calcination of zincian georgeite for 2 hours at 250â€‰Â°C, 300â€‰Â°C and 450â€‰Â°C. Open circles, copper oxide; filled squares, zinc oxide. e, f, In situ XRD analysis of zincian georgeite (d) and zincian malachite (e) during calcination between 300â€‰Â°C and 500â€‰Â°C under an atmosphere of static air, with XRD scans every 25â€‰Â°C.


Extended Data Figure 8 Copper K-edge XAFS analysis of zincian georgeite and zincian malachite calcined at 300â€‰Â°C.
a, EXAFS (Ï‡) comparison of copper oxide, calcined zincian georgeite, zincian georgeite and georgeite. b, EXAFS (R) comparison of copper oxide (green), calcined zincian georgeite (black) and zincian georgeite (blue). câ€“e, Linear combination fit of copper oxide and zinc oxide with zincian malachite calcined at 300â€‰Â°C.


Extended Data Figure 9 In situ characterization of final-state, reduced copper/zinc-oxide catalysts derived from zincian georgeite and zincian malachite, calcined at 300â€‰Â°C.
a, XRD of zincian-georgeite-derived catalyst after in situ hydrogen reduction (2% H2/N2 at 225â€‰Â°C for 1 hour). Fine dotted lines indicate zinc-oxide reflections; dashed lines indicate metallic copper. b, Copper K-edge EXAFS Fourier transorm of final reduced catalysts derived from zincian georgeite and zincian malachite. c, Copper K-edge EXAFS fit of reduced catalysts. d, Zinc K-edge EXAFS Fourier transform of final reduced catalysts derived from zincian georgeite and zincian malachite. e, Zinc K-edge EXAFS fit of reduced catalysts. f, Electron energy-loss spectra (EELS) of georgeite and malachite, respectively, during reduction in the ETEM experiment. The EELS data were acquired in 2 mbar H2 at 225â€‰ÂºC, and show the fine structure of the Cu L2,3 ionization edges, which are characteristic of metallic Cu0. g, EXAFS fitting data for copper and zinc K-edge data. Fitting parameters for K-edge copper: amplitude-reduction factor (S02)â€‰=â€‰0.91, as deduced from copper-foil standard; fit range 3<k<11.2, 1<R<5.5 (with k denoting the fitting window from the Ï‡ data, and R, the path length, denoting the fitting from the Fourier transform of the Ï‡ data); number of independent pointsâ€‰=â€‰23; *denotes multiple scattering path. Fitting parameters for K-edge Zn: S20=0.90 as deduced from a ZnO2 standard; fit range 3.3<k<9.5, 1<R<4.8; number of independent pointsâ€‰=â€‰16; *denotes multiple scattering path. h, XPS analysis of calcined and reduced catalysts derived from zincian georgeite and zincian malachite.


Extended Data Table 1 EXAFS fitting parameters for georgeite and malachiteFull size table
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