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Abstract: Nanoparticles are metastable relative to the equivalent bulk material due to the positive excess
interfacial free energy (IFE). Previous studies have shown that, with increasing surface interaction strength,
the IFE diminishes but remains positive. We describe an experimental multicomponent system in which a
nanoscale ZnS material is thermodynamically favored and can be formed at the expense of bulk ZnS. In
17 M sodium hydroxide solution, at 230 °C, both 3 nm ZnS nanoparticles and bulk ZnS are transformed
into sheetlike nanocrystals with a ZnS polytype structure. Our results are theoretically compatible with the
concept of a negative IFE, although not with the assumption of constant interface composition. We clarify
the meaning of an effective negative IFE and present the necessary conditions for strong chemical surface
interactions to stabilize nanoscale inorganic materials relative to bulk matter. Our results show that synthesis
methods employing thermodynamic controls can produce nanomaterials with novel morphology.

Introduction can stabilize high energy termination surfaces of nanoscale
particles. However, as discussed in more detail below, the
stabilization of nanoparticles relative to bulk materials requires
both the introduction of a formally negative interfacial free

The synthesis of nanoparticles with a single size and
morphology is one of the most significant challenges in
nanotechnology-2 The difficulty arises because nanoparticles L N
are normally metastable relative to the equivalent bulk material. energy (IFE) terthand a destabilizing free energy contribution

Due to the thermodynamic tendency for growth, a finite size that is grgater fPr smaller dimensions and which p.revent.s
distribution of metastable nanoparticles cannot be avoided complete dissolution. Such systems have been long realized with

without sophisticated controls on growth kinetics. In general Iquid—liquid colloids (microemulsions). However, the situation
chemical syntheses, capping ligands are introduced to “arrest’'S More complex with soliglliquid colloids (nanoparticle
growth and thus limit particle siZeA desirable alternative ~ SUSPENSions), because interactions at the surfaces of nanocrys-
strategy would be to realize an equilibrium system in which a tallites can involve strong chemical bondlpg and pomposmonal
nanophase with a certain size is thermodynamically stable, sochanges, and both the surfaces and the interaction on them are
that precursors with other sizes (including bulk) will transform 9€nerally anisotropic.
into this nanophase spontaneously. Although modern nanoparticle synthesis methods commonly
The concept of a thermodynamically stable inorganic nanophaseinvolve strongly coordinating ligands that both modify precursor
material is well-known in materials and colloid science but reactivity and coat the surface of the growing nanoparticle to
remains poorly defined and lacks convincing experimental achieve highly monodisperse size distributions, such syntheses

evidence. The central premise is that strongly adsorbing speciesare usually under kinetic and not thermodynamic control. Several
investigators have speculated that nanoparticle stability may be

I_(L?hmese ACBadErTy OLS_CIGH??_S-D thermodynamically enhanced by strongly adsorbing surface
awrence Berkeley National Laboratory. S d0-12 - - -
8 University of Science and Technology Beijing. spec_lesl.. Furthermore, reactive IlganQS can narrow the size
(1) Colvin, V. L.; Schlamp, M. C.; Alivisatos, A. MNature 1994 370, 354. distribution of Au® and Pb$* nanoparticles and switch Co
(2) Dabbousi, B. O.; Rodriguez Viejo, J.; Mikulec, F. V.; Heine, J. R;;
Mattoussi, H.; Ober, R.; Jensen, K. F.; Bawendi, M.JGPhys. Chem. B
1997 101, 9463. (9) Lodziana, Z.; Topsoe, N. Y.; Norskov, J. Klature Materials2004 3,
(3) Teranishi, T.; Miyake, MChem. Mater1998 10, 594. 289 2004.
(4) Somorjai, G. Alntroduction to Surface Chemistry and Catalydi¥iley: (10) Leff, D. V.; Ohara, P. C.; Heath, J. R.; Gelbart, W. JM.Phys. Chem. B
New York, 1994. 1995 99, 7036.
(5) Lyklema, J.Fundamentals of Interface and Colloid Science. Volume I: (11) Vayssieres, L.; Chaneac, C.; Tronc, E.; Jolivet, 1J.FColloid Interface
FundamentalsAcademic Press: London, 1991. Sci. 1998 205, 205.
(6) Zhang, H.; Banfield, J. K. Mater. Chem1998 8, 2073. (12) Mladenovic, I. L.; Kegel, W. K.; Bomans, P.; Frederik, P. 81.Phys.
(7) McHale, J. M.; Auroux, A.; Perotta, A. J.; Navrotsky, Bciencel997, Chem. B2003 107, 5717.
277, 788. (13) Stoeva, S.; Klabunde, K. J.; Sorensen, C. M.; Dragievd, Am. Chem.
(8) Cushing, B. L.; Kolesnichenko, V. L.; O’'Connor, C.Ghem. Re. 2004 So0c.2002 124, 2305.
104, 3893. (14) Hines, M. A.; Scholes, G. DAdv. Mater. 2003 15, 1844.
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between nanocrystal and cluster complex statdwough a in wate#® can be coarsened to form bulk sphalerite ZnS-##0
process termed “digestive ripening”. Moreover, both kinetic and M NaOH under hydrothermal conditions at 23D in less than
thermodynamic controls on the size and shape of semiconduct-7 days. The transformation of 3 nm ZnS into bulk zZnS is
ing nanoparticles have been identified in high-resolution TEM demonstrated by X-ray diffraction (XRD) (step I, Figure 1a).
studies of nanoparticles synthesized under varying condi- In contrast, hydrothermal treatment of 3 nm ZnS in an extremely
tions16.17 These results are suggestive of a free energy driving basic solution (17 M NaOH) for over 60 days does not produce
force for nanopatrticle formation, but none have unequivocally bulk ZnS but creates a new phase of nanoscale material (step
shown that the resulting nanophase is more stable than the bulkl, Figure 1a). The XRD data from this material are not
phase. In this paper, we provide clear experimental proof that consistent with any known zinc oxide, zinc hydroxide, zinc

a thermodynamically stable system containing an inorganic sulfate, or zinc sulfite phase. Furthermore, we also observe that
nanophase can be realized through the discovery that a ZnSreatment of bulk ZnS under identical conditions also leads to
polytype with a nanosheet morphology is the reaction final state the formation of the same nanoscale material (step Ill, Figure
in 17 M NaOH. Our results are consistent with the concept of 1b). Thus the same final state is produced from two different
negative interfacial free ener§yqut we show that this concept  directions (from bulk ZnS and from ZnS nanoparticles), and
is meaningful only in specific circumstances. we believe the final reaction state (i.e., nanosheets in contact
with this very basic solution) represents chemical equilibrium
and the minimization of the Gibbs free energy of the whole
Nanoparticle Synthesis and Transformation.ZnS nanoparticles system. The nanosheets can be removed from the reaction vessel,

(3 nm) were synthesized in water by dropwise addition of 0.01 ¥8Na  washed, and analyzed, although they are metastable under
to 0.01 M Zn(NQ),+6H.0 at room temperature. Bulk and nanosheet gmpient conditions.

ZnS were obtained by treating 3 nm nanocrystalline ZnS in NaOH We verified by energy-dispersive X-ray (EDX) fluorescence

aqueous solution at 23 and 2.8 MPa in hydrothermal bombs. After ts that th h . d v of
hydrothermal treatment, samples were quenched to room temperature.measurerm':‘n S that the new nanophase IS composed purely o

The solid material was separated by centrifuging and quickly washed Zn and S, with negligible O (Figure 2a, inset). We attribute the

with excess ethanol to remove the basic solution without altering the Small amount of detected O to surface zinc hydroxyl groups,
nanosheets. which are known to form on the surface of ZnS nanoparticles

ZnS is poorly soluble in 17 M NaOFf and we ensured that ZnS  synthesized under basic conditicisas well as NaOH not
was present in excess in each experiment (0.75 g of ZnS in 15 mL of completely removed by the washing st@previous work
17 M NaOH). Partial dissolution of the solid ZnS formed a saturated shows that ZnS cannot be oxidized under basic conditions and
solution, while the remaining ZnS formed nanosheets. In the paper, that hydroxyl groups are not incorporated into the ZnS structure
“17 M NaOH" actually refers to this saturated solution of ZnS in 17 oyen under extreme hydrothermal conditions, up to 500 atm,
M NaOH. Elemental analyses of the supernatant from bulk ZnS treated 600°C, and 15 M NaOH822 Furthermore, after heating this
for 6 days and 60 days show that the concentrations 8f #nthe nanopﬁase at 90T in a vacuum, XRD gavé the typical pattern

supernatant are the same (0.0156 mol/L), showing that equilibration . : .
of ZnS with the solution is achieved in less than 6 days. for pure bulk sphalerite ZnS with no additional phases (step

The experiment was designed to verify that nanosheet precipitation IV, Figure 1a).
occurred during the hydrothermal treatment and not during temperature ~ Transmission electron microscope (TEM) observations show
quenching. A temperature gradient was formed within the reaction the nanophase has a sheetlike morphology, with lateral dimen-
vessel, and we observed nanosheet formation at a single location. Asion exceeding 600 nm (Figure 2a). Low-magnification images
more uniform distribution of the nanosheet material would be expected from scanning electron microscopy (SEM) confirm that pure
if precipitation occurred only during the quenching phase. ZnS nanosheets with high homogeneity in their morphology are

X-ray Diffraction. A Rigaku Rint D/max 2500 diffractometer  hq gole reaction product (Figure 3 and supplementary Figure
operated in BraggBrentano geometry with Cu K radiation ¢ = S1). Selected area electron diffraction (SAED) patterns reveal

1.5406 A) was used to identify the crystal structures of initial and dividual heets to be singl tal ith is of
coarsened samples. If the full width at half-maximum (fwhm) intensity Individual nanosheets 1o be single crystals, with an axis o

of each peak is equal to the machine resolution, the sample can be€x@gonal symmetry perpendicular to the plane of the sheet
regarded as bulk material. (Figure 2a inset). The SAED pattern can be indexed as the [001]

High-Resolution Transmission Electron Microscopy HRTEM zone axis of hexagonal wurtzite-type ZnS crystal. High-
analyses were performed using a JEOL JEM2010 HRTEM. Samples resolution TEM images show that the nanosheet phase maintains
were prepared for HRTEM study by dispersing ZnS powders onto a the close-packed ZnS structure (Figure 2b). Combined with
holey carbon support. TEM results, the XRD pattern of this nanosheet can be
interpreted to represent a superlattice with hexagonal symmetry.
The cell parameters of this hexagonal systemaare 3.83 A,

The experimental framework is shown in Figure 1d. Under almost the same as standard wurtzite ZnS, amd 24.14 A,
most conditions, nanoparticles are thermodynamically metastablewhich is 96.4% of the dlength in 2H-wurtzite ZnS. A possible
with respect to the bulk and will spontaneously grow to form packing sequence of nanosheet ZnS along thexis is

bulk material in the absence of kinetic barriers to coarsening. { . ABCABACB.} or some other close-packed polytype se-
Accordingly, we find that 3 nm ZnS nanoparticles synthesized

Experimental Section

Results

(19) Huang, F.; Zhang, H.; Banfield, J. . Phys. Chem. R003 107, 10470.
(15) Samia, A. C. S.; Hyzer, K.; Schlueter, J. A.; Qin, C. J.; Jiang, J. S.; Bader, (20) Gilbert, B.; Huang, F.; Lin, Z.; Goodell, C.; Zhang, H.; Banfield, J. F.

S. D.; Lin, X. M. J. Am. Chem. So®005 127, 4126. Nano Lettersaccepted.

(16) Jun, Y. W.; Lee, J. H.; Choi, J. S.; CheonJJPhys. Chem. BR005 109, (21) Some oxygen can be detected with EDX, between 4 and 9% for different
14795-14806. areas of a single crystal of nanosheet, indicating that the O signal is not

(17) Lee, S. M.; Jun, Y. W.; Cho, S. N.; Cheon,JJ.Am. Chem. So002 from within the nanocrystal lattice, but from surface OH absorption
124, 11244-11245. incompletely removed by the washing steps.

(18) Laudise, R. A,; Ballman, A. AJ. Phys. Chem196Q 64, 688. (22) Scott, S. D.; Barnes, H. IGeochim. Cosmochim. Acfiéd72 36, 1275.
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Figure 1. XRD data (a, b, c) and diagram (d) showing the transformation relations among 3 nm ZnS (blue curves), bulk ZnS (orange curves), and nanosheet
ZnS (green curves). The XRD data from the new ZnS nanosheet phase is indexed as follows: peak (002jcat=712007 A), (006) at 22.30(d = 4.02

A), (100) at 26.95 (d = 3.31 A), (008) at 29.6(d = 3.02 A), (110) at 47.65(d = 1.908 A). The peaks at 26.9and 47.68 fit the (100) and (110) peaks

of hexagonal wurtzite ZnS exactly, indicating that the structures of the nanosheet and wurtzite phases are the samplanthel he transformation from

bulk to nanosheet ZnS is not complete, as the XRD data obtained from this material (b, black curve) is equivalent to a sum of the patterns from pure bulk
ZnS and the nanosheet ZnS given in, as shown in (c).

qguence, rather than the standard sequence of wurtzite ZnSthe initial bulk material plus a nanophase material that is
{...ABAB.}. For more details see the XRD and wide-angle structurally and morphologically indistinguishable from the
X-ray scattering (WAXS) analysis in supplementary Figures material obtained from the nanoparticle precursor.
S2-S4. The Miller indices of the main XRD peaks are shown
in Figure la. The intensity of the (002) peak is superstrong
because the sheetlike morphology leads to a strong effect of Our observations are consistent with an effective negative
preferred orientation in the (001) plane. It is difficult to |FE for the close packed ZnS (001) surface. The Gibbs free
determine the thickness of the nanosheet through TEM observa-energy of nanoparticles is the sum of the Gibbs free energy of
tion. AFM measurements indicate a sheet thickness of ap- bulk materials and an interfacial term that is the producg,of
proximately 20 nm, consistent with Scherrer analysis of the the IFE, and the surface are®a57
width of the XRD (002) peak®

Our TEM and XRD measurements show that the nanophase Grao= Gk 4 A (1)
materials obtained by the hydrothermal treatment of ZnS in 17
M NaOH are equivalent whether ZnS nanoparticles or bulk ZnS At a certain pressure and temperature, a reaction can only

are chosen as the starting material. In each case, a material withy,ontaneously proceed from a state with higher free energy
cubic symmetry is transformed |ntol ZnS nanosheets' with (metastable phase) to a state with lower free energy (stable
hexagonal symmetry. The transformation from bulk ZnS is not pnase). Consequently, the experimental results show that ZnS
complete in our samples, but the XRD and TEM data (Figure nanosheets with a close-packed (CP) polytype structure have

1c, d and Figure 2c, d) can be interpreted as a combination of|gwer molar free energy than bulk sphalerite (Sph) ZnS, i.e.,
nano bulk : H
(23) Jenkins, R.; Snyder, R. Introduction to X-ray Powder Diffractometry cp = GSPh' Bulk sphalerite ZnS is the stable bulk phase at

John Whiley and Sons: New York, 1996. 230 °C under neutral conditions, and other close-packed ZnS

Discussion
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keV - . P
Figure 2. TEM images showing ZnS nanosheets formed at Z30n 17 M NaOH. Large scale (a) and high resolution (b) images of sample formed by
hydrothermal treatment of 3 nm ZnS for 60 days. Large scale (c) and high resolution (d) images of sample obtained by treating bulk ZnS for 75 days. Image
¢ shows the coexistence of bulk and nanosheet ZnS. Selected area electron diffraction (SAED) and energy-dispersive X-ray (EDX) fluorescence data ar
given as insets to images a and c. Crystallographic axis directions are indicated on high-resolution images b and d. Scale bar: 150unm(¢) 305
(b, d).

coverage, it has been shoffrthat y is dominated by the
chemical potential of the adsorbaiggs

Yy="Yo— (auads_ :u;dgrmax 3

whereu,is defined as the value for whigh= yo, and'max
is the saturated surface adsorbate density. In our system, the
chemical potential of the adsorbate can be express@d as

/uNaOH,adsz /"NaOH,sqution: Ug + RTIn(aNaOH) (4)

Thus, increasing the activit§yaon leads to an increase in
Uads N principle, whenayaon is high enoughy < 0 can be
achieved. This condition is attainable in microemulsions, and
Figure 3. SEM image of an aggregate of ZnS nanosheets, formed by recent density functional theoretical simulations concluded that

treating ZnS nanoparticles at 23C in 17 M NaOH. The thickness of the : _ -
nanosheets observed in SEM images is consistent with the 20 nm vaIuecorm:)le'[e coverage of water in the-Al20; (10-2) surfaces will

obtained from X-ray diffraction peak with broadening. Additional SEM lead to an effective negative IFE of the whole systémAl ;03
images are given in Figure S1. + H,0)2 The present data are the first experimental demonstra-

tion that this effect can drive an inorganic material from bulk
structures are metastable @@‘,’)'ﬁ < GX¥ The present experi-  to nanoscale dimensions.

mental observations show that Several arguments have been made against the validity of
the concept of an effective negative IFE at seliduid interface
nano _ Gk(J:L:DIk +yA< GréuF!k @) in the presence of strong chemical interactions, and we discuss

these in turn. One argument against the formation of a stable
material with an effective negative surface energy is the
which implies thaty < 0. assumption that disintegration of the bulk phase will continue
In general, energetically unfavorable dangling bonds on the until complete dissolution. However, as shown by earlier
surfaces of materials are the reason for the existence of excesslescriptions of thermodynamically stable microemulsins,
positive IFE. According to Gibbs’ adsorption law, surface
adsorption always acts to lower the IFE from the value for a (24) Zhang, H.; Gilbert, B.; Huang, F.; Banfield, J.Nfature2003 424, 1025.

L . o i (25) Stol, R. J.; De Bruyn, P. L1. Colloid Interface Sci1979 75, 185.
pristine interface,yo. Under conditions of high adsorbate (26) Overbeek, J. Th. Graraday Discuss. Chem. Sat97§ 65, 7.
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Figure 4. lllustration of the influence of nanosheet thicknedsgnd destabilization coefficienb) on the thermodynamic parameterandyA, under the

conditions of low activity ¢Pu* > 0) and high activity ¢P“k < 0). Forb < 0, y decreases monotonically with decreasing particle thicknesyAmicreases

with the thickness at all concentrations (Figure 4a and b). The solid will disintegrate completely in this situatiory Boy is independent of thickness

and the bulk phase is thermodynamically stable for most normal conditions (Figure 4c), but in the presence of a very strong surface inteeaotioes

negative and the material will completely decompose (Figure 4d). Casgésage not supported by our experimental observations, while thelcas®

provides a consistent explanation. Under normal conditiphtd<(> 0), yA increases with particle thickness, thus the bulk phase is thermodynamically stable
(Figure 4e). When strong surface interactions leaghtts < 0, the size/thickness effect has the tendency to incrgdsesmall thicknesses. Therefore the
productyA (and hence the free energy) has a minimum value at a certain point between bulk and extremely small nanoscale (Figure 4f), where the material
is thermodynamically stable.

theoretical treatments of inorganic colloi#fsand recent DFT Figure 4 illustrates the thermodynamic relationships between
simulations? the presence of an additional, size-dependent bulk and nanoscale phases of a material for different values of
energetic term in the pristine IFEy, that contributes more  the parametergags (adsorption effect) andb (size/thickness
strongly at smaller particle sizes is sufficient to stabilize the effect). Under most scenarios, fine grained ZnS will either
system before complete dissolution. A simple thermodynamic coarsen to form bulk ZnS (the normal situation) or disintegrate
model demonstrates that the stability of the ZnS nanosheetscompletely. However, when strong surface interactions lead to

involves competition between these terms. ybuk < 0, and the size effect has the tendency to incredes
The simplest description of size effect on the IFE is given small thicknesses, the produgh (and hence the free energy)
by has a minimum value at a certain point between macroscopic

and nanoscale dimensions (Figure 4f). At this point, the whole
7 =70+ b0 — (Uags— HagdTmax= """+ bI6  (5) system is thermodynamically stable, and thus nanosheets can
be stabilized at a small but finite thickness. We observe that
where y5" (ybu%) is the pristine IFE associate with the the nanosheet thickness decreases with increasing temperature
surfaces of bulk material without (with) surface adsorption, and (Figure S5), supporting our explanation as surface energies
0 is the thickness of the nanosheet. The thickness-dependentormally decrease with temperatdnahich would cause a lower
contribution toy is the termb/d, whereb is a constant, which  yqin eq 3.
is a plausible representation of a destabilizing physical interac-  The anisotropy of crystal structure leads to different numerical
tion 2’ values of both pristine interfacial energies and adsorption

— : enthalpies for different termination faces of a mateti&P In
(27) In the present system, the nanosheets are stabilized at a thickness around

20 nm (the lateral dimensions are apparently unconstrained). Consequently,
we infer the presence of repulsive Coulombic or dipolar electrostatic (28) Israelachvili, Jintermolecular and Surface Force8cademic Press: San

interactions between the charge distributions at the (001) ane1(00 Diego, CA, 2000.

surfaces. The associated interaction energies have thebioror exp(— (29) Zhang, H.; Huang, F.; Gilbert, B.; Banfield, J. F.Phys. Chem. R003
bo), respectively, wheré is the nanosheet thickness ands a positive 107, 13051.

constari® (30) Hamad, S.; Cristol, S.; Catlow, C. R. A.Phys. Chem. B002 106, 11002.
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our system, the ZnS (001) face is the dominant surface in the of size and morphology. The particle morphology will be

nanosheets. We surmise that crystal faces which exhibit a netdetermined by the set of nanocrystal faces that are stabilized,
excess charge (e.g., ZnS (001)) may permit more completeand hence the formation of both nanorods and nanoparticles is
saturation by adsorption of ions than faces with no excess charggeasible with this approach. Semiconductor nanomaterials can
(e.g., ZnS (110), the cleavage face). be produced on a large scale and without substrate offering novel
materials for optoelectronic devices and sensors. Due to the
potentially high homogeneity of the product, a combination of

IFE is the conclusion that it actually indicates that no pure ZnS X .
phase is truly thermodynamically the most stable material growth and self-assembly may permit the formation of ordered
" 3D nanostructures.

Rather, because the chemical species formed by the interaction _

of the inorganic surface and the adsorbate is energetically Conclusion

favorable, it represents an attempt to form some other, more We report that by hydrothermal growth of nanocrystalline
stable phase. As the formation of ZnO is not thermodynamically ZnS under strongly basic conditions, a ZnS polytype with a

A further objection to the concept of an effective negative

favored for the hydrothermal conditioRsthe dominant equi-  Nanosheet morphology is formed instead of bulk ZnS. Our

librium is experiments show the nanosheets to be the equilibrium form of
ZnS under the solution conditions, permitting a theoretical

ZnS (s)+ 4NaOH (aqy— description involving an effective negative interfacial free

energy. The experimental observation of a material with a
formally negative IFE is possible due to thee factors: strong
chemical interactions that stabilize one face of the ZnS crystal,

Crucially, under the experimental conditions, bothElzO, a size-dependent destabilizing energetic term that prevents
and Na$S are much more soluble than ZnS. Consequently, the cOmplete disintegration of the nanosheets; and the high solubili-
system reaches equilibrium when the solution is saturated t€s of alternative compounds that prevent their precipitation in
relative to the precipitation of ZnS (as nanosheet) but is not Place of the ZnS nanosheets.
saturated relative to the precipitation of any alternative phase Acknowledgment. Thanks to an anonymous reviewer for
of material. Thus, thermodynamic stability is only defined with helping with the discussion of the concept of negative IFE.
reference to the system as a whole. Indeed, we emphasize thafhanks also transfer to Professor Jillian Banfield and Dr.
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inorganic nanoparticles, it is not the only approach available Academy of Science. We thank Feng Bao and Lihua Zhou at

and may be misleading if not presented in a complete fd#h.  the Fujian Institute of Research on the Structure of Matter,
. . . Chinese Academy of Sciences for helping with the TEM and
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tates under all conditions tested. By contrast, as shov@OM

Figures S6 and S7, nanoparticles of ZnO are formed when bulk

_T_EO g;ﬂlns d.a re hydrotfh?fr]mally;reateq m” a stug?ble soluﬂon. nanosheet structure via the real-space pair distribution obtained
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N&a,Zn0, (s) + Na,S (s)+ 2 H,0 (6)
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