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Abstract

:

We demonstrate a simple strategy to either prevent or enhance hydroxide incorporation in nanocrystalline solid-state metathesis reaction products prepared in ambient environments. As an example, we show that ZnCO3 (smithsonite) or Zn5(CO3)2(OH)6 (hydrozincite) forms extremely rapidly, in less than two minutes, to form crystalline domains of 11 ± 2 nm and 6 ± 2 nm, respectively. The phase selectivity between these nanocrystalline products is dominated by the alkalinity of the hydrated precursor salts, which may in turn affect the availability of carbon dioxide during the reaction. Thus, unlike traditional aqueous precipitation reactions, our solid-state method offers a way to produce hydroxide-free, nanocrystalline products without active pH control.
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1. Introduction


Nanoparticle production via solid-state synthesis often involves metathesis of well-mixed solid precursors that react exothermically and quickly through a well-known class of self-sustaining reactions [1]. In comparison with traditional sol-gel or solvo-thermal routes, the absence of solvent in solid-state metathesis (SSM) has enabled rapid formation of a wide range of materials including metal oxides [2,3,4,5], sulfides [6], perovskites [7], and zeolites [8]. A typical synthesis is carried out at ambient temperature, pressure, and atmosphere conditions, where two powdered precursors are ground together. Once the reaction is triggered, a self-sustained exothermic reaction proceeds: no external heating is required. This metathesis is driven by thermodynamics and the formation of stable crystal products. Although the mechanism for ambient SSM is still not completely understood, some have noted that there is a class of SSM reactions that appears to benefit from the precursors’ waters of hydration and/or from ambient water that is adsorbed at precursor grain interfaces. It is possible that this small amount of water, which is released during the exothermic reaction to make a slurry with the starting powders, promotes diffusion and lowers the reactions’ activation energies [6].



Although ambient SSM has opened up a new window for expedient and solvent-free synthetic routes for many technologically and industrially relevant nanomaterials, unwanted incorporation of hydroxide or CO2 species compromise the purity of the final product. These secondary products cannot always be removed by rinsing with water or organic solvents, and they are sometimes best removed by high temperature calcination [7]. Some reports have shown that this problem can be mitigated by dosing the precursor mixture with surfactants or other additives to control both crystal habit and composition [4,9]. However, these additional components can present different issues for product purification, and the role of additives with regard to composition control during the metathesis process remains unclear.



Herein, we demonstrate that we can control hydroxide incorporation in nanocrystalline products using ambient SSM with a careful selection of precursors to affect pH in the small amount of water that is present. We demonstrate the efficacy of this approach with zinc carbonate nanocrystalline products: the hydroxide-free ZnCO3 (ZC, smithsonite), as well as hydrozincite, Zn5(CO3)2(OH)6 (HZ). In nanocrystalline form, zinc carbonates have found industrial use as surface-active absorbers in respirators for health and safety applications [10]. Neither additives nor post-synthesis annealing are required to regulate the composition of the metathesis product, nor is there any active pH regulation required during the synthesis.




2. Experimental Section


Our experiments began with analytical grade reagents: 0.5 mol of Zn(NO3)2·6H2O was mixed with 1.5 mol of NaHCO3 and then mixed throughly by hand in an agate mortar. The importance of this mixing is not at all related to mechanical pressure; instead, it is the intermingling of the powdered precursors that triggers the reaction. The total mass of the precursors was typically ∼1 g, but scaling up the reaction by a factor of ten did not adversely affect the results. After about 1 minute of mixing, the exothermic reaction within the mixture yielded a wet white paste, with only a small temperature increase (∼5 °C). Photographs of the paste-like products are shown in Figure 1. This product was transferred to anhydrous ethanol and washed several times with ultrapure water (18.2 MΩ·cm) to remove soluble ions. The remaining product was oven dried at 80 °C for at least 24 h, prior to further characterization. Similar experiments were repeated with different combinations of precursors, as shown in Table 1. Results are highly reproducible, and were tested at least three times for each combination, including slight variations in the reactant ratios (0.67:1, 1:1, 1.5:1).
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Figure 1. Representative photographs of the paste-like reaction products from (a) Zn(NO3)2·6H2O and NaHCO3 precursors, which yields ZnCO3; and (b) ZnCl2 + Na2CO3, which yields Zn5(CO3)2(OH)6. 
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Table 1. Products from ambient SSM using different precursor combinations. Here, HZ means Zn5(CO3)2(OH)6 and ZC means ZnCO3. Gibbs free energy data are from [11].
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Precursors

	
Product

	
Calc. ZC ΔG0 (kJ/mol)

	
Calc. HZ ΔG0 (kJ/mol)




	

	

	
at 25 °C

	
at 25 °C






	
ZnCl2 + NaHCO3

	
none

	
−64

	
−278




	
ZnCl2 + Na2CO3

	
HZ

	
−86

	
−391




	
Zn(NO3)2·6H2O + Na2CO3

	
HZ

	
−71

	
−483




	
Zn(NO3)2·6H2O + NaHCO3

	
ZC

	
−85

	
−203









All samples were characterized by powder X-ray diffraction (PXRD; Ultima IV X-ray diffractometer (Rigaku, Texas, U.S.A.) with Cu Kα 3°/min, step size 0.02°; lattice constant refinements from Jade software, Materials Data Inc. (Livermore, CA, U.S.A.) and compared with JCPDS data [12]), Fourier transform infrared spectroscopy (FTIR; Alpha spectrometer (Bruker, Billerica, MA, U.S.A.) at 4 cm−1 resolution on specimens dispersed in a 7 mm diameter KBr pellet), and Raman spectroscopy (Renishaw inVia Raman microscope, 830 nm excitation). Thermal decomposition experiments were conducted with a Q500 thermogravimetric analyzer (TA Instruments, New Castle, DE, U.S.A.) using a Pt pan, 600 °C, 20.00 °C/min, under 40.0 mL/min N2 gas flow). Crystalline domain sizes were extracted by Scherrer analyses on PXRD peak widths using at least 11 diffraction peaks. This approach gives a truly representative average crystalline domain size, since the data were obtained using ∼1 g of powder. Brunauer-Emment-Teller (BET) analyses provided surface area values.




3. Results and Discussion


The particles in the product are truly nanocrystalline, with crystalline domain sizes of 11 ± 2 nm for ZC and 6 ± 2 nm for HZ, and surface areas of 25.4 ± 0.3 m2/g. From PXRD data, we find that ZC has sharper diffraction peaks (Figure 2a), while HZ occurs with poorer crystallinity (Figure 2b). For this reason, we also used FTIR and Raman spectroscopies to corroborate the phase compositions of the products. As shown in the representative FTIR spectrum in Figure 3a, ZC displays an intense single peak at 1430 cm−1 (ν3 antisymmetric carbonate stretch). Hydroxide incorporation in HZ lowers the symmetry of this carbonate vibration [13] to yield multiple peaks between 1380 and 1510 cm−1.A low intensity peak near 1085 cm−1 (ν1 carbonate stretch) is IR inactive, according to ideal symmetry considerations [14], but is very intense in Raman spectra (Figure 3b). For HZ, this ν1 mode is not observed in either FTIR or Raman spectra, however, the presence of a peak at 950 cm−1 has been attributed to a Zn-OH distortion in previous reports [15]. The carbonate ν2 and ν4 bending modes cause sharp peaks at 865 cm−1 and 740 cm−1, respectively, in ZC; these peaks shift to lower wavenumbers and broaden in HZ.
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Figure 2. Representative indexed X-ray diffraction (XRD) data. In (a), all major peaks corresponding to ZnCO3 (JCPDS 8-0449) are present when starting with Zn(NO3)2 and NaHCO3 precursors. In (b), the product matches Zn5(OH)6(CO3)2 (JCPDS 19-1458). 
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Figure 3. Representative (a) Fourier transform infrared spectroscopy (FTIR) spectra and (b) Raman spectra for ZnCO3 (ZC, blue) and Zn5(CO3)2(OH)6 (HZ, red). Spectra are offset along the vertical axis for clarity. 
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We performed additional experiments to ensure the SSM reactions yield phase-pure products. Thermal decomposition data indicate that both ZC and HZ undergo a one-step decomposition process, releasing their carbonate and hydroxide ions simultaneously (Figure 4). The theoretical mass loss [16] for ZC is 35.1% when ZnCO3 → ZnO + CO2; our yield was 33.9% ± 0.5%. For HZ, we measured a mass loss of 25.8% ± 0.5%, which agrees well with the expected value [17] of 25.9% based on the reaction Zn5(CO3)2(OH)6 → 5ZnO + 2CO2 + 3H2O. PXRD measurements confirmed that the decomposition product was ZnO, consistent with decomposition studies reported by others [18,19,20].
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Figure 4. (a) ZnCO3 (ZC, blue) and Zn5(CO3)2(OH)6 (HZ, red) show one-step decomposition toward the formation of ZnO. The mass loss curves are shown as solid lines, and their derivatives are shown as dashed lines; (b) The decomposition products match ZnO (JCPDS 36-1451). The representative data shown here are for the product from ZC decomposition. 
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By comparing combinations of different precursors (Table 1), we find that only Zn(NO3)2·6H2O + NaHCO3 yields the hydroxide-free ZnCO3. Based on results of previous aqueous precipitation experiments [10,13,17,21,22,23,24], it appears that NaHCO3 provides sufficient acidity and CO2 to produce ZC, while Na2CO3 does not. We note that other carbonate precursor salts can also be used with similar effect. For example, K2CO3 gives results that are identical to those with a Na2CO3 precursor. It is also evident that the choice of the Zn precursor is quite important. For example, a self-sustained reaction did not occur between ZnCl2 and NaHCO3. We note that the wettest slurry occurred when using Zn(NO3)2·6H2O and NaHCO3 (as shown in Figure 1a). This would suggest that having sufficient water, contributed by either hydration waters or by absorption from the ambient environment, is also important to enable a self-sustained SSM reaction in this system.



To assess the thermodynamics of the different precursor reactions shown in Table 1, we calculated the Gibbs energy of reaction based on the following four equations, in which X is either NO3− or Cl− and n is an integer:


5 · ZnX2 · nH2O + 5 · Na2CO3 → Zn5(CO3)2(OH)6 + 3 · CO2 + 10 · NaX + (5n − 3) · H2O



(1)






ZnX2 · nH2O + Na2CO3 → ZnCO3 + 2NaX + n · H2O



(2)






ZnX2 · nH2O + 2 · NaHCO3 → ZnCO3 + CO2 + (n + 1) · H2O + 2 · NaX



(3)






5 · ZnX2 · nH2O + 10 · NaHCO3 → Zn5(CO3)2(OH)6 + 8CO2 + (5n − 3) · H2O + 10 · NaX



(4)




In all four cases, the negative Gibbs energy of reaction values indicate that the reactions can proceed spontaneously.



Both of our zinc carbonate products (ZC and HZ) have a low solubility in water and, as a consequence, aqueous syntheses by direct precipitation have been reported for each phase using a variety of different zinc salt precursors, including ZnCl2, Zn(NO3)2, ZnSO4, and Zn(CHCOO)2. HZ is the most common product under standard temperature and atmosphere conditions [21,22,23], with ZC formation reported only with acidic pH control [17] high CO2 pressure [13,24], or low temperatures [10]. In contrast, there is only one report of phase-pure ZC through ambient SSM, in which the authors conclude that the precursors (NH4HCO3 and ZnSO4) had to be ground in the presence of an additional surfactant (polyethyleneglycol-octyl-phenylate) in order to yield ZC; a mechanism was not proposed [9].



We propose that three factors must be met for selective ZC or HZ production: negative Gibbs free energy of reaction, sufficient structural and/or surface water, and crude pH control. As shown in Table 1, the calculated standard Gibbs free energy of reaction for each salts combination in SSM are all negative and thus thermodynamically possible. The Na2CO3 precursor, we believe, contributes to hydroxide incorporation in the product due to CO32− hydrolysis. In contrast, the dissociation of NaHCO3 during the exothermic reaction provides a ready source of gaseous CO2 that can be dissolved in the reaction slurry. HCO3− also provides a sufficiently acidic environment in the slurry by preventing hydrolysis of CO32− with ambient water.




4. Conclusions


It is surprising—and very widely applicable—that a solid-state synthesis method can be adjusted to provide a robust way to exclude hydroxide under ambient temperature and atmosphere conditions. Crude pH control during the reaction is provided by acid-producing, hydrated precursor salts, and this is sufficient to produce phase-pure ZnCO3. This is in stark contrast to reports of aqueous-based precipitation reactions for ZnCO3, which have shown that accurate pH control is essential—acidic pH values (≤6) lead to ZC dissolution, while excessively alkaline conditions promote Zn(OH)2 formation at the expense of ZC [10,13,17,24]. Furthermore, our solid-state products are nanocrystalline, in both the ZC and HZ forms, due to the extremely rapid formation process. Our strategy of using acid-producing salts to form hydroxide-free carbonates could likely be extended to other classes of compounds for which pH is a tuning parameter for phase selectivity.







Acknowledgements


Natural Science and Engineering Resource Council (Canada), Petroleum Research Atlantic Canada, and the Canada Foundation for Innovation (New Opportunities) funded this work. We also acknowledge W. Aylward (PXRD) and J. Collins (TGA) for use of their facilities through Memorial University Core Research Equipment and Instrument Training network, and J. Wen and A. Chen for BET measurements at Lakehead University, Thunder Bay, Ontario, Canada.




References


	



Wiley, J.B.; Kaner, R.B. Rapid solid-state precursor synthesis of materials. Science 1992, 255, 1093–1097. [Google Scholar] [CrossRef] [PubMed]

	



Sun, J.Q.; Wang, J.S.; Wu, X.C.; Zhang, G.S.; Wei, J.Y.; Zhang, S.Q.; Li, H.; Chen, D.R. Novel method for high-yield synthesis of rutile SnO2 nanorods by oriented aggregation. Cryst. Growth Des. 2006, 6, 1584–1587. [Google Scholar] [CrossRef]

	



Perera, S.; Zelenski, N.; Gillan, E.G. Synthesis of nanocrystalline TiO2 and reduced titanium oxides via rapid and exothermic metathesis reactions. Chem. Mater. 2006, 18, 2381–2388. [Google Scholar] [CrossRef]

	



Lu, J.; Ng, K.M.; Yang, S. Efficient, one-step mechanochemical process for the synthesis of ZnO nanoparticles. Ind. Eng. Chem. Res. 2008, 47, 1095–1101. [Google Scholar] [CrossRef]

	



Sinha, A.K.; Pradhan, M.; Sarkar, S.; Pal, T. Large-scale solid-state synthesis of Sn-SnO2 nanoparticles from layered SnO by sunlight: A material for dye degradation in water by photocatalytic reaction. Environ. Sci. Technol. 2013, 47, 2339–2345. [Google Scholar] [CrossRef] [PubMed]

	



Ye, X.R.; Jia, D.Z.; Yu, J.Q.; Xin, X.Q.; Xue, Z. One-step solid-state reactions at ambient temperatures: A novel approach to nanocrystal synthesis. Adv. Mater. 1999, 11, 941–942. [Google Scholar] [CrossRef]

	



Toberer, E.S.; Weaver, J.C.; Ramesha, K.; Seshadri, R. Macroporous monoliths of functional perovskite materials through assisted metathesis. Chem. Mater. 2004, 16, 2194–2200. [Google Scholar] [CrossRef]

	



Ren, L.; Wu, Q.; Yang, C.; Zhu, L.; Li, C.; Zhang, P.; Zhang, H.; Meng, X.; Xiao, F.S. Solvent-free synthesis of zeolites from solid raw materials. J. Am. Chem. Soc. 2012, 134, 15173–15176. [Google Scholar] [CrossRef] [PubMed]

	



Wu, W.; Jiang, Q. Preparation of nanocrystalline Zinc carbonate and Zinc oxide via solid-state rection at room temperature. Mater. Lett. 2006, 60, 2791–2794. [Google Scholar] [CrossRef]

	



Zhang, S.; Fortier, H.; Dahn, J.R. Characterization of Zinc carbonate hydroxides synthesized by precipitation from Zinc acetate and potassium carbonate solutions. Mater. Res. Bull. 2004, 39, 1939–1948. [Google Scholar] [CrossRef]

	



Dean, J. Lange’s Handbook of Chemistry; McGraw Hill Book Co.: New York, NY, USA, 1985. [Google Scholar]

	



Powder Diffraction File. Numbers 08-0449 and 19-1458. In Joint Commission on Powder Diffraction Standards–International Centre for Diffraction Data, Newtown Square, PA, USA,, 2003.

	



Hales, M.C.; Frost, R.L. Synthesis and vibrational spectroscopic characterisation of synthetic hydrozincite and smithsonite. Polyhedron 2007, 26, 4955–4962. [Google Scholar] [CrossRef][Green Version]

	



Bouchard, M.; Smith, D. Catalogue of 45 reference Raman spectra of minerals concerning research in art history or archaeology, especially on corroded metals and coloured glass. Spectrochim. Acta A 2003, 59, 2247–2266. [Google Scholar] [CrossRef]

	



Su, B.; Li, M.; Shi, Z.; Lu, Q. From superhydrophilic to superhydrophobic: Controlling wettability of hydroxide Zinc carbonate film on Zinc plates. Langmuir 2009, 25, 3640–3645. [Google Scholar] [CrossRef] [PubMed]

	



Hales, M.C.; Frost, R.L. Thermal analysis of smithsonite and hydrozincite. J. Therm. Anal. Calorim. 2008, 91, 855–860. [Google Scholar] [CrossRef]

	



Koga, N.; Goshi, Y.; Yamada, S.; Pérez-Maqueda, L. Kinetic approach to partially overlapped thermal decomposition processes. J. Therm. Anal. Calorim. 2013, 111, 1463–1474. [Google Scholar] [CrossRef]

	



Micković, Z.; Alexander, D.T.L.; Sienkiewicz, A.; Mionić, M.; Forró, L.; Magrez, A. Synthesis of nanosized Mn-doped ZnO by low temperature decomposition of hydrozincite precursors. Cryst. Growth Des. 2010, 10, 4437–4441. [Google Scholar]

	



Zhang, J.; Wang, S.; Xu, M.; Wang, Y.; Zhu, B.; Zhang, S.; Huang, W.; Wu, S. Hierarchically porous ZnO architectures for gas sensor application. Cryst. Growth Des. 2009, 9, 3532–3537. [Google Scholar] [CrossRef]

	



Nistor, S.V.; Nistor, L.C.; Stefan, M.; Ghica, D.; Aldica, G.; Barascu, J.N. Crystallization of disordered nanosized ZnO formed by thermal decomposition of nanocrystalline hydrozincite. Cryst. Growth Des. 2011, 11, 5030–5038. [Google Scholar] [CrossRef]

	



Qu, X.; Jia, D. Synthesis of octahedral ZnO mesoscale superstructures via thermal decomposing octahedral Zinc hydroxide precursors. J. Cryst. Growth 2009, 311, 1223–1228. [Google Scholar] [CrossRef]

	



Shamsipur, M.; Pourmortazavi, S.M.; Hajimirsadeghi, S.S.; Zahedi, M.M.; Rahimi-Nasrabadi, M. Facile synthesis of Zinc carbonate and Zinc oxide nanoparticles via direct carbonation and thermal decomposition. Ceram. Inter. 2013, 39, 819–827. [Google Scholar] [CrossRef]

	



Li, Z.; Shen, X.; Feng, X.; Wang, P.; Wu, Z. Non-isothermal kinetics studies on the thermal decomposition of Zinc hydroxide carbonate. Thermochim. Acta 2005, 438, 102–106. [Google Scholar] [CrossRef]

	



Alwan, A.K.; Williams, P.A. Mineral formation from aqueous solution. Part I. The deposition of hydrozincite, Zn5(OH)6(CO3)2, from natural waters. Transit. Met. Chem. 1979, 4, 128–132. [Google Scholar]





© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file4.png
HZ

(LOP)

~~

0

S

ZC

(#01)

(Z10)

T (yun'qie) Aysusul

70

40 50 60
20 (9)

30

20

26 (°)





nav.xhtml


  nanomaterials-03-00317


  
    		
      nanomaterials-03-00317
    


  




  





media/file1.png





media/file7.png
s

Intensity (arbitrary units)

245°C i285"0

wt%= -25.8%

wt%= -33.9%

c

Intensity (arb.unit)

heated ZC (3 hours at 400°C)

L

24





media/file5.png
O

Intensity (arbitrary units)

1430 l,)l 1089
j2)
=
E
Pl
©
865 &
o
740 1085 © zc
zc =
1507 2 bl
726835 _ 1050 1388 2 1081
950 HZ % 230 35 704 732 A 1371 1544
T T T T T T T T T - ‘L A A
500 1000 1500 2500

2000
-1

wavenumber (cm

T T T
500 1000 1500
wavenumber (cm'1)





media/file3.png
=

G

(nun-que) Aysusiul






media/file0.png





media/file8.png
o

Intensity (arbitrary units)

=T
—ZC
-

wt%= -25.8%

245°C

]

”__-—-

wt%=-33.9%

100

200

300
T °C)

400

500

(b)

Intensity (arb.unit)

= heated ZC (3 hours at 400 °C)
8
18 S
S — (4P —
= N T 8 a
S - _To
L = S kS
A JLJU@’ K
| | | ! |
30 40 50 60
2°0 (0)





media/file6.png
o

Intensity (arbitrary units)

B 1430
865
740 1085 2C
7 5 1507 —
835 1050

1 7267 g5 7

I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
500 1000 1500 2000 2500

-1
wavenumber (cm )

Intensity (arbitrary units) £

192
152

230 3gg9

1089

301

\ 1404 1734

1061

704 732

500 1000 1500

-1
wavenumber (cm )

2000





