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During the synthesis of ZnS powders by wet
chemical precipitation, the formation of nano-
porous spheres is observed. The powders have
been investigated using thermogravimetric ana-
lysis, X-ray diffraction and optical spectro-
scopies. Nanopore formation can be explained
by several stages of growth. The formation of
nanoparticles as primary particles is followed by
their agglomeration forming secondary parti-
cles. These secondary particles are monodis-
persed spheres with a considerable porosity,
because the agglomeration of the nanoparticles
is unlikely to be volume-filling. The voids or
nanopores formed by this agglomeration process
in the secondary particles is estimated to com-
prise around 35% of the sphere volume. They
are mainly filled with water and the residues of
the chemical reagents. Water in the pores
partially reacts with ZnS and forms hydrated
sulphates. The chemical reagents used for the
precipitation reactions are also found to be
bound to the nanocrystallite’s surfaces as ligands
in some cases. Depending on the reaction con-
ditions and reagents, the agglomeration of the
nanoparticles can also be modified or hindered
by the use of complexing agents acting as a
sterically stabilizing surface layer on the nano-
crystallites. The agglomeration of nanoparticles
to larger units being a general phenomenon, this
use of complexing agents to control pore forma-
tion and agglomerate size should be applicable to
other nanocrystalline systems.# 1998 John
Wiley & Sons, Ltd.
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INTRODUCTION

Zinc sulphide, cadmium sulphide and other semi-
conducting II–VI compounds are applied for a wide
variety of technological purposes such as the
manufacture of pigments, phospholuminescent
screens and optoelectronics. For many of these
purposes, particles in the form of powders or
colloidal suspensions are used, e.g. to deposit films.
The optical and material processing properties are
largely dependent on the particle size and form, due
to exciton confinement1 and resonance effects.2

Spherical zinc sulphide (ZnS) particles and other
related materials such as cadmium sulphide have
been synthesized by precipitation from homoge-
neous solutions. This technique has been studied
intensively for ZnS since the mid-1980s.3 Since
then, numerous synthetic methods have been
developed, leading to homogeneous size distribu-
tions by controlling nucleation or diffusion rates of
primary crystallites.4–7 However, little was known
about the internal structure of the spherical particles
formed by these reactions except for the size of the
primary crystallites and the final particles. Also,
most of the surface chemistry of the crystallites
remained obscure, though a high content of carbon
and oxygen atoms was observed in such particles.7

Recently, we have investigated in detail the
influence of complexing agents on the particle
morphology.8 It was shown that organic groups
may bond to metal atoms on the crystallite surfaces.
They are acting as surface ligands and are of the
utmost importance for the aggregation behaviour of
the primary crystallites. In this work we focus on
the porosity created by this aggregation and analyse
the organometallic complexes adsorbed on the
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nanocrystallitesand their influenceon the particle
morphology.

EXPERIMENTAL

ZnS powder was preparedby homogeneouswet
chemicalprecipitationfrom thioacetamide(TAA)
and zinc chloride (ZnCl) in aqueoussolution as
describedin detailelsewhere.4,5,8Unlessotherwise
stated,we refer to the powder producedby this
methodthroughoutthis paper.Precipitationroutes
involving other educts and ligands are also
describedin Ref. 8. All chemicalswereof reagent
gradeand usedwithout further purification. Aqu-
eous solutions were filtered with a 0.2mm filter
beforetheexperiment.

Gas adsorptionmeasurementswere performed
on Micromeritics Gemini (BET) and ASAP 2010
(BET, BJH) apparatus.Powderswere heatedin
nitrogen (Gemini) or vacuum (ASAP 2010) for
somehours before measurementswere taken, in
orderto removemoisturethat might clog pores.

InfraredspectroscopywasdoneonaNicolet 510

FTIR spectrometerin transmission using KBr
pellets.For Ramanspectroscopya DILOR XY800
spectrometerwasusedwith the 514nm Kr� laser
line for excitation. Spectrawere taken from dry
powders.

X-ray diffraction patternswere measuredon a
SiemensCristalloflex 801 diffractometerwith an
angular resolution of 0.05°. Thermogravimetric
analysis(TGA) wasperformedon a Mettler TG50
thermobalance.Theheatingratewas5 °C minÿ1 or
10°C minÿ1, andthesamplewaskeptin a20sccm
minÿ1 flow of either N2 or Formiergas(96% N2,
4% H2). The heatingcompartmentwasthoroughly
rinsedwith thesegasesto reduceoxygencontam-
ination. A commercially available ZnS powder
(Sigma) with a milled grain size of several
micrometerswas used for comparisonin some
experiments.

Results and discussion

The experimentalresultsobtainedfrom the pow-
ders are presentedbelow. First, the experimental
methodsarediscussedwhichgive indicationsabout
the particle internal structure.Then the chemical

Figure 1 Left: Transmisionelectronmicrographsof ZnSpowderasprepared(a) andafterannealingat 750°C in Formiergas(b).
Centre:Particlesizedistributionof as-preparedsample(c) andafter annealingto 750°C (d) asderivedfrom TEM images.Right:
Typicalbrightnessprofilesof anas-preparedparticle(e)andanannealedparticle(f). Theparticlesfrom whichtheprofileshavebeen
takenaremarkedby thearrowsin themicrographs(a,b).Thebrokenandfull linesin (e)and(f) representsimulatedprofilesfor solid
andhollow spheres,respectively,undertheassumptionthat thebrightnessis linearly proportionalto the massdensity.
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compositionof the non-crystallinematerial inside
the particlesis investigated,and a model for the
mechanismof nanoporeformationis presented.

Particle size determination

Severalmethodshave beenutilized to determine
particle sizes.Transmissionelectronmicrographs
of the powders both before and after thermal
treatmentto 750°C are shownin Fig. 1(a,b).The
particle size distributions derived from these
micrographsare reportedin Fig. 1(c,d). The size
distributionsarefoundto bebimodalin bothcases,
with the smallermoderepresentinglessthan10%
of thetotal samplevolume.Thesmallermodemay
be underestimatedfrom the TEM images,because
the particlesagglomeratedon TEM grids, which
may obscureobservationof smallerparticlesmore
than the largerones.Neverthelessit is possibleto

determinemeanparticlesizesandpolydispersities
for both modes(seeTable 1). The particle size is
reducedslightly uponthermaltreatment,while the
contrastprofilesacrossthespheressuggesta lower-
densitymaterialenclosedin the largerspheres,i.e.
they seemto be hollow shells (Fig. 1f). A hole
diameterof 160nm wasestimatedfrom the TEM
intensityprofilesfor a440nmsphere.Formationof
a hollow centreuponcalcinationof nanocrystalline
ZnS aggregateshas already been observedpre-
viously.9

Dynamic light scatteringmeasurementresults
alsoreportedin TableI leadto a similar estimation
of theparticlesizes.Gasadsorptionmeasurements,
however, show several interesting features.The
BET specific surface area of the as-prepared
powderwasestimatedto be4.5m2 gÿ1. This value
compareswell with thespecificsurfaceareawhich
one expecton the basisof the particle size distri-
bution in Fig. 1(c). Upon annealingto 200°C, the
specificsurfacearearisesto 12.5m2 gÿ1, andafter
half an hour at 250°C in Formiergasthe specific
surfacearearisesby oneorderof magnitudeto 50.2
m2 gÿ1. BJH analysis indicates that a specific
surfaceareaof 47.3m2 gÿ1 arisesfrom the pores,
for which anaverageporesizeof 5.3nm (BET) or
8.5nm (BJH) is determined.Heat treatment at
750°C againleadsto BET specificsurfaceareasas
low as5 m2 gÿ1, which is evidentlydueto sintering
of thegrains.

Optical transmission spectroscopy

As theabsorptionedgeof ZnSis atawavelengthof
350nm,opticaltransmissionspectraof thecolloids
in the visible and near-infraredrangeare entirely
influencedby elasticscatteringeffectsfrom theZnS
spheres.Scattering behaviour is mathematically
described by Mie theory, leading to complex
scatteringfactors which dependon particle size,
refractive indices and the wavelengthunder con-

}

}

Table 1 Characteristicsizesfor theparticlesasdeterminedby variousexperimentaltechniquesa

T (°C) 2rTEM (nm) sTEM (nm) 2rDLS (nm) 2rXRD (nm) SBET (m2 gÿ1)

As prep.
(i) 457.5 31.3 450 4.1 4.5(ii) 142.5 31.3

250–350 — — — 5.7 50.2

700–800
(i) 449.2 37.1 — 25 5.2(ii) 132.6 32.8

a Theparticle(agglomerate) diameter2rTEM andpolydispersity sTEM arededucedfrom TEM images,wheretwo well-separatedsize
modes(i) and(ii) areobserved.2rDLS is from dynamiclight-scatteringmeasurements.Crystallitediameters2rXRD derivedfrom the
XRD peakwidthsaccordingto Scherrer’sequation[1] andspecificsurfaceareasSBET arealsogiven.

Figure 2 Optical transmissionspectrumof colloidal suspen-
sion of ZnS spheresin ethanol (broken line) and simulated
spectrumfrom Mie theory under the assumptionof porous
sphericalZnSparticlesasscatteringobjects(full line).
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sideration.10 An exampleof a typical extinction
spectrumis shownin Fig. 2. The extinctioncurve
showsnumerousresonancefeatureswhich can be
related to radial and circumferenceinterference
modesof the sphericalagglomerate.However, a
detailedfitting analysisof thespectrallineshapeof
theextinctionspectrumusingMie theoryrevealeda
lower refractive index for the spherescompared
with the bulk valuesasreportedin the literature.2

This canbe explainedby the existenceof porosity
in thespheres;accordingto this analysis,thepores
have to be filled with a material of a lower
refractive index. For water or materials with a
similar refractiveindex,a 35% volumefraction of
filled poreshasbeenfound, and the particle size
determinedfrom thesimulationwas2rMie = 476nm
from thefits.Thesimulatedspectrumis in excellent
agreementwith the experimentalresults,asshown
in Fig. 2. Theparticlenumberdensityusedfor this
simulationwas1.62� 108 cmÿ3.

With aspecificweightof 4.0g cmÿ3 for ZnSand
1.0g cmÿ3 for water, the 35% volume fraction
leads to a weight fraction of about 10% for the
nanoporecontents.This value would changevery
slightly, if other materialswith a similar specific
weight (suchasorganiccomponents)areassumed
to bein thepores.Theestimateddensityof 65vol%
of the spheresagreesfairly well with the valueof
57% determinedfor ZnS particles from Archi-
medes’ method.9 A detailed description of Mie
scatteringsimulationsfor ZnS spheresis reported
elsewhere.2

X-ray diffraction (XRD)

XRD measurementshavebeenusedto investigate
the crystallizationbehaviourof the particles(Fig.
3). Spectrawere analysedwith respectto peak
broadening(indicating crystallite sizes)and peak
positions(indicatingmaterialsymmetry).

The XRD spectra from as-preparedparticles
always show broad peaks at the characteristic
positionsfor ZnS.TheFWHM b of the(111)peak
for the sphaleritecrystal structure was used to
estimatethecrystallitesizeof theprimaryparticles.
It evolvesupon heating from a broad peak with
= 2.2� 0.3° for the as-preparedpowders to
= 1.6� 0.1° after the annealingstep to 350°C.
Finally, this peaknarrowsto b = 0.36� 0.01° upon
heatingthesamplesto 700°C. Thecrystallitesizes
2rXRD correspondingto thesebroadeningvalues
canberoughlyestimatedusingScherrer’sequation

2rXRD = Kl/(bcos�) [1]

Herel is theradiationwavelengthof theX-rays
and� is the diffraction angle.The constantK = 1
wasusedfor calculationof the valuesreportedin
Table 1. Crystallites are considerably smaller
(about half the size) comparedwith the sizes
determinedby Hanet al. for similar powders;9 this
may be due to the fact that sampleswere kept at
elevatedtemperaturesfor muchlongertimesin that
study.Thecrystallitesizeevolutionwasfoundto be
practically independentof the overall particle
(sphere)size. This confirms that the sintering of
theparticlesstartsslowly ataround350°C. It is not
surprisingthatthecrystallitesizeswhichonefinally
obtainsafter the processof sinteringto 700°C are
independentof anysupposedligands,becausethese
ligands are alreadyevaporatedat lower tempera-
tures.

The (111) cubic sphalerite peak at
2� = 28.59� 0.01° is in agreementwith other
reports.11 An asymmetry,which is visible as a
shoulder in the broad peak before calcination,
developsinto a small peakat 2� = 26.97� 0.01°.
This canbe interpretedto arisefrom materialwith
hexagonalwurtzite symmetry,for which the (100)
diffraction peak is expected nearby at
2� = 26.93� 0.01°.12 The intensitydiffractedinto
this peakis typically between5 and10 timeslower
than the intensitydueto the sphalerite(111) peak
position;unfortunately,dueto alackof comparable
experimentaldata,a quantitativeestimationof the
wurtzitematerialcannotbedone.Somenewpeaks
whichappearafterthesinteringto 700°C aredueto
ZnO. Oxygen contaminationcan be avoided by

Figure 3 X-ray diffractioncurvesfor ZnSpowderasprepared
andafterannealingat350°C and700°C in N2 (from bottomto
top). Thebroadpeakbetween20° and30° is dueto diffraction
from theglasssampleholder.
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performing the heating step in a more reducing
atmospheresuchasN2/H2 Formiergas.

Thermogravimetic analysis (TGA)

All ZnS powderslosebetween7 and12% of their
weight upon annealingin either N2 or Formier
gases.Dependingon the preparationroute, the
temperaturesat which weight lossestake place
vary. The different desorptionor decomposition
peaks can be assignedto different speciesby
comparingthe temperatureswith thecharacteristic
desorptionor decompositiontemperaturesof the
materials,which arereportedin the literature.13,14

For the powderobtainedfrom TAA and ZnCl2
theTGA curvesareshownin Fig. 4. Theestimated
weight fractionsof the different identifiedcompo-
nentsare also indicated in the figure. At around
100°C, wateris evaporated.Thepeakat 210°C is

dueto TAA; pureTAA wasfound to evaporateat
180°C. In the particles, TAA is assumedto be
bonded to nanocrystallite surfaces,which may
explain the shift of the desorptionpeakin Fig. 4.
Furthermore,thedesorptionpeakcanbeshifteddue
to the small size of the pores,throughwhich the
TAA hasto makeits way to the particle surface.
The weight changesbetween250 and450°C may
bemainly dueto lossesof H2O from hydratedzinc
sulphates,i.e.mono-andhepta-hydrates.Finally, at
500°C zinc sulphate decomposes.The X-ray
results discussedabove indicate that during this
processsomezinc oxide(ZnO) is formed.ZnSand
ZnO do not decomposein the temperaturerange
studiedhere;their melting temperaturesareabove
1000°C and1900°C, respectively.

Nevertheless,theZnOfractioncanbereducedby
using the more reducingFormier gasatmosphere,
aswasalreadyseenfrom XRD measurements.Up
to temperaturesof 500°C, theweightcurvesevolve
independentlyof thegasatmosphere.Between600
and700°C, a small peakarisesin Formiergas.It
may be due to water formation from reductionof
ZnO.

A commercialZnS powderwith a grain sizeof
severalmicrometerswhich wasusedfor compari-
sondid not showanydesorptionpeakin thewhole
range; the overall weight changebetweenroom
temperatureand 700°C was below 0.5%. Once
heat-treatedupto 700°C, nanoporouspowdersalso
showednegligible hygroscopicity,evenafter sev-
eral weeks’storagein ambientconditions.Repeti-
tion of the annealing experiment with these
powdersresultedin relativeweightchangesof less
than1%, comparablewith the pureZnS reference
sample.

Therelativeamountsof waterandothertypesof
contaminationvary, dependingon the preparation
methods.Typically, for eachtypeof contamination
(water, TAA, hydrides and sulphates)quantities
between1 and4 wt% havebeenfound in varying
compositions. As mentioned above, the total
relative weight loss was always between7 and
12%. This implies pore volumes between22 to
35%,respectively,in excellentagreementwith the
resultsobtainedfrom Mie scatteringanalysis.

Vibrational spectroscopy

In orderto investigatethe chemicalcharacteristics
of the material in the pores, the sampleswere
studiedby infraredandRamanspectroscopy.

Raman spectra obtained from the dry ZnS
powderin air areshownin Fig. 5(a).Experimental

Figure 4 Thermogravimetricanalysiscurvefor ZnS powder
precipitatedfrom ZnCl andTAA. Annealingwasperformedin
N2 at a heatingrate of 5 °C minÿ1. The evolution of sample
weight (top) and its derivative (bottom) is shown.Literature
values for evaporationand decompositiontemperaturesof
severalof the materialsinvolved areassignedto curvepeaks.
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resultsfor peakpositionsand literaturevaluesare
compiled in Table 2. The spectra reproduce

approximatelythe peak positionsreportedin the
literature for bulk wurtzite, ZnS.15,16 Someaddi-
tional peaks are found which have also been
reportedby Abdulkhadarand Thomas.17 In this
work, theyhavebeenattributedto surfacemodesof
ZnS nanoparticles,which were claimed to have
sphalerite structure, and to symmetry-breaking
effects;but–withexceptionof the475cmÿ1 peak–
thesepeaksare also emergingin a commercial,
micron-sizedZnS powder(Fig. 5c). This indicates
that thesepeaksarenot necessarilyto beattributed
to the nanometricsize of the powdersas they are
alsoobservedfor largergrains.For theassignment
of the475cmÿ1 peaktwo possibilitiescanbetaken
into consideration.On onehand,it is closeto the
470cmÿ1 positionwhereAbdulkhadarandThomas
found a peakfor their nanoparticles.On the other
hand, a strong peak doublet is observed in
thioacetamideat 465cmÿ1 and 470cmÿ1 (Fig.
5b), so the observedpeakmay originatefrom the
TAA bondedinsidetheparticle,probablyinsidethe
poresand bondedto the surfaceof the nanocrys-
tallites.Unfortunately,dueto a high photolumines-
cence background it was not possible to take
Ramanspectraafter heattreatments.

Theinfraredspectraalsoindicatethepresenceof
considerableamountsof organic contaminantsin
the as-preparedsamples.Figure 6(B) shows the
spectra for powders after heat treatments at
different temperatures.The as-preparedpowder
showsnumerouspeakswhich can be assignedto
TAA (Fig. 6A), from their neighbouringspectral
positions.Thepeaksareinterpretedby comparison
with characteristicgroupfrequenciesandtheTAA
spectrum; peak positions and assignmentsare
compiledin Table3. Spectraindicatethepresence

Figure 5 Ramanspectraof ZnS spheresprecipitatedfrom
ZnCl andTAA (a), thioacetamide(b) anda referencesample
microcrystallineof ZnSpowder(c).

}
}

Table 2 ExperimentalRamanpeakpositionsfor as-preparedZnS aggregatespheres,comparisonandliteraturevalues,andtheir
assignment

This work (cmÿ1) Literature(cmÿ1) Reference Assignedto mode

151 150 17 ZnS(nano)

220
216 17 ZnS(nano)
220 This work ZnS(micro)

265
273 16

ZnSA1(TO), E1(TO)274 15

350
351 16

ZnSA1(LO), E1(LO)352 15

420
428 17 ZnS(nano)
423 This work ZnS(micro)

475
470 17 ZnS(nano)

465,470 This work TAA
525 516 17 ZnS(nano)
674 680 This work ZnS(micro)
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of a considerableamount of TAA in the ZnS
spheres,with theslight differencesfrom pureTAA
in line positions and intensity possibly due to
bonding.TAA canexist in two tautomers

CH3ÿCSÿNH2 ÿ! CH3ÿCSH�NH

with the first one predominant under ambient
conditions at room temperature.However, the
small peaksfound in the 2620–2680cmÿ1 range
in TAA areassignedto an-SHthiol groupvibration
of thesecondtype;thispeakis not foundin theZnS
particles,while the N–H-relatedvibrationspersist.
It is thereforesupposedthat in the particles the
TAA is not foundin its thiol configuration,because
it is bondedvia thesulphur.

Annealing the powder to 200°C significantly
lowers the dominating-C-CH3 deformationpeak
found in the powderat 1384cmÿ1. It is not clear
why this peak is so intense in the as-prepared
powders.To a lower extent,the 1650cmÿ1 peak,
which is partly attributedto water,is alsoreduced.
Surprisingly, the OH-related peak around
3500cmÿ1 doesnot diminish visibly thoughwater
is assumedto be evaporatedin this temperature
step.

After heattreatmentat750°C, absorbancepeaks
are strongly reduced. Remaining peaks in the
1000ÿ1–1200cmÿ1 region could arise from sul-
phate ion resonances.ZnO starts to contribute
strong lines to the spectrabelow 600cmÿ1 (not
shown).Thefreeandbonded-OH groupswhichare
still visible as a peak at wavenumbersup to
3600cmÿ1 may be re-adsorbedafter the heat
treatment.

Figure 6 Infrared absorptionof thioacetamide(A) and ZnS
spheresafter different stagesof thermaltreatment(B). Spectra
are shown for as-preparedsamples,powder after heating at
200°C for 30min in N2, and after a TGA run to 750°C in
Formiergas(B, from topto bottom).Spectraarenormalizedfor
sameZnScontentin (B)

Table 3 ExperimentalIR absorptionpeakpositionsfor TAA andthe as-preparedZnS aggregatespheres,with their groupmode
assignmentanddesorptiontemperaturerange

TAA (cmÿ1) ZnSasprep.(cmÿ1) Tentativeassignment
Desorptiontemperature

(°C)

616 621 C–Sstretching >200
700 670 C–Sstretchingor amideband >200
973,1027 1020 Organicskeletalvibration,or sulphoxide? >200
1106 1115 C=Sstretchingin thioamides,or SO4

2ÿ >200
1399 1384 C–CH3 deformation <200
1652 1653 H2O or N–H deformation,or C=S

stretchingin thioesters
�200

— 2426 N–H� vibration in C=NH� >200
2621,2677 — S–Hstretchingin thiol >200
2944 2924 C–H stretching >200
3122 3160 N–H stretchingin amide >200
3285 3382 N–H stretchingin =NH or -NH2 >200
— 3200–3550 O–H stretching —
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Model for nanopore formation

Fromtheobservationsdescribedabove,a complete
qualitativemodel for the descriptionof formation
and evolution of the nanoporousstructureof the
ZnS powders can be formulated. It covers five
processingstepswhich areschematicallydepicted
in Fig. 7.

Precipitation
The first step is the primary nucleation and

precipitation of ZnS crystallites in the aqueous
solution (Fig. 7A). The crystallite sizesare very
smallwith anupperlimit of about30nm diameter.
Thatcanbejustifiedfrom thespecificsurfaceafter
annealing.Thecrystallitesizeof about4 nm found
by Scherrer’sequation is the lower limit, since
strain-relatedbroadeningin the diffraction spectra
cannotbe excluded.The crystallite sizesassumed
by CelikkayaandAkinc4 from theircalculationsare
well within theselimits. TheXRD patternindicates
that the small crystallites are a mixture of
hexagonalandcubic phases.

Agglomeration
Once the crystallites are formed, they tend to
agglomerateor aggregatein a secondstep (Fig.
7B), presumablydueto vanderWaalsforces.This
is thesecondarynucleationleadingto thegrowthof
the spheresin the form of a colloidal suspension.
Their sizedistributionstaysnarrowif post-nuclea-
tion can be avoidedat this step. This is usually
achievedby choosingappropriate(low) primary
nucleationrates.The kineticsof this processhave
been shown to vary significantly, depending
strongly on the natureof any chemicalsacting as
surfactantsor ligands.8 Thenanoporosityis created
during this step as the aggregatingcrystallites
cannotarrangethemselvesin a volume-filling way.
They agglomerateleavingspacebetweenthem;as
shown by optical Mie scattering analysis, the
volume-filling fraction is about 2/3, close to the
value for denselypackedspheres.This spaceis
filled by other material, i.e. by water (since the
reactionsaretakingplacein water)andchemicals,
whicharealsoattachedto thecrystallitesurfacesas
ligands.

Drying
When thesecolloidal suspensionsare dried (Fig.
7C), moderatetemperaturesbelow 100°C are not
sufficientto expelwaterandothermaterialfrom the
nanoporesand from the surfaceswhereit may be
adsorbed.After beingdried,theZnSspheresin fact
still containaround35vol% of materialsotherthan
ZnS hiddenin nanopores.By vibrational spectro-
scopy these materials have been identified as
containingligandsstemmingfrom organicprecur-
sors. The compressiveforces of surface tension
mayalsoberesponsiblefor a slight compactionof
thespheres’surfacesat this stage,which will have
someinfluenceon the sinteringbehaviour.Water
may reactwith the ZnS nanocrystallitesurfacesto
form hydratedsulphates.

Figure 7 Schematicsketchof the formation of the powder.
Thenanocrystalliteswhichareprecipitating(A) agglomerateto
spherical, porous aggregates(B). The aggregatesurface is
densifiedupon drying (C). At higher temperatures,trapped
materialsareevaporated(D). Finally thermaltreatmentat up to
700°C leadsto sinteringanda shell-like structure (E).
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Evaporation
Heatingthe powdersto temperaturesbetween200
and350°C (Fig. 7D) is finally enoughto drive the
water out of the nanopores.Ligands are also
evaporatedat these temperatures,as has been
observedby TGA and IR spectroscopy.This step
opensthe poresof the ZnS aggregates,giving rise
to hugechangesin specificsurfacearea,by anorder
of magnitude.At the sametime, sinteringeffects
remainnegligible,ashasbeenconcludedfrom the
XRD measurements.

Sintering
With an annealingstepto 700°C or more, nano-
crystallitesaresintered(Fig. 7E).Thesulphatesare
decomposedduring this heating process.TEM
micrographsindicate that the sinteredcrystallites
form a hollow ZnS shell. This is due to a slightly
higherdensityof thespheresurfacescomparedwith
their centers after drying, which was assumed
above.TEM micrographsalsoshowthat the outer
diameter is only very slightly lower than the
diameterof the as-preparedpowders,while a hole
of aboutone-thirdof thespherediameteris foundin
the center. Some zinc oxide is identified in the
powder after this heat treatmentfrom fingerprint
XRD peaks.It is not clear if it is a productof the
zinc sulphatedecomposition,or if it is due to
oxygen contaminationin the ambientgas during
heating.

CONCLUSIONS

This investigationhasled to a betterunderstanding
of the growth and structure of ZnS spherical
particlespreparedby precipitation,andthechanges
which occur due to thermal treatments.Particles
havebeenshownto benanoporous,with thepores
filled with materialstrappedduring aggregationof
the primary nanocrystallites.This materialcan be
evaporatedby thermaltreatment,thusopeningthe
nanopores.Sintering the spheresat still higher
temperaturesfused the nanocrystallitesto form a
hollow sphericalZnSshell.Thesemechanismsare
assumedto beapplicableto othermaterialssystems
also.

The volume of the nanoporesmay thereforebe
takeninto considerationfor usefulapplications.For

example, the mechanism of incorporation of
ligands in the powder can be used to introduce
functional groups into the nanopores.Functional
groupssuchasdyescouldbeattachedthereduring
synthesis,to asa sensitizeror emitterfor optoelec-
tronicsapplications.The porevolumecanbe used
for slow drug delivery, becauseporesretain their
contentsvery effectively. The spheresalso allow
protected transport of chemicals; for example,
hazardoussubstancesor chemicalswhich would
reactwith their environmentif exposedmight be
enclosedin nanopores.They are then set free by
temperature-programmabledesorption,e.g.in ahot
oil bath.
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