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INTRODUCTION 

Nanoparticles are discrete nanometer (10-9 m)-scale assemblies of atoms. Thus, they 
have dimensions between those characteristic of ions (10-10 m) and those of macroscopic 
materials. They are interesting because the number of atoms in the particles is small 
enough, and a large enough fraction of them are at, or near surfaces, to significantly 
modify the particle’s atomic, electronic, and magnetic structures, physical and chemical 
properties, and reactivity relative to the bulk material. Nanoparticle surfaces themselves 
may be distinctive. Particles may be terminated by atomic planes or clusters that are not 
common, or not found, at surfaces of the bulk mineral. These, and other size-related 
effects will lead to modified phase stability and changes in reaction kinetics. 

What makes a nanoparticle a nanoparticle? Definitions of the size ranges for 
molecules, nanoparticles, and macroscopic solids must be compound specific. However, 
a useful upper limit for nanoparticles is the size at which one of its properties deviates 
from the value for the equivalent bulk material by an amount that is significantly larger 
than the error of the method used to make the measurement (a few percent). In practice, 
some characteristic will probably be different enough to warrant description as a 
“nanoparticle” if it is  less than a few tens of nanometers in diameter, and perhaps less 
than a fraction of a micron in diameter.  

Because of the importance of size-dependent property changes to the materials 
sciences, size-property relationships have been studied in detail for some systems. For 
example, for semiconductors, size effects become important when the particle diameter is 
close to the Bohr diameter of excitons in the bulk phase. Generally, semiconductor size 
quantization effects (relevant for naturally occurring metal sulfides, for example) appear 
when particles are less than 10 nm in diameter (Vogel and Urban 1997).  

Definition of the lower size limit for nanoparticles is fairly subjective because it is 
difficult to distinguish the smallest nanoparticles from multinuclear clusters and dissolved 
chemical species. However, the changes in physical and chemical properties of a cluster 
as it converts to a nanoparticle makes the smaller end of the nanoparticle size range very 
interesting!  

Compared to other planetary materials, nanoparticles have received comparatively 
little attention. In large part, this is because their structures are difficult to analyze via 
conventional methods. Analysis of nanoparticle reactivity requires careful synthesis of 
homogeneous materials, detailed experimental studies, and advanced computational 
modeling. Recent advances in methods and approaches have yielded many essentially 
intractable problems solvable. Because of growing awareness of their novel and 
important physical, chemical, magnetic, and optical properties (a subset of which only 
“emerge” at the nanoscale), nanoparticles are attracting increasing attention from the 
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Earth Science community. The field, sometimes referred to as “nanogeoscience,” covers 
topics such as size-dependent structure, stability, and reactivity. Although these topics are 
not new, advances in methods and new combinations of these evolving methods, ensure 
that the field is poised for considerable growth. New discoveries may change how we 
view processes at, and near, the Earth’s surface.  

Where do nanoparticles occur in natural systems? Where do they come from? Why 
should we distinguish them as a special state of matter deserving a volume in the RIMG 
series? This chapter will (1) provide examples of the types of solids that are commonly 
encountered as nanoparticles in natural systems, (2) detail a subset of the inorganic and 
biological processes that generate nanoparticles in the environment, (3) review the ways 
in which nanoparticle stability and reactivity are modified as a consequence of their 
particle size in order to lay the foundation for consideration of the role of nanoparticles in 
natural processes; and (4) consider some opportunities for future work on nanoparticles in 
geological systems. 

NANOPARTICLES IN NATURAL SYSTEMS:  
WHERE DO THEY COME FROM? 

Nanoparticles are everywhere … or almost everywhere! To mineralogists who work 
with environmental samples this is no surprise. In fact, the field of clay mineralogy, 
where “clays” are defined not as layer si licates but as particles smaller than 2 ∝ μm, is 
quite mature (e.g., Parker and Rae 1998; Occelli and Kessler 1998; Moore and Reynolds 
1989). However, the challenges associated with characterization of the smallest of these 
particles are considerable, and much remains to be learned about size-related effects. 
Similarly, biochemists are highly familiar with nanoparticles as components of important 
biological molecules (e.g., ferritin; Harrison and Dutriazac 1998), cells, and at the 
smallest size, as active centers in enzymes (e.g., [Fe4S4](S

γ Cys)4 clusters). New 
knowledge about cluster formation and size-dependent properties of small particles may 
throw new light on biological function, evolution, and perhaps even the origin of 
molecules essential to life (e.g., proteins). 

From a nanocrystal’s perspective, low-temperature environments are special because 
conditions are conducive to their birth and survival, at least over short to medium time 
scales. Consequently, planetary surfaces are places where nanoparticles are commonly 
encountered, and where they play special geochemical and mineralogical roles. However, 
nanoparticles are relevant in environments other than those where clays are found. In 
fact, all crystals pass through the “nanocrystal ” stage early in their existence. In many 
geological settings, this stage is highly transitory, and nanoparticle lifetimes may be so 
short that we barely notice them or find them deserving of special attention. Given 
sufficient time, energy, and supply of appropriate ions, even at low temperatures nano-
crystals grow into microcrystals and macroscopic crystals, thereby losing many of the 
special features that make them so interesting.  

Many pathways operating under a broad diversity of conditions generate a few 
nanoparticles. Although these processes are deserving of attention, we will not provide a 
comprehensive review. Instead, we will focus our discussion on the subset of natural 
phenomena that generate sufficiently large concentrations of nanoparticles that these 
products become a major source of surface area in the environment. These are also the 
conditions where nanoparticle-nanoparticle interactions become important, giving rise to 
interesting and complicated reaction kinetics. Because most chemical reactions take place 
at interfaces, the nature of the boundaries that separate nanoparticles, and between 
nanoparticles and their surroundings (e.g., air, solution) is of special interest.  
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Pathways that produce abundant nanoparticles tend to involve geochemical 
processes that generate high degrees of supersaturation, leading to production of very 
many crystal nuclei. Supersaturation can occur as the result of inorganic or biological 
processes.  

NANOPARTICLE FORMATION VIA INORGANIC PATHWAYS 

Examples of environments where local high degrees of supersaturation are 
encountered include those associated with discharge of hydrothermal vent fluids into cold 
ocean water, regions where streams of highly acidic solutions mix with neutral pH water, 
zones of mixing between groundwater fluids, and sites of evaporation of soil water 
solutions. 

Consider chemical weathering processes. Silicate, oxide, phosphate, and other 
minerals that are unstable under Earth surface conditions dissolve or react to form other 
phases. When solutions formed by dissolution become concentrated due to evaporation, 
abundant nanoparticle products form, either by direct precipitation from solution or via 
restructuring of a gel-like precursor (e.g., Combes et al. 1989). Examples of nanoscale 
products include amorphous or opaline silica (e.g., Jones 1966; Guthrie et al. 1995; 
Banfield and Barker 1998), hydrous aluminosilicates such as allophane (Hemni and 
Wada 1976; Wada and Wada 1977) with particle sizes of a few to a few tens of 
nanometers, and the tubular aluminosilicate imogolite (Gustafsson 2001), alumino-
silicates clays such as halloysite, and oxides (e.g., magnetite and hematite formed by 
subsolidus alteration and weathering of olivine; Banfield et al. 1990) and oxyhydroxides 
(e.g., goethite formed by weathering of amphibole; Fig. 1). Other minerals, such as 
biotite, can undergo essentially solid state conversion to form chlorite, vermiculite, or 
smectite (Banfield and Murakami 1998). This may be accompanied by expulsion of ions 
such as Ti from the structure, and precipitation of nanocrystalline anatase (TiO2). Similar 
reactions are encountered when rocks are slowly cooled and hydrated (e.g., during 
retrograde metamorphism).  

 

 
Figure 1. High-resolution transmission 
electron microscope image of goethite 
from weathered amphibole. Note the 
nanometer-scale porosity that separates 
oriented nanocrystals. Similar aggregates 
were reported by Smith et al. (1983, 1987) 
in botryoidal goethite (Banfield and 
Barker, unpublished data). 

 

 

Acid mine drainage environments are weathering-dominated systems that generate 
very abundant nanoparticles. Consequently, we review the geochemistry and mineralogy 
of acid systems to provide specific examples of relevant processes. 

Example: predominantly inorganic nanoparticle formation in acid drainage 

Very low pH solutions derived by weathering of metal sulfide-rich rocks (sulfuric 
acid-rich solutions) carry high concentrations of dissolved ferrous and ferric iron, 
aluminum, and other metals into the surrounding environment. Solutions at, and near acid  
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generation sites are often hot (>40°C), in part due to the exothermic nature of metal 
sulfide oxidation reactions, and usually very iron-rich, due to the predominance of iron 
sulfide minerals (often pyrite, FeS2) in most ore deposits. The low solubility of oxygen in 
these fluids and the slow rate of inorganic oxidation of ferrous iron by oxygen at low pH 
(especially below pH 2) can lead to formation of solutions containing tens of g/L Fe2+. In 
rocks containing other sulfide phases, concentrations of other elements (e.g., Cu, Zn, Cd, 
As, Se) can also be considerable.  

 In addition to ferrous iron, ferric iron can be very abundant in acid drainage 
solutions, especially where the activity of ferrous iron-oxidizing prokaryotic micro-
organisms is high (see below for details). In fact, the observed iron speciation may be 
largely determined by the balance between microbial ferrous iron oxidation rates and the 
rates at which ferric iron is reduced by oxidation of sulfide, sulfur, and sulfoxy species.  

Conditions that sustain high metal loads are typically spatially confined to metal-
sulfide-rich regions. Fluid draining from ore bodies (for example) often mix with cool, 
dilute, oxygenated water in streams or lakes. The higher solubility of oxygen, lower 
solubility of iron, and faster oxidation kinetics due to the lower temperature and higher 
pH leads to rapid precipitation of nanoscale iron hydroxides/oxides/oxyhydroxides, and 
related phases. However, if acid solutions are diluted under low oxygen conditions (e.g., 
due to intersection of subsurface groundwater flow paths), metals may remain in solution 
and be transported considerable distances away from the source. Under some conditions, 
the microorganisms adapted to grow at neutral pH can populate niches in these systems 
and induce precipitation of abundant nanoparticles (see below). 

Schwertmannite, is a common nanoparticle-product of neutralization of sulfuric 
acid-rich solutions (Bigham et al. 1994). The original structural analysis indicated that 
sulfate was contained within tunnels similar to those found in akaganeite (FeOOH). 
However, recent work by Waychunas et al. (2001) suggests that this is a defective, 
nanoporous phase and that sulfate occupies inner and outer sphere positions on the 
surface, and probably on the internal surfaces of defect regions within the structure. 

Ferrihydrite (often subdivided into 2- and 6-line variants based on whether two or six 
lines appear in diffraction patterns) is also produced by neutralization of Fe-rich, acid 
solutions. Six line-ferrihydrite is similar to the phase found in ferritin (e.g., Cowley et al. 
2000). The structural state of ferrihydrite has been a matter of considerable debate (e.g., 
Drits et al. 1993; Janney et al. 2000a; Janney et al. 2001), probably because it has no 
single form and, when examined by X-ray methods, is inferred to be a mixture of phases. 
For example, samples characterized by Drits et al. (1993) were reported to contain 
ferrihydrite with a double hexagonal closed packed ABAC-type stacking, 2-layer 
material in which ABA and ACA stacking are randomly intermixed, and few-nanometer-
diameter hematite (α-Fe2O3) particles. The distinction between 2- and 6-line ferrihydrite 
has been attributed to the degree of crystallinity (Drits et al. 1993). However, based on 
transmission electron microscope nano-electron diffraction pattern analysis, Janney et al. 
(2000b) were unable to detect ABAC stacking in 2-layer ferrihydrite. Instead, they 
suggest that 2-line ferrihydrite contains an essentially randomly stacked succession of 
closest packed anions sheets. Janney et al. (2000b) propose that some 6-layer ferrihydrite 
contains regions that are similar to those found in some 2-line ferrihydrite (Janney                
et al. 2000b).  

Goethite (α-FeOOH) is also a common nanocrystalline phase in acid drainage 
systems. Goethite crystals often have nanoscale-scale porosity (see Fig. 1) and a distinct 
subgrain structure. This could arise if the large goethites grow via assembly of goethite 
nanoparticles, as described below, or may arise for other reasons. Nanoporosity is also a  
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Figure 2. Cartoon illustrating features of 
the structure of ferrihydrite proposed by 
Drits et al. (1993). Note the several 
octahedra-wide spaces. Although not 
discussed by Drits et al., these might arise 
if the solid forms by aggregation of 
smaller iron oxyhydroxide subunits. 

 

 

 

feature of one proposed structure for ferrihydrite (Fig. 2, after Drits et al. 1993).  
It has been known for a very long time that hydr/oxides can exert important controls 

on the distributions of ions in the environment. This is especially important where 
nanoparticulate materials provide sufficient surface area to sorb a large fraction of an ion 
of interest from solution. For example, fracture and grain coatings, especially those that 
consist of iron and manganese oxides, can partition high concentrations of metals such as 
Ni, Co, Pb, Cr, Se, Cd, U, and Zn (Fuller et al. 1996; Charlet and Manceau 1992; 
Manceau and Charlet 1992, 1994; Spadini et al. 1994; Waite et al. 1994; Barger et al. 
1999; Brown et al. 1999; Fowle et al., in prep.). Iron oxides can also strongly adsorb As 
(Waychunas et al. 1993; Manceau 1995), and P, thus can impact both metal toxicity and 
ecosystem productivity. In other cases, metals are not adsorbed but coexist as                  
fine-scale intergrowths. For example, 10- to 50-nm crystals of uranium-rich saleeite 
[Mg(UO2)2(PO4)2·10H2O] and (meta)torbernite are associated with iron oxyhydroxide 
phases (Murakami et al. 1997). The coordination geometries of surface-adsorbed ions 
have been characterized in detail in numerous studies. However, questions that relate to 
the size-dependence of adsorption remain. This topic is considered in more detail below. 

Iron-oxide nanoparticles have interesting electromagnetic properties (see Rancourt, 
this volume), thus are studied for potential materials applications. It is not the purpose of 
this chapter to review this aspect of nanoscience. However, as an aside we report an 
intriguing use of γ-Fe2O3 (maghemite) nanoparticles in medical applications. Evidently, 
ferrogels of Fe2O3 are suitable for applications in human mobile prostheses because they 
are able to answer mental messages (Matxain et al. 2000)! 
Other inorganic pathways for formation of nanoparticles 

Many inorganic processes, in addition to those described above, generate small 
particles. Nanoparticles will be encountered during the early stages of any crystallization 
event, regardless of the temperatures. The are also common in some metamorphic rocks. 
For example, the stability of submicron-diameter sillimanite (Al2SiO5) in metamorphic 
rocks is highly dependent upon its particle size (e.g., fibrolite: Kerrick 1990; Penn et al. 
1999). Examples of higher-temperature geological reactions that generate small crystals 
include nucleation from melts (precipitation from melts, recrystallization of glasses), 
precipitation from vapors, unmixing reactions within minerals (exsolution), and chemical 
reactions between minerals. In these cases, the effects of particle size on phase stability, 
morphology, reactivity, and properties will depend on the nature of the interface between  
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the melt/vapor/crystal and the nuclei. The general topic of nucleation within solids is 
covered in mineralogical texts, such as Putnis (1992). Nanoparticles can also be produced 
by physical processes, including impacts, electrical discharges, and condensation 
reactions within the solar nebula. Carbon-based “buckyballs” investigated for 
photovoltaic and other applications have been detected in geological settings (e.g., Daly 
et al. 1993). Nanoparticles probably constitute much of the surface dust on Mars. 
Nanoparticles that form in, and are reactive components of the Earth’s atmosphere are 
discussed in detail by Anastasio and Martin (this volume). 

Nanoparticles may also be important within planetary interiors. For example, phase 
transitions within the deep Earth may generate materials that are composites of 
nanoparticles (e.g., within the spinel phase at the olivine-spinel transition at the 400-km 
discontinuity). These grain sizes may affect both kinetics and rheology (e.g., of ice in 
planetary interiors; Stern et al. 1997). Chemical reactions in the deep Earth, perhaps 
between metal and silicate near the core-mantle boundary, may be impacted by 
nanocrystals. 

NANOPARTICLE FORMATION VIA BIOLOGICAL PATHWAYS 

The <150°C environments conducive to survival of very small particles are also 
often populated by microorganisms, some of which are directly responsible for formation 
(and dissolution) of nanoparticles. Of particular importance in this context are those 
microorganisms that generate metabolic energy by pathways that involve inorganic ions 
that participate in redox reactions.  

Some microorganisms are able to couple oxidation of inorganic compounds to 
reduction of inorganic compounds, whereas others pass electrons from organics to 
inorganic ions. These redox reactions commonly lead to changes in ion solubility and 
thus, generate nanoscale mineral products. Examples of microbially-induced precipitates 
include ferric iron minerals produced when oxidation of ferrous iron or manganese is 
coupled to reduction of oxygen or nitrate and sulfides that form when sulfate is reduced 
in the presence of dissolved metal ions (additional details are provided below). 
Microorganisms can also generate nanoparticles when they sequester ions into 
precipitates that form within the cytoplasm, on surfaces of cells, or on cell-associated 
polymers. Some internally-precipitated minerals may confer navigational ability (e.g., 
magnetite or greigite; for review see Bazylinski and Moskowitz 1997), others represent 
storage devices for valuable resources (e.g., sulfur, phosphate). In other cases, microbes 
produce minerals in order to reduce the toxicity of a chemical species. For example, 
intracellular uranium-rich crystals probably develop as part of a detoxification response 
(Suzuki and Banfield 2001).  
Example: Iron-oxidizing microbes and nanoparticle formation in AMD systems 

Above we described chemical reactions between sulfide minerals and oxidized 
aqueous solutions that generate metal-rich fluids that rapidly precipitate nanocrystals via 
inorganic pathways when cooled and/or diluted. If the processes of dilution and cooling 
are gradual, environments will develop where iron oxidation kinetics are inhibited 
sufficiently to allow microorganisms to utilize iron oxidation as a source of energy. 
Examples include the pH 2-4 habitats of iron-oxidizing chemoautotrophs. Despite the 
diversity of known iron-oxidizing organisms (e.g., see Bond et al. 2000 and references 
therein), the vast majority of research has been conducted on Acidithiobacillus 
ferrooxidans (previous Thiobacillus ferrooxidans). This organism has the only Fe-based 
respiratory chain to be studied in any detail and was the first iron-oxidizing 
microorganism to have its genome completed. A reason for focus on this bacterium was  
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the popular (but probably erroneous) belief that the activity of A. ferrooxidans was 
responsible for production of a major fraction of acid mine drainage. Ironically, the role 
of this microbe in the environment often may be positive because it populates less 
extreme environments where its activity promotes rapid precipitation of iron 
oxyhydroxides and removal of toxic metals through co-precipitation and sorption. In fact, 
A. ferrooxidans is utilized in some acid mine drainage treatment plants to enhance metal 
removal. 

The coupling between iron oxidation, oxygen reduction, and generation of ATP (the 
primary energy currency of the cell) in A. ferrooxidans is illustrated in Figure 3. Ferrous 
iron released by pyrite dissolution diffuses through a porin in the outer membrane (OM) 
into the periplasm (P) where it binds to a component of the electron transport chain that 
spans the inner (or cytoplasmic) membrane (IM). One model has Fe2+ oxidoreductase that 
contains several components with an unknown number of Fe4S4 clusters (Yamanaka and 
Fukumori 1995). One model has Fe2+ oxidation occurring at this soluble cytochrome c 
(rawlings 2001). Electrons are then transferred between rusticyanin and possibly other c-
type cytochromes to a terminal oxidase in the inner (cytoplasmic) membrane (IM).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. Diagram of a section through the cell wall of Acidithiobacillus ferrooxidans modified 
from Blake et al. (1992) showing the relationship between iron oxidation and pyrite dissolution. 
OM =outer membrane, P = periplasm, IM = inner or (cytoplasmic) membrane, cty = cytochrome, 
pmf = proton motive force. Passage of a proton (driven by proton motive force) into the cell 
catalyzes the conversion of ADP to ATP. Ferrous iron binds to a component of the electron 
transport chain, probably a cytochrome c, and is oxidized. The electrons are passed to a terminal 
reductase where they are combined with O2 and H+ to form water, preventing acidification of the 
cytoplasm. Ferric iron can either oxidize pyrite (e.g. within the ore body) or form nanocrystalline 
iron oxyhydroxide minerals (often in surrounding groundwater or streams). 
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Rusticyanin is an abundant, highly stable periplasmic blue copper protein (e.g., Cobley 
and Haddock 1975; Jedlicki et al. 1986; Ronk et al. 1991; Nunzi et al. 1993; Blake et al. 
1993). Studies of rusticyanin include kinetic competence in the iron oxidation reaction 
(Blake and Shute 1994), identification of a His ligand to the copper center (Casimiro et 
al. 1995), a solution NMR structure (Botuyan et al. 1996), and a high-resolution X-ray 
structure (Walter et al. 1996). Rusticyanin forms a complex with new c-type heme 
cytochrome in the A. ferrooxidans electron transport chain (Giudici-Orticoni et al. 2000). 

Preliminary spectroscopic studies indicate that respiratory chains found in different 
classes of Fe-oxidizing organisms are different (Blake et al. 1993). Research on three 
strains of “Leptospirillum ferrooxidans” showed that iron oxidation involves a molecule 
that is spectroscopically distinct from rusticyanin (Barr et al. 1990). The molecule was 
inferred to contain about one Fe and one Zn per cytochrome molecule (Hart et al. 1991). 
Blake et al. (1993) further described two distinct novel red, redox-active cytochromes 
from two strains of “L. ferrooxidans” (strains DSM 2705 and P3A), and a yellow 
chromophore (absorption band suggestive of a flavin) from an organism called BC1 that 
were reducible by Fe2+. To our knowledge, no further characterization of these molecules 
(and certainly none from the new L. ferrooxidans group III; Bond et al. 2000) has been 
carried out, despite their considerable importance as catalysts for iron-precipitation 
reactions. 

Spectral analyses of cell extracts from the archaea Acidianus (formerly Sulfolobus) 
brierleyi, Acidianus infernus, and Metallosphaera sedula (Barr et al. 1990; Blake et al. 
1993) revealed a yellow cytochrome that was reducible in the presence of Fe2+. This 
similarity led to the proposal for a unique respiratory chain in archaea (Barr et al. 1990; 
Blake et al. 1993). Recent genome-based analysis of Sulfolobus acidocaldarius has led to 
identification of sequences that code for a cytochrome c oxidase, an iron-sulfur protein, 
and a blue copper protein (Schäfer et al. 1999). The archeal species studied to date are all 
relatively closely related, falling within the Cranarchaeota. In contrast, the iron-oxidizing 
genus Ferroplasma falls within the Euryarchaeota. Therefore, the conclusion that iron 
oxidation by all Archaea involves a common pathway requires evaluation of this taxon. 

The activity of enzymes allows for rapid accumulation of insoluble ferric iron 
aqueous species in solutions where inorganic reactions would occur slowly or not at all. 
The reaction kinetics may impact the nature of nanoparticles produced (composition, 
structure, defect structure). However, it should be noted that the crystallization reaction 
itself is not enzyme mediated and the reaction often does not occur within or on the cell 
wall. Ferric iron ions diffuse out of the periplasm to form molecular clusters and/or 
nanoparticles in solution. The precipitation mechanisms probably differ only slightly 
from those involved in inorganic reactions. 

 In addition to dilution of acid rock/mine drainage under oxidizing conditions, 
neutralization can occur under mildly or highly anaerobic conditions. This will create 
distinctive environments in which microorganisms thrive and nanoparticles form as a 
result of their activity. We describe two examples of such subsurface systems below. 
However, before turning to these topics, we note that Fe-based microbial ecosystems are 
not only found in association with metal sulfide deposits, but may be broadly relevant in 
the subsurface where Fe-rich minerals (biotite, olivine, pyroxenes, etc.) are present in 
reasonable abundance and dissolve, releasing aqueous ferrous iron. 

Consider an abandoned subsurface deposit rich in pyrite and ore minerals (e.g., PbS, 
ZnS, CuFeS2, FeAsS, etc.) and located close to, or below, the water table. Surface-
derived, oxygenated water will oxidize the deposit, releasing Fe-rich, sulfate solutions, 
becoming oxygen-depleted in the process. If acidic fluids traveling outward from the 
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deposit mix with groundwater containing very little oxygen, iron (and other metals) will 
remain in solution at concentrations limited by saturation with respect to ferrous iron 
minerals. Druschel et al. (2002) note that if the aquifer is carbonate-bearing, a ppm-level 
ferrous iron concentration limit will be set by siderite solubility. If the fluid becomes 
highly anoxic and sulfide forms, iron concentrations will be limited at extremely low 
values by formation of phases such as mackinawite. On the other hand, elevated 
concentrations of oxygen will limit ferric iron solubility due to precipitation of 
ferrihydrite or related compounds (see above). So long as the fluid chemistry remains in 
the window bounded by iron sulfide or ferric oxide precipitation, iron may be transported 
large distances in the subsurface, even though the pH of the fluid is 7 or higher. Two 
possible fates exist for iron-bearing groundwater fluids in the subsurface; both can lead to 
formation of spectacular deposits of nanoparticles, as follows. 

Firstly, Fe-rich fluids can mix with more oxidized fluids away from the deposit, 
creating redox gradients that are suitable for colonization by iron-oxidizing bacteria. 
Microorganisms (mostly bacteria) occupy specific zones where iron oxidation is 
thermodynamically favored but still kinetically inhibited by low oxygen (or nitrate) 
concentrations. The diversity of species in such niches is essentially unknown. 
Furthermore, the organisms themselves are little understood as they are extremely hard to 
cultivate due to the exacting nature of their requirements. However, they are not rare in 
the environment, and in fact may play critical roles in iron cycling in microaerophilic 
zones (groundwater, swamps, ocean floor). 

The best known example of neutrophilic iron-oxidizing bacteria are members of the 
Gallionella and Leptothrix taxa (e.g., Gallionella ferruginia and Lepthothrix ochracea, 
e.g., Pederson 1997, 1999; Hallbeck and Pedersen 1991). Iron-oxidizing bacteria form 
part of the red-orange mineral-loaded biomass that often clogs water wells (for review, 
see Tuhela 1997) and develops along swamp margins (in some cases, producing oil-like 
films on standing water). In addition, a number of newFe-oxidizing taxa have been 
isolated recently (Emerson and Moyer 1997; Emerson 2000). Gallionella ferrugina has 
been shown to be an autotroph (fixes CO2; Hallbeck and Pederson 1991), and this trait 
has been inferred for the new isolates (e.g., Emerson and Moyer 1997). Because it can 
sustain autotrophic growth, microbial iron oxidation could potentially underpin a 
substantial subsurface biosphere.  

The products of the enzymatic oxidation of iron by microaerophilic bacteria are 
characteristically nanocrystalline (Fig. 4). The very small particle size reflects rapid 
nucleation kinetics due to the high degree of solution supersaturation that accompanies 
enzyme-mediated iron oxidation. Simultaneously, the low solubility of ferric iron inhibits 
the nuclei from coarsening via dissolution and reprecipitation pathways. In some cases, 
nanoparticles of ferrihydrite, goethite, hematite, and feroxyhite (see above) aggregate to 
form micron-scale colloids (Banfield et al. 2000). In other cases, these iron minerals 
adhere to cell-associated polymers. For example, Gallionella spp. excrete ribbons of 
polymer that strongly sorb nanoparticulate oxides, leading to highly characteristic 
mineralized filaments of potential significance as biosignatures (Figs. 5, 6). Leptothrix 
spp. cells are elongate, and form chains that are many tens of microns in length. The cells 
are coated by a polymer sheath that also sorbs nanoparticulate oxides. Following cell 
death, elongate tubes coated by, or consisting of aggregated nanoparticles (resembling 
tiny drinking straws) remain (Fig. 6).  

Manganese is cycled by microorganisms in similar ways to iron. Mineralization of 
manganese oxides (e.g., birnessite) is often attributed to a variety of bacteria, including 
Gallionella, Leptothrix, Sphaerotilus, Pseudomonas, and Pedomicrobium spp. Enzymes 
involved in Mn oxidation have been studied in some detail (e.g., Brouwers et al. 2000).  

Downloaded from http://pubs.geoscienceworld.org/msa/rimg/article-pdf/44/1/1/2940319/1_Banfield_Zhang.pdf
by GeoForschungsZentrums Potsdam user
on 08 August 2022



10 Banfield & Zhang  

 

Figure 4 (top, opposite page). High-resolution transmission electron microscope image of iron 
oxyhydroxides produced by iron-oxidizing bacteria at near-neutral pH. Based on the positions of rings 
in the selected area electron diffraction pattern (insert on bottom left), the material is 2-line 
ferrihydrite. The Fourier transform of the image is inset on the lower right. Note that the particles are 
typically 2 to 4 nm in diameter (see Banfield et al. 2000). 

Example: Nanoparticles formed by microbes in anoxic regions of AMD systems 

When metal-rich fluids derived as the result of fluid-rock interactions (e.g., sulfide 
mineral dissolution) become anoxic, a series of mineral precipitation events are likely. In 
many cases, onset of reducing conditions is due to the presence of organic carbon. 
However, despite large thermodynamic disequilibrium, organic carbon is relatively 
unreactive in the presence of most inorganic environmental oxidants. Some organisms 
catalyze oxidation of organic carbon coupled to reduction of ions such as manganese, 
ferric iron, uranium, or sulfate. Multiple niches develop in geochemically stratified 
systems. For a review of the well known sequence in which microorganisms utilize these, 
and other (e.g., oxygen, nitrate) oxidants, see Nealson and Stahl (1997). Iron and 
manganese-reducing microbes dissolve oxide nanoparticles in the environment (e.g., for 
review, see Lovley 1987), whereas organisms that couple respiration of organics (or 
hydrogen) to reduction of sulfate or uranyl ions lead to production of abundant 
precipitates.  

Many Bacteria and some Archaea couple sulfate-reduction to oxidation of organic 
carbon or hydrogen. Consequently, active microbial communities can generate large 
volumes of sulfide at appreciable rates. For example, as a measure of activity of sulfate-
reducing bacteria (SRB) in a sediment, Sahm et al. (1999) determined the proportion of 
bacterial rRNA derived from SRB and determined that it accounted for ~18% to 25% to 
the prokaryotic rRNA pool. They estimated that 1 cm3 of wet sediment contained            
~2.4 to 6.1 × 108 cells and calculated cellular sulfate reduction rates of ~0.01-0.09 fmol 
SO4

2- cell-1 day-1. Sulfide minerals are extremely insoluble and sulfide precipitation 
kinetics are fast. Thus, in the presence of sub-ppm concentrations of metals, the majority 
of the sulfide will be captured in sulfide minerals. Thus, although a femtomole is a 
perishingly small quantity (10-15 mol), sulfide production rates reported by Sahm et al. 
(1999) correspond to production of fraction of a milligram quantities of nanocrystalline 
metal sulfides per cubic centimeter per year (significant, especially over geologic time 
scales). Because microbial sulfate reduction is closely associated with significant 
mineralization, we will examine the metabolism of SRB in more detail.  

SRB are essentially ubiquitous in aqueous environments that contain organic carbon 
and sulfate (e.g., subsurface aquifers and lake sediments). Moreover, analysis of a key 
gene associated with sulfate reduction (dissimilatory sulfite reductase) indicates that 
microbial sulfate reduction is an ancient trait, suggesting that organisms may have 
contributed to sulfide mineral formation throughout much of Earth history (Wagner et al. 
1998). SRB are tolerant to environmental extremes of heat (some are hyperthermophiles) 
and salinity (some are halophiles).  

The SRB imports both the organic compounds and sulfate into the cytoplasm. The 
organic is oxidized to CO2 through a modified citric acid cycle and reducing molecules 
such as NADH and FADH2 are generated. These coenzymes transport 2 electrons and 1 
H+ and 2 electrons and 2 H+, respectively, to the cytoplasmic membrane where deydro-
genases separate electrons and H+. Protons are transported outside the membrane to  
 

Figure 5 (bottom, opposite page). Transmission electron microscope of stalks produced by 
Gallionella sp. Coated by few-nanometer-diameter iron oxyhydroxide particles (see Fig. 2). The iron 
oxyhydroxides also form semi-spherical colloids, seen adhering to the stalks (Banfield, unpublished). 
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Figure 6. Low-magnification scanning electron microscope image of products of microbial iron 
oxidation at near-neutral pH. The elongate tubes produced by Leptothrix sp. and twisted stalks 
produced by Gallionella sp. (see Fig. 3) are coated in nano-scale iron oxyhydroxides (unpublished data 
reproduced with permission of Clara Chan). 

generate a proton gradient across the membrane. Diffusion of the proton into the 
cytoplasm through an enzyme complex leads to the formation of ATP, the principal 
source of energy for cells. Electrons are passed to other membrane-bound enzymes with 
higher redox potentials to adenine phosphatosulfate (APS), a sulfur-bearing molecule that 
is generated from sulfate. Sulfite is reduced to hydrogen sulfide via a series of 
intermediates. Finally, HS- is expelled through the cell wall and into solution where it 
may combine with metal ions to form metal-sulfides. Due to high local supersaturation, 
the metal sulfide minerals that form are typically nanocrystalline. Because SRB 
metabolism involves uptake of sulfate into the cell, isotopically light hydrogen sulfide, 
thus sulfide nanocrystals are produced. As for Fe-oxidizing microorganisms, precipitation 
does not occur in close proximity to the enzymes in the cell wall, but in bulk solution.  

It is interesting to note that sulfide, the waste product of anaerobic respiration by 
SRB, is relatively toxic to microorganisms in high concentrations due to its ability to 
denature certain proteins and bind to metal centered enzymes (Brock and Madigan 1991; 
Postgate 1965; Trudinger et al. 1972). Although an incidental process that occurs exterior 
to the cell, precipitation of very insoluble metal sulfides serves to make the environment 
more hospitable for microbial communities in these habitats. The process also may 
contribute to the formation of ore bodies (Druschel et al. 2002).  

In anaerobic (or microaerophilic) environments, sulfide accumulates until the 
solution becomes saturated with a mineral phase for which precipitation kinetics are 
favorable. Labrenz et al. (2000) and Druschel et al. (2002) present a geochemical model 
that predicts the sequence of precipitation based on the solution composition and some 
kinetic considerations. They show that formation of monomineralic deposits of 
nanoparticulate metal sulfide phases can occur if metals are resupplied by fluid flow at  
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rates that outstrip rates of sulfide production. The phenomenon arises because 
precipitation reactions remove sulfide as fast as SRB produce it, preventing saturation 
with a second mineral. When the solution is depleted in the metal incorporated into the 
first formed sulfide, sulfide accumulates until precipitation of a second phase begins. This 
can generate spatially distinct zones dominated by specific minerals (e.g., CuS, followed 
by CdS, then ZnS, PbS, and finally FeS). In contrast, static systems or sulfide-dominated 
systems will be characterized by formation of many sulfide minerals simultaneously. The 
resulting mixed nanoparticulate semiconductor materials may have very complex and 
interesting chemistry (see section on galvanic interactions below). 

SRB remove sulfate and metals from solutions. Consequently, there has been 
considerable interest in stimulating SRB in order to remediate environments contami-
nated by AMD (e.g., constructed wetlands; Berezowsky 1995; Thompson et al. 2000; 
Kolmert and Johnson 2001). However, the nanoparticulate nature of products means they 
are potentially fairly mobile and prone to rapid re-oxidation.  

Recent high-resolution transmission electron microscopy of the products of SRB 
(Labrenz et al. 2000, and unpublished data) growing in groundwater associated with an 
abandoned Pb-Zn ore deposit revealed that the first formed sulfide mineral is ZnS (Fig. 
7). The ZnS particles formed in proximity to SRB are mostly <5 nm, and often <3 nm in 
diameter. A subset are ~1.5 nm in diameter (Fig. 7a), thus close in size to molecular 
clusters. The nanoparticle shown in Figure 7b is estimated to contain between 90 and 100 
ZnS. The extremely small size of the crystals formed by homogeneous nucleation in 
solution indicates a very high degree of supersaturation (Nielson 1964; Steefel and van 
Cappellan 1990). Most nanoparticles flocculate to form micron-scale aggregates (Fig. 8). 
Note that a sphere a few microns in diameter in Figure 8 contains about a billion 
nanoparticles! 

Luther et al. (1999) reported that natural solutions can contain relatively stable 
tetrameric Zn4S6(H2O)4

4- clusters ~10 to 16 Å in diameter that have structural similarity 
to sphalerite. Note that this diameter includes water molecules. The tetrameric cluster is 
much smaller than those imaged by TEM in Figure 7. However, we anticipate that 
smaller nanoparticles (i.e., a continuum of larger clusters of between 4 and 100 atoms) 
will be detected with further work. Other results suggest that a variety of other metal 
sulfide clusters are present in natural solutions (e.g., FeS, CuS; e.g., Rozan et al. 2000; 
Theberge et al. 2000; see below for further discussion). 

Crystal growth is driven by surface free energy, which is effectively proportional to 
the density of under coordinated surface ions (e.g., Zhang and Banfield 1998, and below). 
The persistence of 1- to 5-nm diameter nanocrystals, despite the enormous driving force 
for crystal growth, suggests that subsequent crystal growth is inhibited by some 
mechanism. One possible explanation is that uncoordinated surface ions are capped by 
organic ligands. This strategy has been used to limit crystal growth in experimental metal 
sulfide syntheses (e.g., Torres-Martinez 1999).  

Our work on ZnS formed in association with SRB demonstrates wurtzite is often 
present as a minor component of the assemblage (Fig. 9; Banfield et al., in prep.). As 
wurtzite is considered to be unstable below 1020°C (Daslakis and Helz 1997), its 
formation at 8°C is perhaps surprising. However, it is possible that sphalerite is not the 
stable phase at low temperatures and pressures due to surface energy contributions to the 
energetics of both sphalerite and wurtzite (see below). Alternatively, its formation may be 
associated with the presence of excess sulfide (see below), or with surface-modifying 
organic ligands (see below).  
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Figure 7. (a) High-resolution transmission electron microscope image of ZnS produced as the result of 
the activity of sulfate-reducing bacteria (see Labrenz et al. 2000). Note that the small ZnS particles 
indicated by arrows are sub-2 nm in diameter. (b) Diagram of a sphalerite nanoparticle similar in size 
to that shown in Figure 7a and 7c (7c is enlarged area of 7a) (Banfield et al., unpublished). 

Coarser biogenic ZnS nanoparticles are commonly twinned on very fine scales. We 
suggest that these microstructures arise as the result of an aggregation-based crystal 
growth mechanism (see below), probably commencing with clusters analogous to those 
described by Luther et al. (1999). 
Other examples of biological pathways that lead to nanoparticles in the environment 

Many minerals have been shown to form as the result of direct or indirect biological 
processes (e.g., see Ehrlich 1999). Organismal production of a vast diversity of other 
phases, including phosphates (bones and teeth), actinide minerals (including uraninite and 
uranium phosphates), elemental sulfur, etc. are well known. In addition to processes 
described above, high concentrations of nanoparticles are generated in proximity to cells 
as the result of changes in solution saturation state due to uptake or release of protons or  
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Figure 8. Scanning electron microscope image of a biofilm (elongate cells are evident) dominated by 
sulfate-reducing bacteria and submicron- to micron-scale spherical aggregates of ZnS nanocrystals. As 
shown in Figure 7, the ZnS nanocrystals that make up the aggregates are ~1 to 4 nm in diameter. Scale 
bar = 2 μm (Banfield, unpublished). 

 

 

 

 

 

Figure 9. High-resolution transmission elec-
tron microscope image of most of the interior 
of an ~ 4 nm diameter ZnS particle produced 
as the result of activity of sulfate-reducing 
bacteria. The image details show that the 
particle consists of a mixture of wurtzite and 
sphalerite-like regions. Unit cell axes are 
shown for the wurtzite region (Banfield et al., 
unpublished). 
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organic compounds from cells or as the result of passive heterogeneous nucleation on cell 
surface layers. For example, carbonate or sulfate minerals may template on periodic 
proteinaceous cell surface layers (S-layers) when pH changes (e.g., Schultzlam and 
Beveridge 1994; Sleytr and Beveridge 1999). Microbial release of byproducts can also 
lead directly to the precipitation of oxalate minerals. Non-metabolically active cells (e.g., 
spores) can induce production of nanocrystalline phases due to the presence of 
extracellular enzymes (e.g., manganese minerals; Bargar et al. 2000). Minerals as 
disparate as nanoparticle native gold and clays also probably form via biologically 
impacted routes. Many biomineralizing systems were summarized by Ehrlich (1996). In 
more detail, the formation of biological carbonates and silicates was reviewed by de 
Vrind and de Vrind de Jong (1997), oxides by Bazylinski and Moskowitz (1997), Fortin 
et al. (1997) and Tebo et al. (1997).  

MICROBES, NANOPARTICES, AND MINERALOGICAL BIOSIGNATURES 

The search for biosignatures is motivated by the search for ways in which geological 
samples record evidence for the preexistence of life in ancient terrestrial rocks and, if 
relevant, on Mars and other planets. In the absence of cells or their organic products, 
attention must turn to minerals. Organisms (especially microorganisms) could impact the 
form and distribution of minerals in many ways. However, perhaps the most promising 
category of effects is production of minerals as the result of their metabolic activity. 
Given that most biominerals generated by microorganisms are nanocrystalline, the topic 
of mineralogical biosignatures becomes intimately intertwined with nanoparticle 
formation and fate. 

As indicated above, the products of the well-studied iron-oxidizing neutrophiles have 
high potential as mineralogical biosignatures, and in fact have been used as such (e.g., Alt 
1988; Hofmann and Farmer 2000). Cambrian sea-floor silica-iron oxide deposits were 
described by Duhig et al. (1992), and a Jurassic hydrothermal vent community was 
described by Little et al. (1999). 

Mineral products of anaerobic metabolism may also constitute important 
biosignatures, especially in low-temperature environments where sulfide mineral 
development via inorganic routes is virtually impossible. 

In addition to the existence of nanocrystalline materials themselves (the particle size 
of which almost certainly confirms a low-temperature history), the microstructure of 
nanomaterials or their coarsened counterparts may provide information about their 
origins. As discussed in more detail below, nanocrystals often grow via aggregation-
based pathways and these lead to introduction of point defects, dislocations, fine scale 
twinning, and other structural intergrowths. These features may serve to distinguish 
micron-scale metal sulfide crystals grown via inorganic pathways (for example) from 
crystals formed by coarsening within colloidal aggregates of nanoparticles. 

NANOPARTICLES: HOW AND WHY ARE THEY DIFFERENT? 
Introduction  

Nanoparticles may be solids, liquids or gases. Examples include nanocrystals, 
nanoscale liquid droplets, and gas bubbles in nanopores in nanostructured solids. In the 
case of nanoscale liquids, properties such as viscosity deviate from bulk values as the 
thickness of the water film decreases below a few nanometers. However, recent results 
suggest that the viscosity change in low ionic strength aqueous solutions is much less 
than for non-associated liquids (such as organics) and remains within a factor of 3 of its 
bulk value in films in the range 0.0 ± 0.4 nm to 3.5 ± 1 nm (Raviv et al. 2001). Although 
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we restrict our focus here primarily to the nanoscale solids themselves, unique 
characteristics of nanoscale volumes of fluids and gases may be of considerable 
geological significance.  

Nanoparticle surfaces. Crystals are always terminated by surfaces. The factors that 
determine the surface orientation and structure are reviewed by Waychunas (this 
volume). The structure of a surface on a nanoparticle may be essentially indistinguishable 
from the equivalent surface on a macroscopic crystal if coordination environments of the 
atoms that comprise the surface are not disrupted when the surface is created (e.g., by 
cleaving graphite). However, in general, the surfaces of most commonly encountered 
minerals (oxides, silicates, etc.) will consist of ions whose environments are modified 
relative to those in the bulk. 

As a particle size shrinks to between tens of nanometers and about a nanometer, a 
significant and increasing fraction of the atoms are exposed on surfaces (Fig. 10) rather 
than contained in the bulk (particle interior). Ions with non-optimal coordination 
geometries on surfaces give rise to excess energy. Consequently, the total energy of the 
system increases as size decreases because of the enhanced contribution from the energy 
associated with surface sites. The energy penalty caused by creation of a surface can be 
minimized by hydration, protonation, surface reconstruction, change in surface site 
coordination, displacement of atoms, and changes in bond lengths and angles (also see 
Waychunas, this volume). 

 In natural environments, particle terminations usually involve both the atoms that 
constitute the solid surface and those in the surrounding medium (e.g., water, gas 
molecules, protons, organic molecules, etc.). Because of the predominance of surface 
sites on nanoparticles, the structure and reactivity of nanoparticles will depend on the 
nature of the surrounding environment to a much greater degree than for macroscopic 
materials. The importance of the chemistry of the particle's interface with its 
surroundings should increase as size decreases.  

 Nanoparticle structure. The atomic characteristics of surface and near-surface sites, 
and their energetic consequences, underpin a whole host of characteristics and 
phenomena that distinguish nanoparticles from macroscopic materials. Consider, for 
example, the factors that determine which structure a nanocrystal adopts. If at low to 
moderate pressures, a compound may exist in two polymorphic forms and the total 
energies of the two structures are not dramatically different, it is possible that the phase 
“stabilities” will be reversed if the surface energies of the two structures are sufficiently 
different (Langmuir 1971; McHale et al. 1997; Gribb and Banfield 1997). This topic is 
elaborated upon below, and considered in detail by Navrotsky (this volume). Of course, 
the true thermodynamically stable phase will be a macroscopic phase, as nanoparticles 
(with high surface areas and surface energies) are metastable relative to the bulk material. 
Other size-dependent phenomena are reviewed below and are considered elsewhere in 
detail in this volume. 

 A nanoparticle may be clearly crystalline, i.e., it has a portion of its volume that 
consists of a periodic array of atoms. In this case, we refer to it as a nanocrystal. 
Alternatively, the particle may be completely amorphous, i.e., the arrangement of atoms 
throughout the particle lacks any periodic nature (analogous to that of a glass). The term 
“nanoparticle” is especially useful for such materials, for cases where the structure is 
intermediate between that of a nanocrystal and an amorphous solid, or where the degree 
of crystallinity of the solid is uncertain. A continuum of states may be encountered, 
ranging from larger particles that are clearly dominated by periodic bulk structure, 
through smaller particles in which atom periodicities are perturbed due to surface effects, 
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to very small particles (perhaps in a vacuum) in which atomic positions are displaced so 
far that the structure is no longer clearly periodic. The ways in which bond angles and 
bond lengths change as molecular clusters grow into nanoparticles are poorly understood, 
as are the ways in which these changes vary with the environment of the particle (e.g., in 
solution and as a function of ionic strength, or in vacuum). 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Cross section through the output of a molecular dynamics simulation of a TiO2 (anatase) 
particle ~5 nm in diameter. Note that the surface layer (A) and the near-surface layer (B) are highly 
distorted, but the interior of the nanoparticle (C) retains typical anatase bulk structure. Region C 
disappears as particle diameter decreases toward ~2 nm (Zhang and Banfield, unpublished). 

The impact of the surface atomic layer on adjacent layers within the solid probably 
decreases smoothly to zero as distance from the surface (into the particle) increases. 
However, in order to facilitate consideration of size-dependent characteristics and 
behavior of nanoparticles, it is convenient to subdivide them into three atomic/structural 
regions (Fig. 10). First, we define a “surface” atomic layer that consists of ions with 
modified coordination geometries. Second, we specify a “near-surface region,” this being 
a zone of atomic layer(s) near, but not at the surface. These layers are identified by 
distortion due to proximity to the surface atomic layer (see below for details). Third, we 
specify “bulk” material with structure equivale nt to that within macroscopic crystals. The 
total energy of the small particle can then be written 
 E(small particle) = E(bulk + near-surface region) + E(surface) 

For comparison, consider a particle that is small enough that its interior consists entirely 
of “near-surface region.” The total energy of su ch a (tiny) nanoparticle can be written:  
 E(nanoparticle) = E(near-surface region) + E(surface) 
For most materials, E(surface) > E(near-surface region) > E(bulk). Thus, the total energy of a 
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mole of nanoparticles is greater than that of a mole of small particles (of course, this is 
the reason why crystals grow). The energy contribution of the surface is defined as an 
“excess” quantity. The energy/mole of nanopa rticles minus the energy/mole of bulk 
material is equal to the excess energy/mole due to the surface. Normalized to surface 
area, this quantity is “surface energy.” 
Surface free energy and surface stress 

Consider an oxide crystal. In the bulk of the crystal, each metal is coordinated by six  
nearest neighbor oxygen anions. As a whole, the electric charges of anions and metal 
atoms are balanced in the bulk (in the sense that it is mathematically infinitely large). 
However, on a clean surface of the crystal, the electric charges are unbalanced due to the 
disrupted coordination sites. As noted by Waychunas (this volume), surfaces of oxides 
tend to be terminated by oxygen ions that are associated with unbalanced negative 
charge. The amount of the unbalanced charge can be estimated from detailed structural 
analyses (e.g., for TiO2; Zhang and Banfield 1998). These unbalanced surface charges 
cause the electronic structure of the surface to deviate from that in the bulk, and as a 
result the surface carries excess energy, called surface energy, as compared to the bulk. 
This excess energy is equivalent to the reversible work done when a new surface is 
created. The term surface free energy (γο) is then defined as the reversible work done in 
creating a new surface of a unit area.  

As new surface is created, it is impossible to keep the spatial configuration of the 
surface atoms exactly the same as in the bulk. Surface atoms will try to rearrange 
themselves so that the total energy of the crystal is minimized. For instance, dangling 
oxygen atoms on the surface may form bridged pairs, causing the inter-atomic spacing 
between their two connected metal atoms on the surface to shorten. The set of relative 
displacements of surface atoms from their positions prior to energy minimization (or the 
positions they would take as in the bulk ) is called surface strain. The force exerted on 
any unit length on the surface by the surface atoms is called the surface stress (in liquid, 
this force is the surface tension). Microscopically, the surface stress (N/m) is the length-
integrated difference between the stress tensor (N/m2) along the normal direction of the 
surface under consideration, and that of the bulk stress tensor (N/m2) in the interior. For 
the above example, the surface stress is tensile, since it causes shorter inter-atomic 
distances. On the other hand, if the formation of the bridged oxygen pairs on the surface 
is not favored energetically, the two oxygen atoms repel each other, and a compressive 
surface stress is generated. This increases inter-atomic distances on the surface. 
Significant rearrangement of surface atoms that generates a completely different atom 
layout on the surface as compared to the bulk is called surface reconstruction. It is 
important to note that although we refer to these phenomena in terms of stress and strain, 
reconstruction must always lower the overall free energy of the system. 

For both a liquid and solid, creating a new surface can be done by dividing the 
material. In a liquid, suppose there is a boundary within which a certain area (Ao) of the 
liquid surface is enclosed. If we enlarge the liquid surface area to A by pulling the 
boundary, the reversible work supplied will be (AγΑ – Aoγο). The liquid molecules are 
mobile and can move from elsewhere when we expand the surface area to provide the 
necessary surface molecules. In this case, the density of liquid molecules                  
remains unchanged, and thus the surface free energy is constant:  γA = γο = γ . Thus,                        
AγΑ – Aoγο = γ(A – Ao). During new surface area formation, the external force applied on 
the boundary per unit length must equate to the force exerted by the liquid on the 
boundary per unit length. The work done by the external force (see Fig. 11) is                
∫FldR = ∫fdA = f(A – Ao). This work is equal to γ(A-Ao) in quantity, thus f = γ in value. For 
this reason, γ is also called surface tension for liquid substances. However, for solid  
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Figure 11. Diagram depicting the stretching of a 
surface in a polar coordinate system. 

 

 

 

 

substances, due to the low mobility of atoms, the surface density of atoms will differ 
when we stretch the solid surface elastically. Thus, for a solid, the surface free energy γ 
after stretching will differ from γο before stretching. As mentioned above, atoms on a 
solid surface also generate forces on the surface. These forces are generally treated as the 
surface stress tensors, which can produce surface strain with respect to the state when 
these forces did not exist. If the extent of surface stretching is measured by the surface 
strain caused by the surface stress, the energy change caused by the surface stress is fdA 
which must equal the increase in the surface free energy d(γA). Thus, the surface stress          
f = d(γA)/dA = γ + Adγ/dA = γ + dγ/dε, where ε is the surface strain. From above, it is seen 
that the surface stress is the reversible work done in elastically stretching a unit area solid 
surface. The above equation was originally derived by Shuttleworth (1950), and can also 
be introduced in tensor form (Cammarata and Sieradzki 1994; Ibach 1997). 

Obviously, the surface free energy γ must be positive (for clean surfaces), otherwise 
a solid would spontaneously fragment. However, for solids, the surface stress can be 
positive or negative, and generally it is not equal to the surface free energy since dγ/dε is 
not zero due to the low mobility of atoms in solids. Normally, the magnitude of f is in the 
same order as γ, being 1-3 times greater (Cammarata 1994; Ibach 1997). If f is positive, a 
tensile surface stress is present; if it is negative, the surface stress is compressive (Ibach 
1997). 

For nanocrystalline materials, the surface stress has significant implications for 
phase stability and surface properties. Surface stress can cause very high excess pressure 
inside a nanoparticle (see below). Thus, a tensile surface stress should shrink the unit cell 
in nanoparticles as compared to macroscopic crystals [e.g., in TiO2 nanoparticles (Cheng 
et al. 1993)], while a compressive surface stress should produce an expanded unit cell as 
in BaTiO3 (see Waychunas, this volume) and Fe2O3 (Schroeer and Nininger 1967). This 
excess high pressure also contributes significantly to the free energy that determines the 
thermodynamic phase stability (Zhang and Banfield 1998). When the difference between 
the surface stress and the surface free energy (|f-γ|) is large enough, surface atoms 
undergo structural reconstruction (Ibach 1997; Needs et al. 1991). When there are 
adsorbates on a surface, the surface stress also changes. The variation of surface stress is 
a function of the surface coverage; in some cases, the surface stress can change from 
positive to negative (Ibach 1997). In consequence, it is expected that the surface stress 
phenomena will be highly related to the phase stability, morphology development, 
nucleation, crystal growth, etc. of nanocrystalline materials. 
Surface energy and particle size  

In a more detailed analysis, it must be asked whether surface energies themselves are 
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size dependent. In fact, Tolman (1948 1949) established this to be the case by 
thermodynamic analysis of liquid droplets. More recently, this question has been 
examined for solids (Muller et al. 1988, Tomino et al. 1991, Zhang et al. 1999). It can be 
shown that surface energy can increase or decrease as particle size decreases. The 
reasoning is as follows. 

The surface energy (per mole) is given by the difference between the total energy of 
the material and the energy of the interior of the particles. Using the regions defined 
above (Fig. 10), and a = E(“surface”) /area, A = surface area/mole, b = E(“near-surface-
region”) /volume, Vb = volume of near-surface material/mole, c = E(“bulk”) /volume, Vc = 
volume of bulk/mole particles, the surface energy of a material consisting of small 
particles is given by: 

SEsmall/mole = [asmall·Asmall + bsmall·Vb,small + c·Vc,small] – c·(Va,small + Vb,small + Vc,small) 

and of nanoparticles, for which the interior is the near-surface, is given by: 

SEnano/mole = [anano·Anano +bnano·Vb,nano] – bnano·(Va,nano + Vb,nano) 

It is clear that a mole of structure that is largely disrupted by proximity to the surface will 
have a higher energy than a mole of bulk structure, so  

  bnano·(Va,nano + Vb,nano) > c·(Va,small + Vb,small + Vc,small).  

In order to evaluate whether surface energy decreases or increases with decreased 
particle size, it is necessary to know whether the combined effects of changes in a, b, A, 
Vb, Vc (bracketed terms above) outweigh the bnano·(Va,nano + Vb,nano) > c·(Va,small +Vb,small 
+ Vc,small) effect. If so, then the surface energy will decrease with particle size. However, 
if the total energy (bracketed terms) of the nanoparticles is greater, due to the possible 
anano > asmall and/or bnano > bsmall and larger A and Vb, the surface energy could increase 
with decreased particle size.  

On further consideration of the above construct, it is clear that the value of the 
surface energy (essentially a macroscopic thermodynamic concept) is dependent upon 
how the surface, near-surface, and bulk regions are defined (i.e., how the particle is 
subdivided). For this reason, it is perhaps useful to set aside the surface excess 
terminology for a moment and focus on the key issues: surface energy is probably often 
size dependent, and surface sites contribute excess energy to a material. 
Surface “pressure” and structural responses in nanoparticles 

An important consequence of structural and electronic modification of the surface 
may be compression of the particle. The surface exerts a pressure (P) on the particle, 
given by (assuming a spherical particle with radius r) 
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If reasonable values of surface stress f (equated to surface free energy γ as a first 
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approximation, see above) are inserted into this expression, it is apparent that the interiors 
of many common 2 nm particles could be subjected to forces equivalent to pressures of 
~1-4.5 GPa (10-45 kbar). In large particles, this pressure is dissipated within the first few 
unit cells, thus the surface energy modifies the total energy and average structure of the 
material in an insignificant way. However, for a nanoparticle, a significant percentage of 
the atoms are within a few unit cells of the surface, thus change in structure is expected 
throughout the particle. The measurable consequence of the surface force is a change in 
unit cell parameters determined by X-ray diffraction, or a decrease in interatomic 
distances, as measured by a method such as EXAFS.  

How does the effect of surface pressure compare to the effect of external confining 
pressure? Data published in Cheng et al. (1993; Fig. 2) indicates that a is 0.007 Å 
smaller, and c is 0.08 Å smaller than values for a 6 nm compared to macroscopic anatase 
(TiO2). Using the bulk modulus for anatase (B = 2.1 × 1011 Pa) we estimate that an 
external pressure of 3.36 GPa would be required to achieve these changes in cell 
parameters. For comparison, our estimate of internal pressure calculated assuming that 
surface stress = surface free energy or surface tension (a first approximation) suggests 
that the surface pressure caused by surface stress for 6-nm anatase is 0.9 GPa. The use of 
surface tension to approximate surface stress may largely explain this discrepancy 
(normally surface stress is equal to, or several times, surface tension). In addition, the 
bulk modulus of nanocrystalline anatase may be different from that of macroscopic 
anatase. Nonetheless, the two pressures calculated are of the same order of magnitude, 
further emphasizing the potentially very substantial magnitude of the particle size effect.  

THERMODYNAMICS OF NANOPARTICLE SYSTEMS 

Classical thermodynamics deals with macroscopic thermal-mechanical properties 
and their relationships for massive assemblages of atoms or molecules (i.e., ~1023 
fundamental particles) in terms of energy conversion and transformation. Studies of 
phase/chemical changes and equilibria involving nanoparticles are important areas where 
the classical thermodynamic approach is effective. Because quantum mechanical effects 
may be marked (e.g., the energy of a nanoparticle may not be continuous) where there are 
only several hundred (or even only tens) of atoms in a nanoparticle, one may ask, “Is 
classical thermodynamics still valid for nanoparticle systems?” 

A rigorous thermodynamic treatment of nanoparticle systems should at least contain 
quantum mechanical corrections. However, these treatments are impractical and difficult, 
considering the vast diversities of thermodynamic systems and the enormous numbers of 
fundamental particles involved in each. If thermodynamic quantities of a nanoparticle 
system are determined by conventional methods (such as calorimetry and equilibrium 
determinations), these quantities bear contributions from quantum mechanical effects and 
classical thermodynamics may still be applicable, so long as the number of atoms is not 
too small.  

To be general, consider a nanoparticle system comprised by nanoparticles (solid) 
immersed in an environmental fluid (liquid or gas). There are NS components in the 
nanoparticles. The nanoparticles may be present as phase α  and/or phase β, depending 
on their phase stabilities at the equilibrium condition. In the fluid phase (solution), there 
are NF species. At thermodynamic equilibrium, the electrochemical potential of the same 
species in different phases becomes equal, and the total free energy of the nanoparticle 
system reaches its minimum. Temperature, external pressure, composition, morphology, 
and size of each phase all affect the free energy of the system. When these variables 
change, the total free energy G also changes in a way determined by the second law of 
thermodynamics: 
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dG = −( Si ⋅ ni )
i=1

NS + NF

∑ dT + ( V i ⋅ ni )
i =1

NS + N F

∑ d(P + Pexc ) + μ idni
i=1

NS + N F

∑ + γ jdAj
j =1

J
∑ + σkdlk

k =1

K
∑ + λl

l =1

L
∑  (1) 

where T, P, Pexc, ni represents temperature, external pressure, excess pressure induced by 
surface stress in fine particles (for fluid, this term is zero), as well as the molar number of 
species i, respectively; Si , iV  and iμ  are the partial molar entropy, partial molar volume 
and electrochemical potential (which equals to the chemical potential in the case of 
neutral species) of species i, respectively; γj is the interfacial free energy (J/m2) of 
interface j with area Aj (m

2) formed by the fluid phase and one face of the nanoparticle; 
σk is the line energy (J/m) of edge k with length lk (m) formed by two interfaces; and λl is 
the point energy (J) of vertex l formed by two edges or three faces. If there are grain 
boundaries inside nanoparticles, contributions to the total free energy from the grain 
boundaries, junctions of grain boundaries, and vertices of junctions can also be 
summarized in the last three terms of Equation (1), respectively. In equilibrium at a 
certain condition (T, P, and parameters determining the geometry of each phase), the 
partial differential of G with respect to ni equals zero, producing NS + NF coupled 
differential equations. These NS + NF equations can be solved, giving the equilibrium 
concentrations of the NS + NF species in the system. 

At constant temperature and external pressure, there are many ways to approach the 
minimum free energy state (equilibrium state) for the system: 

(1) Through phase transformation. Each phase present in the system must be the 
stable phase at the specified condition (T, P, geometric parameters, and 
solution compositions). Since geometrical dimensions strongly influence the 
phase stability for fine powders, at different mean sizes nanoparticles may 
present as different phases with different structures (discussed further below). 

(2) Through coarsening and/or crystal growth of nanoparticles. 
(3) Through redistribution of species in different phases. For instance, through 

dissolution–precipitation, adsorption-desorption, oxidation-reduction, and 
complexation and dissociation of coordinated species. 

Minimization of the total free energy by phase transformation 

In a system comprised of a fluid phase and a relatively small quantity of nano-
particulate material, the major contributions to the total free energy come from the two 
phases themselves. As it is the majority phase, geometrical dimensions have little effect 
on the thermodynamic properties of the fluid, so the stable phase of the fluid is 
determined by temperature and external pressure. However, for nanoparticle solids, 
geometrical factors such as particle size highly affect the thermodynamic properties so 
that phase stability depends on size in addition to temperature and pressure. Factors that 
influence surface or interfacial energy may interact in complex ways. In order to 
concentrate on the effects of size on the phase stability of nanoscale crystals, we idealize 
our system by assuming that the fluid phase and nanoparticles each contain only one 
component; there is no chemical interaction between the fluid phase and nanoparticles; 
the nanoparticles are isotropic and spherical; there are no (or negligible) grain boundaries 
or other defects within the nanoparticles. These assumptions cannot be equated to a real 
system. Nevertheless, the approach is useful to capture the basic physics of nanoparticle 
systems. 

Given the above assumptions, the independent thermodynamic variables are 
temperature T, external pressure P and particle size D (diameter). When the three 
variables change, the change in the total free energy of the system is only due to the 
change in the free energy of the nanoparticles. The nanoparticles may undergo a phase  
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transformation from the α-phase to β-phase when T, P and D change in order to reach a 
minimum energy state. The free energy change from α-phase to β-phase can be described 
by a modification of the equation by Zhang and Banfield (1998) by introducing an 
external pressure term [ΔV(P–Po)]: 

 

ΔG(nano − α → nano −β) = ΔG(∞ − α → ∞ −β)
       + (surface free energy & surface pressure contribution)

                                     = ΔGo (∞,T ) + ΔV ⋅ (P − Po ) + 2(2t + 3)M(
γ β

Dβρβ

−
γ α

Dαρα

)

                                     = ΔGo (∞,T ) + ΔV ⋅ (P − Po ) +10 ⋅ M(
γ β

Dβρβ

−
γ α

Dαρα

)

 (2) 

where ΔGo
(∞,T) is the change of the standard free energy from the macroscopic α-phase 

to the macroscopic β-phase (i.e., at standard pressure Po = 105 Pa and a certain tempera-
ture T), ΔV is the change in the molar volume of the two phases (ΔV is considered to be 
approximately invariant here), M is the molar weight of the nanoparticulate material,              
γ represents the surface or interfacial free energy, and ρ the density of the nanoparticulate 
material. The last term of Equation (2) represents the contribution of surface free energy 
and the excess pressure (caused by the surface stress) to the free energy change, where 
the value of the surface stress is assumed t times that of the surface free energy (in 
Equation (2), t = 1 was assumed; Zhang and Banfield 1998). At a certain condition, if       
ΔG > 0, then the nano-α-phase is more stable than the nano-β-phase; if ΔG < 0, then the 
nano-α-phase is less stable than the nano-β-phase; if ΔG = 0, then the nano-α-phase is in 
equilibrium with the nano-β-phase. Alternatively, the phase stability of a nanoparticulate 
material can be analyzed with the help of G vs. T, P, and/or D diagrams. Similar to 
Equation (2), the free energy of a nanophase can be described by 

 

 
G(T ,P,D) = Go (∞,T)+ V ⋅ (P − Po ) +

10Mγ
Dρ

                 = Ho (∞,T)− TSo (∞,T)+ V ⋅ (P − Po) +
10Mγ

Dρ

 (3) 

where Ho and So represent the standard enthalpy and entropy of the corresponding 
macroscopic phase. According to this equation, increasing temperature will decrease the 
free energy; however, either increasing the external pressure or decreasing the particle 
size will increase the free energy. In the following, we consider four cases of 
nanoparticulate material stability. 

Case 1: At the macroscopic scale, the α-phase is more stable than the β-phase at 
ambient temperature and pressure (298 K and 1 bar) and the density of the β-phase is 
higher than that of the α-phase (or the molar volume Vβ   < Vα). At high pressure, the β-
phase should be more stable than α-phase. Figure 12 demonstrates the variation of the 
free energies of the two phases with T or P at macroscopic size and nanometer scale. 
Empirically, a phase with higher density has higher surface energy due to the larger 
number of atoms with incomplete or distorted coordination sites per unit surface area 
(Gribb and Banfield 1997, Zhang and Banfield 1998, Blakely 1973). Thus, according to 
Equation (3), the increase in the free energy at a small size for the nano-β-phase is greater 
than that for the nano-α-phase at the same particle size D and the same T,P condition 
(Fig. 12). As a result, the stability region of the α-phase becomes wider for nanometer-
scale particles.  
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Figure 12. Free energies versus temperature (a) or pressure (b) of 
phases α and β at the macroscopic scale and nanometer-scale. For this 
case, the density (and surface free energy) of the β-phase is greater than 
that of the α-phase, which results in γβ  /ρβ        > γα  /ρα. At macroscopic 
scale and under ambient conditions, the α-phase is the stable phase. At 
nanometer-scale, the stability region of the α-phase becomes even 
wider (the transition Tnano  > T∞,  Pnano  > P∞ ). 

Case 2: At the macroscopic scale, the α-phase is stable compared to the β-phase at 
ambient temperature and pressure, but the density of the β-phase is lower than that of the 
α-phase. The variation of the free energies of two such phases with T or P at macroscopic 
size and nanometer scale is depicted in Figure 13. In this case, as the increase of the free 
energy caused by the small particle size is greater for the α-phase than for the β-phase, 
the stability region of the β-phase becomes wider for nanometer scale particles.  

Case 3: At the macroscopic scale, the α-phase is unstable with respect to the β-phase 
at ambient temperature and pressure (298 K and 1 bar) and the density of the β-phase is 
greater than that of the α-phase. The variation of the free energies of the two phases with  
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Figure 13. Free energies versus temperature (a) or pressure (b) of 
phases α and β at the microscopic and nanometer-scales. The density 
(and surface free energy) of the α-phase is greater than that of the β-
phase, which results in γα  /ρα     > γβ  /ρβ. At macroscopic scale and 
under ambient conditions, the α-phase is the stable phase. At 
nanometer-scale, the stability region of the β-phase becomes wider (the 
transition Tnano  < T∞ , nano-β-phase which is unstable at ambient 
temperature now becomes stable at P < Pnano). 

T or P at macroscopic size or nanometer scale is shown in Figure 14. In this case, the α-
phase can become stable at T < Tnano and P < Pnano. 

Case 4: If the two phases have similar surface free energies and the same particle 
size, or different surface energies but the last term of Equation (2) is close to zero due to 
the balanced contributions from the surface free energy γ, the particle diameter D and the 
density ρ, the modification of the phase stability due to the particle size effect may be 
hard to detect. 

The above considerations are useful when evaluating the stability of two polymorphs  
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Figure 14. Free energies versus temperature (a) or pressure (b) of 
phases α and β at the microscopic and nanometer-scales. The density 
(and surface free energy) of the β-phase is greater than that of the α-
phase, which results in γβ  /ρβ > γα  /ρα. At the macroscopic scale and 
under ambient conditions, the α phase is unstable. At the nanometer-
scale, the α phase becomes stable at T < Tnano and P < Pnano. 

that occur as particles of the same size, or when considering the case when an isolated 
nanoparticle transforms completely to another polymorph (no crystal growth). Complex 
phase stability relations and transformation sequences may be encountered when a 
material consists of a mixture of two phases of different particle sizes. For such samples, 
phase α and phase β may be equally stable at some specific combination of phase α and 
phase β particle sizes. When the mixture is heated or subjected to pressure, growth of the 
nanoparticles can lead to stability reversals and re-reversals if the initial size and/or 
growth rates of the polymorphs differ. Such behavior has been encountered in titania 
(TiO2; Zhang and Banfield 2000). 

The T-P relations at the nanometer scale can also be explored in terms of Equation  
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Figure 15. Equilibrium T-P 
relationships for macroscopic 
phases vs. nanophases.  
    (a) Case 1 (ref. Fig. 12): A > 
0, B > 0, γβ/ρβ  > γα/ρα, ΔV < 0, 
term 3 of Equation (5) > 0. 
The stability region of nano-α-
phase is larger than that of its 
macroscopic counterpart.  
    (b) Case 2 (ref. Fig. 13): A > 
0, B > 0, γβ/ρβ < γα/ρα, ΔV > 0, 
term 3 of Equation (5) < 0. 
The stability region of nano-α-
phase is smaller than that of its 
macroscopic counterpart.  
    (c) Case 3 (ref. Fig. 14): A < 
0, B > 0, γβ/ρβ > γα/ρα, ΔV < 0, 
term 3 of Equation (5) > 0. The 
metastable α-phase becomes 
stable at the nanometer scale, 
i.e. the stability region of the 
α-phase has been increased. 
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(2). Usually the variation of ΔGo(∞,T) with temperature can be approximated with a linear 
relation: 

 ΔGo(∞,T) = A – BT (4) 

 
where A and B are regression coefficients. These coefficients may differ from ΔHo

(∞,T) 
[or ΔHo

(∞, 298 K)] and ΔSo
(∞,T) [or ΔSo(∞,298 K)], respectively, due to their regression 

nature. Approximate ΔGo
(∞,T) in Equation (2) with Equation (4), and setting Equation (2) 

= 0, we get the T-P relationship at a certain particle size D when the α- and β-phases are 
in equilibrium:  

T =
A
B

+
ΔV
B

(P − Po) +
10M
B ⋅ D

(
γ β

ρβ
−

γ α

ρα
)  (5) 

Here we assume both phases have the same particle size. Figure 15 shows the T-P 
relationship for the above Cases 1-3. 
Examples of phase stability in nanoparticle systems 

The nano-TiO2 system. TiO2 adopts at least 8 structures (Banfield et al. 1993, El 
Goresy et al. 2001): rutile, anatase, brookite, α-PbO2 [TiO2(II)], hollandite [TiO2(H)],       
β-VO2 [TiO2(B)] and the fluorite and baddelleyite (ZrO2) structures at extremely high 
pressures. Anatase, brookite, rutile, TiO2(B), TiO2(II), and baddelleyite structures all 
occur in nature. However, we do not focus on titania for this reason. Rather, we choose to 
use TiO2 as a model system because it is an oxide (and oxides are stable phases near the 
Earth’s surface where nanoparticles predominate), it is anhydrous and stable with respect 
to oxidation under experimental conditions, the low-pressure structures consist only of 
octahedrally coordinated cations, thus are relatively simple (and rutile is an important 
structure type), and the phase stabilities of the important polymorphs are close enough at 
low temperatures and pressures that size can play an important role. Furthermore, the rate 
of transformation of nanocrystalline anatase to rutile (TiO2) is clearly sixe-dependent. For 
example, although 80% of a nanocrystalline anatase sample transformed to rutile after         
24 h at 525°C, coarse anatase was completely unreacted after annealing at 700°C for 24 h 
(Gribb and Banfield 1997). 

Zhang and Banfield (1998) have made a detailed thermodynamic analysis of the 
nanocrystalline anatase and rutile system. Results suggested that at standard pressure, 
anatase is more stable than rutile when their particle sizes are below ~14.5 nm (curve 1 in 
Fig. 16). In their calculation, the surface free energies for rutile and anatase were 
obtained through published data of surface energy calculated by molecule dynamics 
simulations and experimental data of heat capacity of ultrafine rutile samples:  

γR(J/m2) = 1.98 – 1.48  × 10-4(T/K-298),  and  
γA(J/m2) = 1.32 – 1.48  × 10-4(T/K-298).  

The density data are ρR = 4.249 g/cm3 and ρA = 3.893 g/cm3. Both the density data and 
their structure analysis of the unsatisfied surface charges associated with several exposed 
faces of anatase and rutile support the fact that rutile has higher surface energy than 
anatase. Unfortunately, direct measurements of surface energies were not available. 
Based on the available data, the nanocrystalline anatase-rutile system is classified as Case 
3 discussed above (α-phase = anatase and β-phase = rutile in Figs. 14 and 15).  

If external pressure is applied to this system, the phase boundary should move 
according to calculations with Equation (2). Calculated results by the present authors 
(Fig. 16) show that with increased external pressure, anatase becomes less stable (i.e., the  
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Figure 16. Calculated phase 
diagram of the nano-TiO2 
system at different external 
pressures: (1) P = 105 Pa, (2) P 
= 108 Pa, (3) P = 5 ×108 Pa, (4) 
P = 109 Pa, (5) P = 2 ×109 Pa, 
and (6) P = 5 ×109 Pa. 

 

 

 

 

stability region of anatase becomes smaller). At 2 GPa and 5 GPa, respectively, anatase is 
predicted to be more stable only when the particles sizes are below ~9 nm and ~6 nm, 
respectively.  

Several experimental studies of the phase transformation of nanocrystalline TiO2 
under high pressure have been reported. Based on a Raman spectroscopic study, Wang 
and Saxena (2001) found that at a pressure higher than ~24 GPa, initially 7- to 11-nm 
anatase transforms to an amorphous TiO2 phase. Normally, an amorphous phase is less 
stable than its crystalline phase and has a lower density and surface energy (see 
Navrotsky, Table 1, this volume). At nanometer-scale and high pressure, the less stable 
amorphous phase may be stabilized due to the surface energy contributions. In contrast to 
this study, Liao et al. (1999) found that at an increased pressure, initially ~38-nm anatase 
transforms to rutile rather than amorphous titania. At a pressure >4 GPa, the srilankaite 
(ZrTi2O6)-like phase may appear. The shape of the reported anatase/rutile boundary in 
their non-equilibrium T-P phase diagram is in agreement with Figure 15c (α-phase = 
anatase, β-phase = rutile).  

Olsen et al. (1999) studied the phase transformation from nanocrystalline rutile to 
TiO2(II) (α-PbO2 structure) at high pressures. The transition pressure from nano-
crystalline rutile to TiO2(II) is lower than that for the corresponding macroscopic phase, 
which is transformed at 6.0 GPa at ambient temperature (Jamieson and Olinger 1968) and 
4.5 GPa at 400°C (Simons and Dachille 1967). Furthermore, the T-P relation for 
nanoparticles is irregular: the slope of the curve (dT/dP) can change from positive to 
negative values (see Fig. 17b). Olsen et al. (1999) suspected that this could be similar to 
the unusual curvature in the body-centered cubic (bcc) to face-centered cubic (fcc) 
transition in the T-P phase diagram of iron (Bassett and Weathers 1990). In the iron 
system, the change of the slope dT/dP of the bcc/fcc boundary from negative to positive 
as temperature increases is caused by the change in the entropy of the bcc Fe phase from 
ferromagnetic to paramagnetic (Bassett and Weathers 1990), so dT/dP = ΔV/ΔS also 
changes from negative to positive, resulting the curvature of the boundary. 

TiO2(II) synthesized at higher pressure starts to transform to rutile at 450-600°C over 
laboratory time scales (Aarik et al. 1996). With respect to TiO2(II), at standard pressure 
(1 bar), rutile is considered the stable phase at all temperatures (Jamieson and Olinger  
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Figure 17. (a) Sketch of the variation of the standard free energies of rutile 
and TiO2(II) vs. temperature. At nanometer scale, TiO2(II) becomes stable 
at T1 < T < T2. (b) T-P (ΔGo) relationship in the rutile-TiO2(II) system. The 
transition pressure from rutile to TiO2(II) lowers when the particle sizes are 
at the nanometer scale. 

1969). Because TiO2(II) is only thermodynamically stable at high pressures, it has a 
higher density (4.33-4.37 g/cm3; Simons and Dachille 1967), and presumably higher 
surface energy.  

We made the following thermodynamic analysis to interpret the T-P relations 
observed by Olsen et al. (1999). In general, the free energy of a substance decreases with 
increasing temperature. Consequently, the standard free energy curve of TiO2(II) should 
approach that of rutile when temperature increases (Fig. 17a). However, if rutile is the 
stable phase at all temperatures at standard pressure, the rate of decrease of the standard 
free energy of TiO2(II) with temperature should gradually slow down (otherwise the free  
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energy curve for TiO2(II) would become lower than the free energy curve for rutile at 
temperatures higher than a certain value). This would make the free energy difference 
between the two phases even larger at even higher temperatures. This uncommon 
phenomena may also be related to a change in the sign of the entropy difference 
ΔS(rutile→II), as in the iron system mentioned above. This gives rise to a minimum in the 
curve for the change in standard free energy for rutile → TiO2(II) vs. temperature (Fig. 
17b). Accordingly, the change of the transition pressure vs. temperature for macroscopic 
phases has a similar shape (Fig. 17b) as ΔGo

(T) vs. T, since the pressure P = ΔGo
(T)/(-ΔV) 

+ Po according to Equation (2) by setting ΔG = 0, where ΔV < 0 (because TiO2(II) is 
denser). Although empirically, a higher density phase is likely to have a higher surface 
energy, it is possible that the increase in the density of TiO2(II) surpasses the increases in 
its surface energy or surface free energy so that γII/ρII − γR/ρR < 0, or the third term in 
Equation (2) < 0 for nanocrystalline phases. In this case, the transition pressure from 
nanocrystalline rutile to TiO2(II) becomes lower than that in the macroscopic phase (Fig. 
17b). This could account for the irregular T-P shape and lowering transition pressure in 
nanometer scale particles (Fig. 17b) for this system.  

Experiments have demonstrated that nanostructured TiO2(II) thin films (13-70 nm) 
can be produced by CVD using TiCl4 + H2O as reagents under low pressure (250 Pa) 
conditions (Aarik et al. 1996). At temperatures between 375 and 550°C, highly repro-
ducible TiO2(II) films can be grown. At 350°C, the product contains a mixture of anatase 
+ rutile/TiO2(II). At 600°C, the grown film is a mixture of rutile + TiO2(II). Heating a 
TiO2(II) film grown between 400 and 450°C up to 600°C does not induce transformation 
to rutile. These phenomena suggest that the TiO2(II) nanophase may be 
thermodynamically stable at lower pressure only over a certain temperature range (~375-
550°C). As assumed in our above thermodynamic analysis, γII/ρII<γR/ρR, thus the curve 
for the standard free energy of rutile moves up more than that of TiO2(II) for nanometer 
scale particles. Thus, according to Equation (3) (Fig. 17a), we expect that the two curves 
can meet to produce a stable region for TiO2(II) when T1 < T < T2 at certain particle 
diameters. This analysis explains why highly reproducible TiO2(II) films can only be 
produced in a certain temperature region. 

Hydrothermal conditions are frequently used to synthesize (e.g., Yang et al. 2000; 
Wang and Ying 1999; Yanagisawa and Ovenstone 1999) and treat (Penn and Banfield 
1998, 1999a,b) nanocrystalline titania samples. The surrounding phase now is water or an 
aqueous solution. Experiments are normally conducted between 100-300°C and at 
relatively low pressures (at 300oC the saturated vapor pressure of water is only ~8.5 MPa 
(CRC book), far less than pressures applied in many solid state phase transformation 
experiments).  

There are several factors that can modify phase transformation and crystal growth in 
nanocrystalline materials under low-temperature and pressure hydrothermal conditions. A 
solid immersed in water has lower interfacial free energy than surface free energy. For 
instance, in air we estimate that γ(anatase) is ~1.32 J/m2 (Zhang and Banfield 1998), while 
in water, γ(anatase-H2O) is ~1.0 J/m2 (Zhang and Banfield 1999), being about only 75% of 
that in air. The surface free energy of rutile in air γ(rutile) is estimated to be ~1.91 J/m2 
(Zhang and Banfield 1998), γ(rutile-H2O) may be ~1.4 J/m2 if it also decreases by 75%. If 
we consider only the pressure effect under hydrothermal conditions, anatase might be 
stable at particle sizes up to ~14 nm (see Fig. 16), considering that the saturated vapor 
pressure of water is far below several GPa at T < 300°C. However, since the interfacial 
free energies of anatase and rutile also decrease in water, the phase diagram of the nano-
anatase and rutile system can be recalculated by inserting the saturated vapor pressure 
data of water (CRC book) into Equation (2) and letting ΔG = 0. Our calculated phase  
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Figure 18. Calculated phase dia-
gram for the nano-TiO2 system 
under hydrothermal conditions. 
The particle size for anatase 
stability has decreased from ~14 
nm at standard pressure and in 
air to ~11 nm, which signifies 
that under hydrothermal condi-
tions nanocrystalline anatase is 
more easily converted to rutile. 

 

 

 

diagram (Fig. 18) shows that, under hydrothermal conditions, the stability region of 
nanocrystalline anatase has been decreased as compared to that in air (Fig. 16), and thus 
the conversion from anatase to rutile should be thermodynamically favored. Under 
hydrothermal conditions, the increased pressure also increases nucleation rate (Liao et al. 
1998). Thus, hydrothermal conditions should facilitate the phase transformation from 
nanocrystalline anatase to rutile in the sense of both thermodynamics and kinetics. 
Experimental data by Penn and Banfield (1999a) support this conclusion: it took ~50 h to 
convert % 50 anatase to rutile at 465°C in air, yet only ~8 h to achieve the same extent of 
reaction at 250°C under hydrothermal conditions.  

The nanoparticle-fluid interfacial energy values may be substantially different in 
fluids other than deionized water. Furthermore, interfacial energies may decrease more 
for one polymorph than another in some solutions. This could significantly perturb size-
temperature-pressure phase relations. The solution will also affect reaction kinetics 
because, under hydrothermal conditions, mass transfer can occur via the liquid, an 
electric double layer will develop around each nanoparticle, substances can be adsorbed 
onto surfaces, and nanoparticles may dissolve. The effects of particle size on reaction 
kinetics are considered below.  

Some of these ideas and conclusions are speculative in that they could be refined 
with more accurate surface energy data. However, the above analyses serves to illustrate 
phenomena that may be encountered in many systems.  

The nano-Al2O3 system. There are at least seven polymorphs of Al2O3:                       
α-Al2O3(corundum), γ-Al2O3, δ-Al2O3, η-Al2O3, θ-Al2O3, κ-Al2O3, χ-Al2O3 (JCPDS 
cards 4-875/877/878/880, 42-1468; Wen and Yen 2000; FACT database on the web). 
Boehmite (AlOOH) is often used to prepare corundum via hydrothermal processing. A 
series of polymorphic phase transformation occurs in the process (Wen and Yen 2000): 

boehmite → γ-Al2O3 → δ-Al2O3 → θ-Al2O3 → α-Al2O3 

Under standard pressure, corundum is the thermodynamically stable phase. However, 
synthesis of nanocrystalline alumina usually results in γ-Al2O3 (Navrotsky, this volume).  
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α-Al2O3 has a higher density (3.99 g/cm3) than γ-Al2O3 (3.68 g/cm3; Liao et al.1998), 
which means the former may have a higher surface free energy or surface energy. 
Elaborate high-temperature solution calorimetry of both nanocrystalline and macroscopic 
γ-Al2O3 and α-Al2O3 proved the above deduction: the surface energies of α-Al2O3 and γ-
Al2O3 are, respectively, 2.64 and 1.66 J/m2 (Navrotsky, this volume; McHale et al. 1997). 
Therefore, the γ-Al2O3–α-Al2O3 system can be classified as Case 3 in Figure 14 (where 
the α-phase = γ-Al2O3 and the β-phase = α-Al2O3) where nanocrystalline γ-Al2O3 
becomes more stable when its particle size is below a certain value and T < Tnano,  
P < Pnano. 

Liao et al. (1998) have studied the high-pressure–low-temperature phase transition 
of ~18 nm γ-Al2O3 to α-Al2O3. A non-equilibrium T-P phase diagram (time = 15 min) 
for the phase transformation was reported. At P = Po, the transition temperature is 
1075°C; at 8 GPa, the temperature decreases to 460°C. This T-P relationship is in 
consistent with Figure 15c for Case 3. 

Wen and Yen (2000), Chang and Yen et al. (2001) have studied the phase transfor-
mation from ultrafine θ-Al2O3 to α-Al2O3. They discovered and confirmed that only after 
θ-Al2O3 coarsens to above ~20 nm can it start to transform to α-Al2O3. This “critical” 
size phenomenon can be explained with a similar thermodynamic argument as for the 
nano-TiO2 (anatase-rutile) system (Fig. 16). 

The nano-ZrO2 system. About ten distinct phases of zirconia (ZrO2; including 
monoclinic, tetragonal, cubic, and orthorhombic variants) have been identified to date 
(Dewhurst and Lowther 1998). At standard pressure, with increasing temperature, ZrO2 
undergoes the following structure transformations (Navrotsky, this volume; Cordfunke 
and Konings 1990): 

Monoclinic (ρ = 5.82 g/cm3) 
1478 K

⎯ → ⎯ ⎯ ⎯  tetragonal (ρ = 5.94 g/cm3)               
2630  K

⎯ → ⎯ ⎯ ⎯  cubic (ρ = 6.20 g/cm3) 
> 2983 K

⎯ → ⎯ ⎯ ⎯  liquid 

The density data in parentheses are from Winterer et al. (1995). Zirconia was shown 
to exhibit phase stability reversal as a function of particle size about two decades ago. 
Grave (1978) made a detailed thermodynamic analysis of the phase stability of 
nanometer-sized monoclinic and tetragonal phases of ZrO2. Surface free energy and 
internal strain effects on the stability were considered. Surface energies evaluated by 
Grave (1978) are 1.46 J/m2 and 1.10 J/m2 for the monoclinic and tetragonal phases, 
respectively. In this case, though the densities of the monoclinic and tetragonal phases are 
not very different, the distinction between their surface energies is obvious. According to 
Grave’s analysis, tetragonal zirconia becomes more stable than monoclinic zirconia at 
room temperature when the particle size is below ~10 nm. Applying an external pressure, 
this critical particle size goes up. This is expected because tetragonal phase has a higher 
density. For the transformation monoclinic → tetragonal, ΔV = -4.3 ×  10-7m3/mol < 0, 
γ/ρ(mono) = 2.51 × 10-7 mJ/g, γ/ρ(tetra) = 1.85 × 10-7 mJ/g. Thus according to Equation (5), 
the P-T phase diagram for nanophase zirconia should be similar to Figure 15a, with α = 
mono and β  = tetra. However, in this case, the phase boundary between the two phases 
moves down instead of up at nanometer scale because the last term of Equation (5) < 0 as 
a consequence of Δ(γ/ρ)   <   0. 

The phase transformation from monoclinic to orthorhombic structure under high 
pressure was studied by Kawasaki et al. (1990). The threshold pressure of the phase 
transformation shifts toward higher pressures as the crystallite size decreases. For 
macroscopic material, the pressure is 3.4 GPa. For a 29.3 nm sample, the transformation 
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pressure is 6.1 GPa. The phase stability of monoclinic and orthorhombic zirconia at 
elevated temperatures and high pressures was studied by Ohtaka et al. (1991). The 
observed increased transition pressure from the monoclinic to orthorhombic phase in 
nanocrystalline ZrO2 is in good agreement with their thermodynamic calculations using 
the calorimetry data. This case can be described by Case 1, Figure 12b, where Pnano >        
P∞. In this high-pressure transformation, there is a wide pressure region (e.g., at 29.3 nm, 
ΔP = 2.6 GPa) in which both monoclinic and orthorhombic phases can coexist 
dynamically. This phenomenon was confirmed by Winterer et al. (1995) and explained as 
a characteristic of a martensitic transformation. During the phase transformation from 
monoclinic to orthorhombic structures under high pressure, tetragonal zirconia can form 
as an intermediate product (Winterer et al. 1995). 
Particle size and surface adsorption 

A geochemically important property of small particles is their tendency to adsorb 
ions from solution onto their surfaces. Adsorption events can involve ions that constitute 
the bulk (i.e., a step in crystal growth) or can involve other ions. The driving force for 
adsorption is reduction of surface energy (easily appreciated for the special case of 
crystal growth).  

Zhang et al. (1999) suggested that affinity of the surfaces of small particles for ions 
in solution (at concentrations below surface site saturation) should be size-dependent. 
Zhang et al. (1999) presented results for adsorption of organic molecules onto TiO2 
surfaces to support the idea that the adsorption coefficient (determined via an 
approximate Langmuir-type analysis) can increase as size decreases. Other data to 
support this notion may be the results of Nelson et al. (1999), who found that 
nanocrystalline microbially-produced manganese oxide sorbed impurities far more 
strongly than the macroscopic oxide, even when surface area was accounted for.  

Given a number of possible alternative explanations for experimental results 
involving adsorption onto small particles could be advanced (see Navrotsky, this 
volume), it is perhaps useful to consider the thermodynamic basis for the prediction of a 
size-dependence of adsorption.  

The concept stems of size dependence of the adsorption coefficient stems from 
structural and energetic considerations. For small particles, an adsorption event decreases 
the energy of a system composed of small particles of radius rA by 

 ΔGAo = 3Vm × [γ(S) – γ(S–I)]/rA  
where Vm is the molar volume, γ(S) is the interfacial free energy prior to adsorption, and 
γ(S-I) is the interfacial free energy after adsorption. 

Similarly, for bigger particles of radius rB,  
 ΔGBo = 3Vm × [γ(S) – γ(S–I)]/rB 

It follows that ΔGAo >  ΔGBo, since rA < rB. Because an adsorption event on smaller 
crystals decreases the energy of a system more than adsorption on particles in a system 
composed of larger particles, the driving force for adsorption is larger, thus adsorption 
should be favored on small particles.  

Another way of viewing this is to consider the effect of particle size on the 
equilibrium between adsorption and desorption. From the above we deduce that the 
activation barrier for desorption from smaller particles will be higher than from larger 
particles, implying a smaller rate constant. Thus, under conditions when adsorption is 
favored, at equilibrium ions should partition more strongly onto the surfaces of small 
particles than larger particles. The activation barrier for adsorption is probably size-
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dependent, especially for very small particles. This may complicate the analysis in as yet 
unknown ways. 

Zhang et al. (1999) considered other factors that might explain the much higher 
apparent Langmuir-type adsorption coefficient calculated from their experimental data. 
They evaluated the contribution of additional high-energy facets on smaller particles, and 
concluded that this was unlikely to explain the result. However, it should be noted 
decreasing particle size will lead to increased importance of high energy sites, especially 
when particles are so small that “facet” has li ttle or no meaning. For such particles, these 
surface steps may contribute very significantly to the total adsorption.  
Nanoparticles and organics 

The role of organics and other surface ligands in phase stability control. In the 
above section we considered the concept that size and phase stability are sometimes 
intimately interconnected. Because the fundamental link between particle diameter and 
structure energy is the energy of the surface, it follows that factors that modify surface 
energy can alter phase relationships. For example, a mineral precipitating from a dilute 
aqueous solution may form nanocrystals of a polymorph (often the high temperature 
polymorph due to the lower density) that is stabilized relative to the macroscopic stable 
phase due to its lower surface energy. However, addition of a compound that binds to 
surface ions and decreases the surface energy (interfacial energy) of the macroscopic 
stable phase could lead to its precipitation. Thus, in principal, a nanoparticle could switch 
from one structure (and set of physical, magnetic, optical properties) to another in 
response to changes in solution chemistry (if the activation barrier for the transformation 
is small).  

Structural modification due to the presence of surface-bound ligands has been 
demonstrated experimentally. At room temperature and pressure, the stable phase for 
macroscopic CdS is hawleyite, which contains tetrahedrally coordinated Cd within a ccp 
S array (hawleyite is isostructural with sphalerite). Using analysis of EXAFS data, 
Chemseddine et al. (1997) showed that nanocrystals capped with mixtures of acetate and 
thiolate exhibited the NaCl structure, the high pressure phase in which Cd is octahedrally 
coordinated. Heating of the samples at 200°C removed the organic component and 
resulted in reversion to hawleyite. Similar phenomena may be anticipated in natural 
environments, especially where nanocrystals (e.g., of ZnS) form due to the activity of 
anaerobic heterotrophs in environments where both small organic molecules (e.g., 
acetate) and more complex polymers are present (e.g., within biofilms). 

Nanoparticles, colloids and organics. Nanoparticles are often building blocks for 
colloids encountered in natural systems. Colloidal aggregates consisting of nanoparticles 
may exhibit variable degrees of internal order. Well known examples of materials in 
which the components exhibit extremely high degrees of order are opal (regularly packed 
arrays of opaline silica) and framboidal pyrite (though the pathway for the formation of 
framboids may involve other factors). Smaller scale arrays of oriented nanoparticles have 
also been reported. These are described below in the context of aggregation and crystal 
growth. The kinetics of colloidal flocculation are reviewed by Waychunas (this volume) 
in some detail.  

Nanoparticles can order to form superlattices (see figures in the chapter by Jacobs 
and Alivisatos, this volume). In all superlattice systems, superstructure is achieved by 
coating particles with an organic ligand that spans adjacent nanoparticles (and the 
inorganic particle core is stabilized by the organic surfactant). The organic compound can 
orient the nanoparticles yet keep them separate and regularly spaced. Both the core and 
surfactant play roles in determining the superlattice crystallographic symmetry (Collier et 
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al. 1998). Monolayers of ordered and oriented crystallites can be achieved both in 
solution and at interfaces (e.g., Langmuir-Blodgett films; Murray et al. 1995), and 
macroscopic crystals of nanoparticles can be obtained (Herron et al. 1993). Manipulation 
of the surface chemistry through use of specific adsorbed molecules provides some 
control on crystal structure (see above) as well as allows manipulation of particles into 
desired superlattice patterns. If a volatile organic is used, it can be subsequently removed 
to make an inorganic nanoparticle array (Murray et al. 1995). Resulting ordered two- and 
three-dimensional nanoparticle arrays have attracted considerable attention due to their 
unique properties and as materials for the study of collective phenomena.  

In addition to their technological significance, self-organization in mixed organic-
inorganic nanoparticle systems may be relevant to some areas of geoscience. Most 
probably, the abundant nanoparticles formed by biological pathways (see above) or in 
solutions rich in organic molecules sorb organics molecules onto their surfaces under 
some circumstances. In other cases, the organism may generate specific surface-binding 
ligands as part of the biomineralization process. Thus, nanoparticles may be primed for 
organic-mediated self-organization phenomena. Superstructure formation may be a key 
step in formation of minerals by microbes and macroorganisms and, in the presence of 
appropriate organic confining membranes, may contribute to generation of large(r) single 
crystals with extraordinary morphologies. 

KINETICS IN NANOPARTICLE SYSTEMS 

Nanoscale materials can be produced in many ways, including biogenic routes that 
utilize organic molecules, physical methods such as mechanical ball milling, chemical 
methods such as chemical vapor deposition (CVD), electrochemical methods, and sol-gel 
methods. Due to the many pathways, the mechanisms and kinetics of their formation are 
diverse.  

 In the processing of nanoparticles, coarsening is common, and may be accompanied 
by phase transformation to the macroscopic stable structure. Here we will focus on the 
kinetics of phase transformations and crystal growth in nanocrystalline particles. We will 
show later that conventional kinetic models that are widely employed for analysis of 
macroscopic materials behavior may have to be modified prior to their application to 
nanomaterials. 
Brief review of kinetic models for macroscopic solids 

In most cases, during the phase transition from one nanocrystal to another, formation 
of the new phase is accompanied by simultaneous growth of the original crystal. For 
macroscopic materials, this process is widely described using a formal theory of 
transformation kinetics, the so-called Johnson-Mehl-Avrami-Kolmogorov (JMAK) 
theory (described by the JMAK equation). When particles grow in a solution, the theory 
of Ostwald-ripening is frequently used to describe the growth kinetics. We review these 
theories as they may be useful for some nanomaterials systems. 

Introduction to the JMAK approach. Detailed description of the JMAK formal 
theory was given by Christian (1975). The basic assumptions of the theory are that the 
stable phase nucleates as infinitely small droplets; these droplets are rigid, and grow 
independently; the growing droplets can overlap; and that the dimensions of the parent 
phase are essentially infinite. Then the volume fraction of transformation, ζ, for a number 
of nucleation-growth cases can be reduced to the general form of (Christian 1975) 

)exp(1 nkt−−=ζ  (6) 
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where k and n are empirical model parameters. The parameter k is not a conventional 
kinetic constant, since it is temperature dependent. The exponent n is determined by the 
specific reaction mechanism. For instance, for the case of nucleation at a constant rate 
and diffusion-controlled growth, n = 5/2 (Borg and Dienes 1992). Due to the limitations 
of the assumptions made by this theory, modifications were attempted in order to allow 
application of the theory to a greater diversity of cases. For example, Weinberg et al. 
(1997) made several modifications, including consideration of surface nucleation and the 
effect of finite sample size (Weinberg 1991). The concept of the local Avrami exponent 
(n) was also developed and applied to some systems (Lu and Wang 1991; Calka and 
Radlinski1988).  

Equation (6) can be written in the form 

[ ] tnk lnln)1ln(ln +=−− ζ  (7) 

Thus, the parameters k and n can be evaluated with the so-called log-log plot of the 
experimental data obtained. 

Ostwald ripening in a solution. In a (solid or liquid) solution, coarsening is driven 
by decrease in surface energy. This process is often referred to as Ostwald ripening. In 
effect, Ostwald ripening describes the growth of larger particles at the expense of less 
stable smaller particles via the interdiffusion of adatoms. Smaller particles will eventually 
disappear. Ostwald ripening can be limited by volume diffusion (diffusion of ions or 
atoms in the liquid solution or solid matrix), diffusion along the matrix grain boundary, or 
precipitation / dissolution reactions at the particle / matrix interface. The general kinetic 
equation for these cases can be written as (Joesten 1991; Glaeser 2001) 

( )o

n
o

n
ttkDD −=−  (8) 

where D  and Do are the mean particle sizes at time t and to, respectively, k is a constant 
at a certain temperature, and n is an exponent relevant to the coarsening mechanisms. For 
n = 2, the coarsening kinetics are inferred to be limited by precipitation /dissolution 
reactions at the particle /matrix interface. For n = 3, the coarsening kinetics are limited by 
the volume diffusion. When n = 4, the coarsening kinetics are considered to be limited by 
diffusion along the matrix grain boundary, and for n = 5, coarsening kinetics are limited 
by dislocation-pipe-diffusion within a matrix.  
Kinetics of amorphous-to-nanocrystalline transformations 

Due to the successful applications of the JMAK formal theory to a wide range of 
nucleation and growth phenomena in macroscopic samples, researchers have tried to 
employ the JMAK theory to model phase transitions in nanomaterials systems. This has 
been successful in some cases (Lu and Wang 1991;Luck el al. 1993; Varga et al. 1994; 
Luck et al. 1996; Damson et al 1996; Missana et al. 1999; Schmidt et al. 2000). However, 
other studies suggest that applications of the general JMAK theory to nanomaterials 
systems are only partially satisfactory (Allia et al. 1993; Illekova et al. 1996; Malek et al. 
1999 ), or even inappropriate (Nicolaus et al. 1992; Gloriant et al. 2000).  

Metallic amorphous Ni80P20 used by Lu and coworkers (Lu and Wang 1991; Luck el 
al. 1993; Luck et al. 1996) was prepared by rapid quenching. This Ni-P glass alloy can be 
viewed as a supercooled liquid. During heat treatment, this thermodynamically unstable 
phase transforms to its stable crystalline state via production of nanocrystals. Luck et al. 
(1993) used isothermal DSC (differential scanning calorimetry) to monitor the 
transformation progress, and modeled their data using the JMAK equation. Using the 
local Avrami exponent concept, they deduced that the transformation process is 
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controlled in different ways in three different stages: by one dimensional surface 
nucleation and growth (n = 2.0) in the early stage, by three dimensional bulk nucleation 
and growth (n = 4.0) in the middle stage, and, by three dimensional growth (n = 3.0) in 
the final stage. These conclusions seem to be supported by their microscopic observations 
of cross-sections of samples at different annealing times. Varga et al. (1994) and Damson 
et al. (1996) used a non-isothermal DSC method to investigate the formation of 
nanocrystals in FINEMET glass alloys (Fe73.5Cu1Nb3Si13.5B9). A Kissinger analysis 
incorporated with the JMAK equation was used to decipher their DSC data. A Kissinger 
analysis involves a plot of the ln(r/Tm

2) vs. 1/T, where r is the DSC scanning rate 
(K/min), Tm is the DSC peak position in K. The slope of the plot can be used to calculate 
the activation energy, as in the Arrhenius plot. Results suggested that the kinetics of the 
phase transformation and particle growth in FINEMET alloys could be described by the 
JMAK approach. Missana et al. (1999) found the JMAK formulation is a valid approach 
in analyzing their kinetic data for the amorphous-to-nanocrystalline transformation in 
SbOx film grown by dc reactive spluttering. Crystallization kinetics of amorphous 
Al89Dy11, Al84Dy11Co5 and Al84Dy6Co10 alloys prepared by melt spinning were studied 
by Schmidt et al. (2000). These authors also used the classical JMAK approach to 
analyze their kinetic data. 

Not all researchers have been satisfied with the results of modeling kinetic data for 
nanocrystal production from an amorphous precursor using the JMAK approach. When 
researching the crystallization kinetics of amorphous FINEMET alloys, Allia et al. (1993) 
and Illekova et al. (1996) found that JMAK theory can only partially account for their 
experimental data because the Avrami exponent adopted an abnormal value (n ≈ 0.9). 
The kinetics of the phase transition from amorphous zirconia gel to nanocrystalline 
tetragonal zirconia had been studied by Malek et al. (1999). They found the JMAK 
equation can only be applied to cases where the rate of crystallization is slow. For a 
general treatment, they had to use a two parameter empirical kinetic equation. When 
studying the crystallization from amorphous Co33Zr67 prepared by melt spinning to 
nanocrystalline state using DSC /TEM/ XRD /VR (Vibrating-Reed), Nicolaus et al. 
(1992) found the classic JMAK can not be used to fit their kinetic data because the 
Avrami exponent (n) fails to maintain a constant value. Instead, it varies with temperature 
(and thus, time). Also, Gloriant et al. (2000) found that it was difficult to apply the JMAK 
theory to the crystallization process in Al-based amorphous alloys.  

We have studied the phase transformation from nanometer-sized amorphous titania 
(TiO2) to nanocrystalline anatase at 300 – 400°C (unpublished). Amorphous titania 
samples were prepared by fast hydrolysis of titanium ethoxide in water at 0°C (Zhang et 
al. 2001). The extent of transformation was monitored using XRD determination of the 
phase mixture as a function of time. We also found that the transformation kinetics do not 
follow the widely employed JMAK equation.  

Although the formal JMAK theory has been used to model some nanomaterials 
systems, serious limitations are imposed due to the fundamental assumptions. In certain 
instances, the parameters may only be fitting constants with limited or no physical 
meaning. In many cases, the JMAK theory may not be optimal for analysis of kinetics of 
reactions involving nanoparticles. 
Kinetics of crystalline transformations involving nanoparticles 

In a previous section we showed that, for nanoparticles, the “stable” phase can 
depend upon the crystal size (also see Navrotsky, this volume). Thus, it follows that a 
crystal could switch from one polymorph to another as it grows. Furthermore, the phase 
transformation (or reaction) mechanism may be particle size-dependent. This could arise 
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because of novel surface structure/properties or microstructure, modified thermodynamic 
driving force, or because the probability of surface nucleation is enhanced compared to 
bulk nucleation by high surface area. In addition, the scale of structural fluctuations 
within a nanoscale solid may be comparable to, or potentially larger than, the particle 
itself (see Jacobs and Alivisatos, this volume, for a discussion of related issues for phase 
transformations induced by pressure). In macroscopic materials, growth of nucleating 
regions is inhibited by unfavorable interfacial energy until the nuclei is larger than a 
critical diameter. However, in very small particles, the transformation rate could be 
enhanced if the interfacial energy component is removed when the interface sweeps out 
the particle as it is completely transformed. For these, and other reasons, it is important to 
develop models for reaction kinetics that incorporate particle size explicitly.  

Much of the work to date on particle size effects on phase transformation kinetics 
has involved materials of technological interest (e.g., CdS and related materials, see 
Jacobs and Alivisatos, this volume) or other model compounds with characteristics that 
make them amenable to experimental studies. Jacobs and Alivisatos (this volume) tackle 
the question of pressure driven phase transformations where crystal size is largely 
invariant. In some ways, analysis of the kinetics of temperature-motivated phase 
transformations in nanoscale materials is more complex because crystal growth occurs 
simultaneously with polymorphic reactions. However, temperature is an important 
geological reality and is also a relevant parameter in design of materials for higher 
temperature applications. Thus, we consider the complicated problem of temperature-
driven reaction kinetics in nanomaterials. 

For reasons noted above, titania (TiO2) has been a popular experimental model 
system for investigating the fundamental ways in which crystal size alters thermally-
driven reactions. Also, temperature leads to rapid coarsening and phase transformations 
that modify the utility of nanoparticle titania for commercial applications.  

Conventional kinetic models that have been used to model the transformation of 
coarse anatase to rutile, including standard first order reaction (Rao 1961; Suzuki and 
Kotera 1962; Gennari and Pasquevich 1998), standard second order reaction (Rao 1961), 
contracting spherical interface model (Shannon and Pask 1965; Heald and Weiss 1972; 
MacKenzie 1975; Gennari and Pasquevich 1998), model of nucleation and growth of 
overlapping nuclei (Shannon and Pask 1965; Gennari and Pasquevich 1998), model of 
one dimensional, linear and branching nuclei and constant growth (Shannon and Pask 
1965), model of random nucleation and rapid growth (Shannon and Pask 1965; Gennari 
and Pasquevich 1998), and the universal JMKA approach (Suzuki and Tukuda 1969; 
Hishita et al. 1983; Kumar et al. 1993), are incapable of describing the kinetics of the 
phase transformation from nanocrystalline anatase to rutile. This has been attributed to 
particle size-related effects (Gribb and Banfield 1997; Zhang and Banfield 1999; Zhang 
and Banfield 2000). Particle size effects may take many forms.  

First we consider the transformation mechanism of anatase to rutile in order to 
determine the reason for the dependence of the transformation rate on particle size. Penn 
and Banfield (1998 1999) showed that the oriented assembly of nanoparticles to form 
larger crystals (see below for details) is accompanied by formation of twins that introduce 
new atomic arrangements at particle-particle interfaces. In the case of anatase, a {112} 
twin represents a slab of brookite and thus, a structural state intermediate between anatase 
and rutile. Penn and Banfield (1999) proposed that the activation barrier for rutile 
nucleation is lowered by the presence of these twins. Simultaneously, it was noted that 
the transformation of anatase to rutile in air (Gribb and Banfield 1997) and under 
hydrothermal conditions (Penn and Banfield 1999) rarely generates partially reacted 
crystals, suggesting a high activation barrier for rutile nucleation but rapid rutile growth. 
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Once initiated, a cascade of atomic displacements and distortions occurs, converting 
anatase to rutile. Thus, it appears that the transformation rate is limited by the nucleation 
rate, which is increased by an increase in the number particle-particle interfaces, thus a 
decrease in particle size. Zhang and Banfield (1999) extended this more generally to 
particle-particle contacts.  

New kinetic models were developed to incorporate interface nucleation (Zhang and 
Banfield 1999) and surface nucleation (Zhang and Banfield 2000), thus to quantitatively 
interpret the kinetic behavior in the nanocrystalline anatase-rutile system. Surface 
nucleation and bulk nucleation come into play as temperature increases (Zhang and 
Banfield 2000). Particle size has been explicitly incorporated into the kinetic equations. 
The transformation rate scales with the square of the number of anatase nanoparticles in 
the case of interface nucleation (Zhang and Banfield 1999), or with the number of anatase 
nanoparticles in the case of surface nucleation (Zhang and Banfield 2000). If the 
transformation is governed only by interface nucleation, the kinetic equation is: 
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where k2 is the kinetic constant for interface nucleation, No and Do are the initial number 
of anatase particles and average particle size, respectively, Da is the average particle size 
of anatase at time t, and α is the fraction of transformation of anatase to rutile at time t. If 
both interface nucleation and surface nucleation govern the phase transformation, the 
kinetic equation is:  
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where k1 is the kinetic constant for surface nucleation. Nanocrystalline anatase-to-rutile 
phase transformation kinetics follow Equation (9) at T < ~600°C. Addition of 
nanocrystalline γ-Al2O3 to the nanocrystalline anatase reduced the anatase-to-rutile phase 
transformation rate. This supports the interface nucleation model because the admixed 
alumina reduces the number of anatase-anatase contacts, thus the probability of interface 
nucleation. At T > ~620°C but below where bulk nucleation is favored (~1000°C) 
reaction kinetics are described by Equation (10) (Zhang and Banfield 2000). 

Phase transformations in nanomaterials have been studied in other systems. The 
phase transformation from nanocrystalline maghemite (γ-Fe2O3) to hematite (α-Fe2O3) at 
385°C obeyed the simple form of the JMAK equation with n ≈ 1.0 (Ennas et al. 1999). 
Schimanke and Martin (2000) examined the transition of nanocrystalline γ-to-α-Fe2O3 
and described it as first order, with an activation energy that increased with increasing 
crystal size.  
Crystal growth of nanocrystalline particles 

It is generally believed that crystal growth in solution occurs via an Ostwald-
ripening mechanism (see above). Normally, this is assumed to proceed via addition of 
monomers to a polymer (cluster, nanocrystal, crystal). However, as noted above and 
described in more detail below and by Waychunas (this volume), this atom-by-atom 
mode of crystal growth is not unique, especially in nanomaterials. 

An equation of the form provided in Equation (8) is often used to fit experimental 
coarsening data. The exponent, n, is used to infer the rate-controlling step for the growth 
process. This has proven useful for modeling grain growth in a number of metallic alloy 
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systems (Lu 1996). However, Krill et al. (2001) found that the grain growth rate in 
nanocrystalline (<150 nm) Fe follows a linear relationship with time. This was attributed 
to grain boundary migration controlled by redistribution of excess volume localized in the 
boundary cores. For the grain growth of nanocrystalline Cu, it was not possible to 
determine a best fit to experimental data using Equation (3) with n = 2, 3, 4, making it 
impossible to deduce the growth mechanism (Ganapathi et al. 1991). For other metals 
and alloys (Ti, Zr etc.), n falls between 2 and 5, and may be temperature dependent 
(Malow and Koch 1996). Crystal growth of nanocrystalline ZnO in colloidal suspensions 
was inferred to occur via Ostwald-ripening controlled by volume diffusion (Wong et al. 
1998), though in an organic-bearing system Verges et al. (1990) observed ZnO growth 
via assembly of nanoparticles into rods.  

We found that coarsening of nanocrystalline anatase in air in the temperature range 
465-525°C could be described by Equation (8) with n ≈  3 (Zhang and Banfield 1999), 
yielding an activation energy for anatase coarsening of 69 kJ/mol. However, as the 
coarsening occurred in air, it was unlikely to have been controlled by “volume diffusion” 
(coarsening of titania in air is probably limited by surface diffusion). This highlights the 
fact that application of coarsening kinetic models to describe grain growth data so as to 
infer the growth mechanism is dangerous because growth via different mechanisms may 
exhibit similar reaction progress. If possible, additional data should be obtained to 
confirm the deduced reaction pathway. 

There is another way in which crystals can be assembled. This involves the solid 
state combination of large clusters of atoms or nanoparticles, or addition of clusters or 
nanoparticles to larger crystals. The pieces are assembled in crystallographically specific 
ways so that interface elimination leads to formation of a larger single crystal. The 
crystallographic control distinguishes this pathway from simple aggregation, as is often 
modeled in flocculation studies where the mode of transformation from a random 
aggregate to a single crystal is not specified (see Waychunas, this volume). Oriented 
assembly of nanoparticles is an effective form of crystal growth because removal of the 
interface eliminates the energetic contribution of two surfaces. This pathway occurs in 
parallel with crystal growth via atom-by-atom diffusion (e.g., removal of necks at particle 
junctions).  

High-resolution transmission electron microscopy (HRTEM) has been critical for 
documenting oriented aggregation. HRTEM images provide information about particle 
crystallography, orientation, size, composition, and morphology simultaneously. Electron 
diffraction data and atomic-resolution images have yielded key insights necessary to 
determine the structures of nanoscale materials (e.g., Banfield et al. 1991; Banfield and 
Bailey 1996; Wagner et al. 1999; Cowley et al. 2000; Janney et al. 2001). Although some 
care must be taken not to over-interpret lattice fringe details (Malm and O’Keefe 1997), 
HRTEM is invaluable for monitoring the characteristics of particles that have been 
coarsened to varying degrees. Examples of data used to document crystal growth via 
oriented aggregation are provided in Figure 19. Crystallographic information (diffraction 
patterns, lattice fringe details) confirm that the large, irregularly-shaped single crystal 
(chain) in Figure 19a consists of smaller anatase crystals (with typical near-equilibrium 
morphologies) that were oriented with respect to each other. Most particle-particle 
boundaries have been eliminated, but a few remain. This growth mechanism is a form of 
self organization. Figure 19b illustrates an irregularly shaped ZnS (sphalerite) crystal that 
contains stacking faults and twins that seem to intersect inflexion points in the particle 
margins, thus are interpreted to mark the positions of interfaces between the nanoparticles 
that were combined to form the oriented aggregate (see Fig. 19c; Huang et al., in prep.). 

Penn and Banfield (1998a,b) first reported the crystallographically-specific oriented  
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Figure 19. High-resolution transmission elec-tron microscope images of (a) anatase nanoparticles. 
What appears to be a gain of particles is actually a single crystal because interfaces between 
adjacent particles have been eliminated (arrow) (Penn and Banfield, after Penn and Banfield 
1999). (b) a defective single crystal of ZnS (sphalerite) inferred to have formed by oriented 
aggregation of nanoparticles. A diagram illustrating the relationship between margins of the 
crystal in (c) and twins (T) and stacking faults (SF) that probably mark the positions of preexisting 
interfaces (Huang et al., in prep.) (image provided by F. Huang and J.F. Banfield). 

aggregation-based growth of nanocrystalline anatase particles and focused on the 
implications of this pathway for microstructure development (see below). Other 
researchers have reported that this mechanism is important for growth of a variety of 
minerals and inorganic compounds), including anatase (TiO2, Chemseddine and Moritz 
1999), feroxyhite (FeOOH, Banfield et al. 2000; Penn et al. 2001), heterogenite (CoOOH, 
Penn et al. 2001), zeolites (de Moor et al. 1999; Nikolakis et al. 2000, however the 
synthesis used organic compounds), TiC (Kuo and Shen 2000), CeO2 (Lee and Shen 
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1999) and gold (Privman et al. 1999). These studies differ from those cited above where 
periodic arrays of nanoparticles separated by (and ordered by) organics were generated. 
In addition, natural nanometer-sized iron oxyhydroxide products from biomineralization 
were found to grow via oriented assembly (Banfield et al. 2000; also see Alivisatos 
2000). 

Although conceptually simple, the process of crystal growth via oriented attachment 
(in the absence of organics) has not received much attention, except in some very specific 
circumstances (e.g., fundamental particle theory, which was developed to explain 
phenomena involving layer silicates; Nadeau et al. 1984). Early theories for crystal 
growth were sufficiently flexible to accommodate aggregation-based growth. In parallel, 
considerable experimental work and modeling has been devoted to describing the kinetics 
of particle aggregation and the resulting (often fractal) nature of aggregate structures. 
However, flocculation studies (see Waychunas, this volume, for a summary) typically do 
not constrain aggregate growth to ensure adjacent particles adopt related crystallographic 
orientations and do not include consideration of how surface protons and water are 
eliminated or how the aggregate is transformed into a single crystal. Thus, a gap remains 
between models for aggregate growth and models that describe enlargement of single 
crystals.  

In a solution, nanoparticles interact with each other in a number of ways. Widely 
separated nanoparticles may be brought into contact by Brownian motion. As they 
approach each other, electrostatic, van der Waals forces, and hydrogen bonding, in 
addition to Brownian motion, can cause two nanoparticles to rotate with respect to each 
other, and collide. Evidently, under some conditions, the collisions that result in fusion 
are those that involve two nanoparticles in appropriate orientations to form a coherent (or 
semicoherent) interface. Particle rotation in the absence of a fluid has been modeled 
computationally (Zhu and Averback 1996), implying that oriented assembly-based crystal 
growth can also occur in dry systems. 

In the crystal growth of nanometer-sized ZnS particles (~2.4 nm) treated under 
hydrothermal conditions, Huang et al. (in prep.) found that the grain growth of ZnS 
particles follows a two-stage growth process. Kinetic data for the second stage fit the 
Ostwald-ripening by volume diffusion (n = 3, Eqn. 8) very well. Nevertheless, in order to 
fit the kinetic data of the first stage with Equation (8) for Ostwald-ripening, we had to use 
an abnormal and non-physically realistic exponent value of n ≈ 10. This can not be 
attributed to the Ostwald-ripening. A new growth equation based on the consideration of 
oriented aggregation of 2.4 nm ZnS was deduced: 
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where D0 and D are the initial average particle size of ZnS (~2.4 nm) and the average 
particle size at time t, respectively; k1 is a kinetic constant for oriented attachment of the 
2.4-nm ZnS particles. Fitting of the experimental data in the first stage to Equation (11) is 
excellent. TEM data from the samples support the conclusion that the crystal growth of 
2.4-nm ZnS is dominated by orientated aggregation of the ZnS particles in the first stage 
(see Fig. 19b). 
Aggregation and nucleation 

Figure 19a illustrates oriented aggregation-based growth involving crystals that are 
>6 nm to tens of nanometers in diameter. Other data show the same processes involving 
particles ~3 nm in diameter. Such observations (cited above; also see Anastasio and 
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Martin, this volume; Waychunas, this volume) lead to the speculation that nanoparticle 
aggregation is a pathway for crystal growth from molecules to microcrystals in many 
systems under some conditions. However, processes involving particles with sizes 
between those of molecules and ~2 nm are very difficult to study with the level of detail 
needed to clearly resolve reaction mechanisms (though, of course, the existence of 
particle aggregates can be documented fairly easily).  

Formation of multinuclear clusters from aqueous ions defines the initial step in 
growth of any crystal from solution. Rozan et al. (2000) demonstrated that multinuclear 
clusters are present and important in the environment (e.g., M3S3, M4S6, M2S4, where M 
is a metal ion). These may have many fates, one of which is that they aggregate to form 
even larger clusters. Luther et al. (1999) reported that Zn3S3(H2O)6 rings condense to 
form a neutral Zn6S6(H2O)9 cluster with a structure analogous to wurtzite. Interestingly, 
condensation of Zn3S3(H2O)6 rings in the presence of excess bisulfide results in the 
formation of Zn4S6(H2O)4

4- clusters with structure found in sphalerite (Luther et al. 
1999). The inferred cluster aggregation-based pathways are shown in Figure 20.  

Luther et al. (1999) suggested that Zn clusters form an amorphous precipitate that 
develops long-range order with further cross-linking. However, as noted above, biogenic  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 20. Diagram showing a series of steps that may convert a hydrated ZnS ion into a Zn3S3(H2O)3 
cluster and then into either a Zn6S6(H2O)9 cluster that could be assembled into the ZnS wurtzite (W) 
polymorph or a Zn4S6(H2O)4

4- cluster that could be assembled into the ZnS sphalerite (S) polymorph. 
After Luther et al. (1999). 
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Figure 21. High-resolution transmission electron microscope image of ferrihydrite or feroxyhite 
formed by the activity of iron-oxidizing bacteria growing in near-neutral pH groundwater (see Banfield 
et al. 2000). Note that the lattice fringes indicate particles within the material are oriented, but 
crystalline regions are separated by space. The structure resembles that proposed for ferrihydrite (see 
Fig. 2), although the size of the pores is slightly different. Insert is a region that has been enlarged and 
Fourier filtered; scale bar = 2 nm (Banfield, unpublished). 

ZnS occurs as very small, crystalline nanoparticles and oriented aggregation-based 
crystal growth involving few nanometer-diameter ZnS nanoparticles occurs. Thus, we 
postulate that sphalerite nanoparticles form due to the aggregation of sphalerite-like 
Zn4S6(H2O)4

4- clusters whereas wurtzite nanoparticles form by oriented aggregation of 
wurtzite-like Zn6S6(H2O)9 clusters. These consideration may be relevant to many 
important minerals that are isostructural with sphalerite and wurtzite.  

Figure 2 illustrates a proposed defect-bearing structure for ferrihydrite (Drits et al. 
1993). Although they were introduced as a way to adjust the model fit to X-ray 
diffraction patterns, such defects seem reasonable. Given that ferrihydrite and feroxyhite 
can coarsen via crystallographically-controlled aggregation (see Fig. 21 and Banfield et 
al. 2000), we speculate that the ferrihydrite particles themselves (with structure analogous 
to that shown in Fig. 2) could form by imperfect aggregation of nanometer-scale clusters. 
Although this is mere conjecture, it does serve to illustrate how nanoparticle assembly 
simultaneously could play a role in structure and microstructure development. 
Possible galvanic interactions in nanoparticle mixtures  

The particle-size dependence of electrochemical interactions is a potentially very 
important, but largely unstudied, aspect of geochemically-significant mineral reactivity.  

Whether a mineral undergoes oxidation or reduction is determined by the rest 
potential if there is only one pair of redox process occurring on a mineral surface (the rest 
potential is the potential an electrochemical system will naturally approach if no external 
voltage is applied). The redox behavior will be determined by the mixed potential if there 
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are multiple redox processes occurring on the surface (the mixed potential is the electric 
potential or voltage of a reacting electrochemical system with two or more different 
redox couples). For example, in the dissolution of copper by ferric ions in strong chloride 
solutions, the mixed potential is the potential for the reaction Fe3+ + Cu → Fe2+ + Cu+. 
Electrical current flows from the higher potential mineral electrode to the lower potential 
one. Many factors can affect the behavior of coupled galvanic cells. The chemical 
compositions of the minerals, solution constituents and pH, and oxygen concentration in 
the solution, etc., all influence the rest (or mixed) potential, the exchange current density, 
and the electrical polarization. 

Because the internal and surface electronic structures of a material can change with 
particle size, it is likely that the rest or mixed potentials also vary with particle size. 
Furthermore, two different sized particles of the same mineral may have slightly different 
potentials (enough to alter their reactivity). If a mineral assemblage contains a mixture of 
nano-sized minerals, each with a range of particle sizes, highly complex behavior may 
result. As the particle size and its distribution vary over time due to nanocrystal growth, 
the behavior of the galvanic cells may change over time. For instance, the magnitude of 
the current of a cell, and even the flow direction of the current, may alter if components 
within the nanoparticle assemblage coarsen at different rates.  

Where might this be important? As discussed above, biological activity can result in 
the simultaneous precipitation of mixtures of nanoscale sulfide minerals under certain 
conditions. Each mineral will exhibit a particular particle size distribution, dependent on 
the solution composition, bacterial activity, rate of crystal growth, and the nature of 
electrochemical interactions between the particles. These electrochemical reactions could 
lead to oxidation of one type of nanophase sulfide mineral of a certain size, and reduction 
of another type of nanophase sulfide particle or other species in the solution. In this way, 
a tremendous number of mineral-solution-mineral galvanic cells could develop, with 
potentially significant impact on dissolution kinetics, growth kinetics, and the mixture of 
phases observed. In addition to environmental relevance, these processes may shape the 
mineralogy of low-temperature ore deposits.  
Microstructure development in nanocrystals  

Virtually all minerals contain defects. In addition to point defects (e.g., vacancies 
that exist in a thermodynamically determined equilibrium number, impurities etc.), 
macroscopic minerals contain line defects (dislocations), and planar defects such as 
stacking faults, antiphase boundaries and twins. Intergrown layers of different structure 
or composition, and polytypic disorder also may be present.  

Although point defects certainly occur in nanoparticles (and unusual coordination 
sites are probably common in some very small nanoparticles), it is generally agreed that 
nanocrystals do not contain dislocations or other extended defects because the energetics 
of these features are significant and diffusion distances are small. So (in the absence of 
deformation), given that all big crystals start out small, where do dislocations and planar 
defects in macroscopic materials come from? 

It is probably true that the “as formed” na noparticles do not contain dislocations (see 
Waychunas, this volume). However, high-resolution transmission electron microscope 
studies show that nanocrystals (e.g., ~3 nm size) certainly do contain dislocations, twins, 
and stacking faults. These may arise due to mistakes during atom-by-atom coarsening of 
primary nanoparticles. However, a more obvious source is evident.  

Nanoparticles, especially those relevant in low-temperature environments, are often 
rather insoluble compounds (oxides, phosphates, sulfides), thus aggregation-based 
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growth may be favored under many conditions. Aggregation-based growth has been 
shown to be the source of a diversity of microstructures in minerals. Firstly, Penn and 
Banfield (1998a) showed that oriented aggregation of nanocrystals with surface steps 
results in the introduction of dislocations at low angle grain boundaries (subsequent 
diffusion-based recrystallization removes traces of the individual particles, yielding a 
single crystal containing a dislocation). This is illustrated in Figure 22. Formation of 
dislocations at boundaries between coalescing islands in epitaxial films has also been 
discussed (Cheung et al. 2001). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22. Transmission electron microscope image of an single anatase crystal formed by oriented 
aggregation. Crystal margins are marked with arrows tips; a subset of the particles that formed the 
aggregate are numbered. Dislocation positions are indicated by arrows (view at low angle). The 
diagram on the right illustrates formation of an edge dislocation at an interface where one particle 
(black) has a surface step (Penn and Banfield, unpublished; see Penn and Banfield 1998). 

Penn and Banfield (1998b, 1999) and Banfield et al. (2000) demonstrated that twins 
and structurally distinct slabs are generated when oriented aggregation involves an 
interface for which coherence can be obtained in more than one orientation. Multiple 
aggregation events, perhaps in combination with screw dislocation-based growth, can 
generate complex polytypes and structural intergrowths (Penn and Banfield 1998). 

Formation of point defects as the result of aggregation-based growth is more difficult 
to establish because of the difficulty in detecting such features in nanoparticles. However, 
it seems probable that aggregation based growth involving nanoparticles with surface-
adsorbed ions will result in impurity sequestration (Banfield et al. 2000; also see Furer 
1993). The chemistry of some natural nanomaterials supports this inference (Fowle et al. 
2000; Fowle et al., in prep.). However, the validity of this hypothesis awaits experimental 
confirmation.  

SOME RESEARCH OPPORTUNITIES AND CHALLENGES 

The geoscience community has been working on nanoparticulate materials for many 
decades and has made remarkable progress towards understanding the “bulk” structures 
of finely crystalline silicate clays and oxyhydroxide, oxide, and hydroxide minerals. 
More recently, the application of spectroscopic methods has revealed a great deal about 
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the nature of surfaces and surface sites on these particles. However, much remains to be 
learned! We have only scratched the surface in our attempts to understand the size-
dependence of structure, physical properties, and reaction kinetics for nanoscale planetary 
materials. There are many possible challenges and future research. Here are just a few: 

Synthesis of materials suitable for quantification of size-related phenomena . In 
order to employ the characterization tools necessary to make detailed measurements, 
sufficient quantities of single phases with tightly controlled sizes and dispersion states are 
required. Partnerships with materials chemists working on materials synthesis problems 
will be important. Simultaneously, materials chemists should be encouraged to turn their 
skills to creation of materials relevant to nanogeoscience investigations. Problems that 
might be investigated using such materials include the size dependence of 
thermodynamic properties, the size dependence of surface adsorption, size dependent 
galvanic interactions, and the nature of solution layers surrounding nanoparticles.  

Characterization of naturally occurring and synthetic nanoparticles in order to 
determine the variation in bulk and surface structure and properties with particle size. 
Most techniques provide valuable insights about some specific characteristic. Some 
methods (such as transmission electron microscopy) provide information about several of 
characteristics. Clearly, future studies require integration of as many approaches to 
characterization and modeling of nanoscale systems as possible. Specifically, direct 
methods such as high-resolution electron microscope-based imaging and nano-diffraction 
characterization and nanoscale major element compositional analysis (suitable for 
consideration of individual nanoparticles) should be combined with methods that provide 
information about oxidation state, site geometries, and surface structural characteristics 
(e.g., X-ray-based methods; see Waychunas, this volume; and NMR, Casey et al., this 
volume). Simultaneously, information about the energetics of nanoparticles is essential 
(see Navrotsky, this volume). Approaches that provide single particle or near-single 
particle resolution may have particular significance (X-ray and other synchrotron-based 
microscopies; see Jacobs and Alivisatos, this volume). However, these data are 
insufficient. Spectra from small quantities of nanomaterials are difficult to interpret. They 
often suffer from size-related broadening and are complicated by loss of atomic 
symmetry due to surface-related stain. In order to extract detailed size-dependent 
structural parameters, iteration between measurement and data prediction is essential. For 
example, prediction of atomic coordinates in very small particles via energy-
minimization structure modeling (see Rustad et al., this volume); input of resulting 
coordinates into programs that accurately calculated adsorption spectra, and comparison 
with measured spectra is needed. Better computational methods for predicting structural 
distortions in small particles will be of great importance.  

Nanoparticles in complex, organic-inorganic systems. Organic molecules are 
sufficiently abundant in many environments that they can impact crystallization and 
particle aggregation. Of special interest are mixed organic-nanoparticle materials likely to 
be encountered in biomineralizing systems. Examples include macroorganisms that 
deposit inorganic-organic composite materials such as bone, and microorganisms that 
create exquisite single crystals patterned at the nanometer scale. Analysis of the 
interacting roles of macromolecules and small organic molecules that participate in self 
organization of nanoparticles to form superperiodic arrays and, perhaps, single crystals 
may greatly improve our understanding of how detailed control of morphology 
development is achieved. This knowledge holds additional geological relevance due to 
the connections between evolution of organisms and the macromolecules they produce 
and their fossil record.  

Self-organization of nanoparticles. Study of the ordering of small crystals to form 
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larger crystals has been confined primarily to consideration of synthetic materials of 
technological value (e.g., quantum dots). Although a subset of these materials occur 
naturally, the importance of analogous processes in naturals systems has received only 
patchy attention. Considerable effort has been devoted to the study of 
flocculation/aggregation, including the generation of structures with fractal geometries 
(e.g., colloidal gold; Saunders and Shoenly 1995). However, the interactions between 
nanoparticles during assembly requires detailed analysis. Furthermore, the degree to which 
crystallographically specific oriented assembly contributes to crystal growth in low 
temperature and higher temperature systems requires further analysis. Much remains to be 
learned about consequences of oriented assembly for growth kinetics and microstructure 
development.  

Clusters in the environment and early crystal growth. Molecules with sizes that are 
intermediate between aqueous ions (few Å) and nanoparticles (> ~13-15 Å) are probably 
abundant and important in many natural environments. However, they are relatively 
unstudied because of the challenges associated with their characterization. Recent work 
by Furer (1993), Luther (1999) and others (see Casey et al. this volume) amplifies 
suggestions made in earlier studies that large clusters may account for much of what is 
measured as “dissolved” ions in certain environments.  

Size-dependent nanoparticle reactivity. Large clusters/small nanoparticles are 
probably among the most reactive components in natural systems. How common are 
they? Are they formed biologically or inorganically? What is their fate? The long-term 
impact of very small nanoparticles will depend largely upon their fate. Clusters may 
combine to form nanoparticles or contribute to growth of existing nanoparticles. They 
may be stabilized by adsorption of organic molecules or other ions, and/or flocculate to 
form colloids. Because of their small size, the smallest nanoparticles should dissolve 
readily, potentially leading to rapid release of toxic ions when conditions change. 
Ultimately, understanding the role of nanoparticles in natural systems requires 
determination of the form of nanoparticles (e.g., crystalline or amorphous or in 
between?), their phase stability (e.g., metastable or size-induced stable phase?), surface 
reactivity (e.g, tendency to adsorb inorganic or organic ions?), aggregation behavior (e.g., 
reversible flocculation or irreversible aggregation-based crystal growth?), physical 
properties (e.g, size-dependence of redox potential, thus selective stabilization or dis-
solution due to biological and geochemical processes?), magnetic properties (e.g., 
isolated superparamagnetic particles or interacting single domains?), size-dependent 
optical properties and electronic properties?, size-dependent surface catalytic reactivity 
(e.g., do nanoparticles adsorb light and catalyze organic degradation?), physical reactivity 
(unusual defect microstructures?), etc.  

Nanoparticle transport in aqueous systems.  Nanoparticles are intermediate in size 
between most clay-sized materials (and colloids) and molecules. Their transport behavior 
should vary accordingly. Important factors will be nanoparticle size and aggregation 
state. However, size-dependent surface properties may lead to unanticipated behavior. 
This could arise, for example, due to modified surface reactivity compared to 
macroscopic equivalents. Most research on transport of submicron-scale materials has 
dealt with larger particles or colloidal aggregates. Specific consideration of transport of 
very small particles may be worthwhile.  

In conclusion, nanoparticles are special because their size ensures that they behave in 
some ways like crystals and in other ways like molecules. Moreover, because they are 
neither, they possess characteristics not found in either ions or macroscopic materials. 
Much remains to be learned about nanometer-scale solids and their size-dependent 
behavior, and the importance of these phenomena in natural systems. We hope that this 
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chapter and volume stimulate research efforts on these and related topics.  
Note added in press  

Shen and Lee (2001) report formation of {111} twins in ZrO2 as the result of 
aggregation-based  crystal growth in nanoparticles formed by laser ablation condensation.  
They directly observed the tetragonal to monoclinic phase transformation induced by the 
electron beam and showed that reaction is initiated at these twins.  
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