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A general strategy for nanocrystal synthesis

Xun Wans]'z. ling Zhuang'

Mew strategies for materials fabrication are of fundamental

importance in the advancement of science and technology'~.
Org:nunﬂa]hc"‘"mldnﬂ!rmwu:azﬂnhmphlw“"-
roues have enabled the synthesis af fundional inorganic quan-

tum dbots ar nanocrystals, These nanomsterials form the building
blacks for new hattom-up-approachses to materials assembly fora
range of wsess such materials also receive attention becanse of their
mntrinsde slze-dependent propertiesand resulting applicationa'™ ™.
Here we report a undfied approsch to the synthesis of a large
variety of namocrystals with different chemistries and properties
and with low dispersity; these mcdode noble metal, magnetic/
dielectrie, semicondscting, rare-carth Auorescent, bomedical,
organic aptoelectronic semdconducting and conducting polyrer
nanoparticles. This simtegy is based on a general phase transder
andl separation mechanism sccurnng at the interfaces ol the
liguial, =oligl and solution phaskes present during the synthess.
We helieve our met a simple and convenient
route to a variety of building ﬁ:rlnunl'ﬂmE‘mltznukmth
nevel striscture and llmctmn in nanntechnol ogy*

W chirse noble metals a5 an example w0 demonstrate the effec
tiveness of this method in vielding high quality nanocrystals.
Uniferrrn reoble metal quantum dots, or nanocrystals, can be obtained
through the reduction of noble metal ions by ethanol at & tempera-
rure of 20 to 30 under bdrothermal or atmospheric conditioms,
In o rypical spnthesis, 200ml of aquecus selution containing neble
rectal salts (for example, 0.5 of ARGy, Hawd, of other soluble
cliborides), Lo g sodium linoleate, 10ml ethanel and 2ml linodeic
acid were added w2 #ml autecleve tube wider agitation, The
reactions were controlled at dilferent temperatures for specific
metals, for example, 50 Lo 200°C for Ag, 20 0 200°C for Bu, Rh
and Ir, 20 1o 100°C for Au, Pd and PL The sstem was sealed and
treated 2t the designated temperature for 10 hours, After the reaction
was encled o room temperature, the producis were collected at the
hogtom of the wessd, Based on the same synthetic process, other fatty
acid and corresponding salt systems. can play the same mles as the
lirwdeis: acid system,

Figure la shows transmission electron microsaope { TEM) images
of typical samples of Ag, Au, Rhand Ir nanocrystals and indicates the
large quantity and pood uniformity (see Supplementary Infonmation
Part T and 1) that were achieved using thisapproach, The Ag ard Au
marcrystals are usually b vownd shapes with smocith swrfaces, and
s f-assemble into ordered two-dimensional (211 amays on the
surface of the TERM grid {Fig. la) The diameters of the nanocrystals
can be ressomabily tuned ﬂmns_bnul-l 1o 15 e by altering tempera-
rure, the raole ratio of the protecting resgents to poble metal o o
the chain length of the Bty acid §see Sopplementary Infonmation
Part ). This approach has alsn been shon vo vield the nearh
ronodesperse ultrafine metal nenocrystals of Bo, Bh, I, Pd and Bt
with diameters of approximately Snm oor kess. Thormegh high
resnlution (FIR} TEM characterizations revealed the highly crystal
line mature of these nanoorystals. Typical HETEM images of Tr
nanmcrystals with diameters 1.7 nm show an interplanar spacing

Denatrenl ol Soamisty, Targhas Muiser v, Nations Cenler 40 Nansso pane a0 Nansl ot nlogy, BeiTg

= Qing Feng": & Yadong L2

of «-i.22 nm, which corresponds to the (111} planes of face-centred
cubic Ir. FIXS {energy dispersive specir | microanalysis and
povader KRD (X-ray diffraction} { g, 2a} measurement have proven
ihe suceessfl synthesis of face-centred cubic structured Ag ([CPTIS
4-T85), Au (JCPTIS 4-784), Pd {JCPDS 46-1045), Pr (JCPTIS 4-802),
R {JCPLAS 5-685), Ir {JCPDS 46- 1044) and lwxagonal Ru ([CPDS
-5,

The primary reaction in the preparation of noble metal nanocrys-
tals theough this lquid-selid—solation (155) proces vobeed the
reduition of noble metal o by ethanol at tlee iterfaces of metal
lineleate (solid), ethancHinolec acid Bguid phase (liquid) and
watier—etlamol solutions (solution) at different desgrated tempera-
tures | Fig. 3 After the aquernes solution of noble metal ons, sodiom
hincdeate {or another sodium stearatel and the miviure of lmoleic
acted (or another f21ty acid) and ethanal were added o the vessel in
order. Three phases frrmed in this systerme sodium linolete (solid),
ihe liquid phase of ethanol and linoleic acid (liquad), and the water
ethanol solution containing, noble metal ions (solution), & phase
transfer process af the ke metal iors occurred spontanermnshy
acrriss the interface of sndium linoleate | solid | and the water-ethann
salution (solution ) hased om ion exchange, which led 10 the for
eation of roble rmetal Froleate and the entering of the sodivm ions
into the aqueous phases, Then st o designated temperaturs, the
etlunal inthe lquid and solution phases reduosd the noble metal
s at the liquid—solid o solutiom—solid interfaces. Alomg with the
reduction priwess, the dre-dne geresated linoleic acid absorbed on the
surface of the neble metal nanocevstals with the alkyl chains e the
autgide, though whicl the produced metal ranocrystals will gain
hydrophobic surfaces. A spontanenus phase-separation process then
acourned becawse af the weght of the metz] nancerystals and the
mcampatibility between the Indrophobic surfaces and thar bydm-
philic surroundings, and the noble metal ranocrystals cn be ealy
erllected at the bottom of the comtainer,

This 155 phase transfer and separation process can generate
nanocrystals with a variety of properties such as, semiconducting,
flunrescent, magnetic and didectric. The phase transfer process can
oo for pearty all the trarsitional or main group metal ias, which
gives flexibility to the reactions at the interfaces {see Supplementary
Information Part TV, After the phase transfer process of the metal
o fronm agquenus. solution to the solid phase of (RO )M, under
designated reaction conditions, the M delwadrates into ocides (1o
kb feor ezl TiCks, Calh Ze0, Sedy o Ered) andior composite
eidles. {tor yiehd for example, MEepOy (M reprosents Fe, Co, Mg, #n
or b} and MTicH I\1 Tepresents Ba or 5r) threugl oo-prodp-
it et with other anon species such
15 wan eupph.d by or {WH, 1,5, to yield for example
i, Mns, PR, Ag.8, Ol or fns), St (50 wns generated by the
reduction ol Salh' ™ by NH,, to ydd for eample CdSe or ZnSe) or
F (F was prwaded from NaF or WH,E, o vield for ecample YE,,
1aF, ora¥F, b toyicld various functional nanccrystals.

Mearhyall hmdb.quﬂrumrdlmls.mnh e‘lﬁnmhrpnqumd
thirnugh this simple 155 phase trarsfer and separation method, such

m
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2 Ty, Culd, Zrl, Sn00;, CalS, Ag,S, Zns, PhS, Mns, ZnSe and
CabSe, Representative TEM images of typical semiconductors of Ag.S,
PhS, #nse, CoSe and Tik, shoaw the sucaessful synthesis of various
umiform semicomductor nanocrystals through this 158 approach
{Fig, Ih, c). Two-dimensional assembly of PhS, AgS, Cull #nse
Arj{:d&- nanoerystals cocurmed spontaneosly on ihe copper TEM
grids after the svaporation of the sobvents, indicating the regular
shapes and narmen size distributions of these nanocrystals. Similar to
the synthesis of noble metal naocrystals, the size of the semicon-
ductor nanicrystals can be tuned tuough several factors including
ternperature, mole ratio and the length of akyl claine (see Sup-
plementary Information Part [, however, for the synthesis of
sekenidis, the emperature was controlled abeve 120°C to ensure
the complete reduction of Se0%~ by W.H, (Fig. 3b). As mentioned
zhove, the phase transfer process 2nd control of the reaction at the
dafferent mterfzces enchled the monodsperaty and vanabilivg of the
semiconductor nenncrystals ohizined.

Fradepting hi-metal procursors in a certain mole mtie, composite
oxide mnrwq'm\h such a5 mig_n-tif WflFe, O (0 TepEsETS Fe, T,
Mg, Fnar Mn) and dielectric MTICH (M TepruEeIS Fia or 5r) can he
eftectively prepared through co- precipitation reactions following this

Figurs 1| TEM innages of manserystals. 8, Nohle motal nanoeryseale dg
i8] = 0.3 nm; W0, Au (7.0 = 03 nm; 870K R 22 = 00 mms 130°0)
and Tr (1.7 = 0.0 n; b, Semiconductor nannorystale AgS
173 = 0 nm 13070 23050 PHS (57 = 0.2 nm; Ph'0ET 00,
' 1els 180 S and CdSe (7.0 = 0.8 nmy
<. Magnetic and dicectric nanocrystals: Fedby
18050 CoFedly (115 = 0.6 pam; Ca s
daf ¥ foe 05 g B WO by wnd el
' have heen adopind 2s Ti
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155 phase trarsfer and separation method. Uniform nanocrystals af
magnetic spined MFe0, could be prepared through the coprecipi
tatiom of Fe' " ions and Fe', o', Mg"", Mn'* and Zn™" wons. As
showm in Fig, e, magnetic nannarystals of FeO, and CoFe, Oy with
diameters ~—Inm formed 2 patterns on the TEM grds
shonwed good umitormity, which will be useful in hiological lzhelling
fiehds. In a similar way, the resction between Ti' and Ba®" andlor
St under strong alkali consditions can be used to prepare uniform
niamcrystals of BaTil, and SrTil0,., Tepical TEM and XRT analyses
are shem in Fig. 1 and Fig. 2e, vespoctively, and sl the formation
of uniform mumncrysals of tetragenal BaTiO, { ICPDS 74-1960) witl
diarmeters -~ 17 nm.

Oour L88 pluse travefer and separation approach can alse be nsed
in generating neardy monodisperse e carth Aueresoent nams-
crystals with up-romversion or down-comveriaon emmssgon proper-
ties. Thisse nanocrystals can also be prepared by tumng the reactiomat
the interfaces af the diffeent phases. For example, after the
transfer process of the rare carth ions, the resction betveen NaF and
the {RCCRDT I generates EnF, (NaYT, in the case of ¥ the reaction
hetween NHLF and ¥ yvidds YF,), whereas the reaction hetween
OH™ and {RCCO),In !;l'lwrilﬂ Lnf G L. manoerystals (Fig. 2d ).

snuries hreawse of the relative seahdlity of T tn Ti** under aquenus
conditons, which will be axidized mte Ti** under hydrothermal

conditiens) and Ty (4.3 = 020w 1 ml 4% Tl solution for 400ml
wessel; 180 °C), d, Rare earih flusrescence manocrystals: Ma¥Fy

VhF9.5 = Gbnm Fvh' ;
gy of Cigyl PO bl O 5, Py (4.2 nisal, Fhn
133 = 0.5 am) and copper phihalocyenine (0E = 00 mny) nesoceystals.
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Figure 2 | KRD patterns of nanecrystale. ». Noble metal nanocrysials:
Au, &g, Bhoand Ir B, Semiconductor nanscrystals: manodinic Agf
LICPDA DAL face-senired cubic PhS (ICPDS 5420, ZnSe (1CPDS
8021 ) and face-centrad oubic Cd P 750581 ). €, Magnetic end
digleciric nanorysials: Fesdha | % 761 Be9h CoFerldy (FCPDS 7917440,
Letragansl BaTick, (JCPIIS 74-1960) and Zrid . d, Rare carth Hunecicence
naneeryale Na¥Fy (JOFDE 77-20425 YF, |FCFDS T4-0000, LaF, {[CFDS
T2-1435) and LaiOH ), | JOPDS 36 1461

Figare 1d dhenws the TEM figunes of Na¥ LaF; and YBEF,
narerystala, Na¥T,, YhE, and LaF, are app ey round, with 4
diammeter i the range of 4-12mm (that varies with temperatare),
whereas YF, 18 characterized as having a ricelike shape with a
diameter ~10nm and length 500 nm {compesed of waform
naneeryilals with a diameter -3 nml. Ln(OH), products are usually
composed of uniform nanomds with 2 diameter 5-15 nm {that varies
with termperature . By doping different rare earth ions such as Fa'*
Th'" ar YhEr these nanoarystals were functional as fuorescence
nangerystals (see Supplementary Information part V).

Alogg with the series of functional nanoorystals mentiomed abae,
this L85 strategy also shows great potential in the simithesis of a broad
range of new-type nanocrystals andfor nanopartices (see Sup-
plermentary Information part W1} This will provide new materials

C,H,0H + RCOCH
Liqud
o i
? *
i (RGO0LM ——— RCDINS Baid
Ha*
g
;qgg =
m
Sabitian
CHOH + B0

Figure 3 | Sehame of Bguid-salid-saletisn (L55) phase transfes synthetic
stratigy.
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for wide research areas including secompatible materals, arganic
optoelectronic semiconductors, nanomedicine as well as aonducting,
pohvmers. For example, the menodisperse hincompatible bydrosya

patite {Ca,00 PO, b OFD ) nanorods {Fig, le, bottom left}, whichasa
raw material may find an application in the preparation of artificial
bone gratts hecause of its uniformity and nanometre size. Also, the
typical comducting polymer nanocrystals of PPy and PAn (Fg. 1e,
right), may provide an bdeal model for the imeestigation of rano-sime:
effects in the conducting pobamer Bdd. Finally, metal (copper in
this case) phitbalocpanine maoorystals (Fig, le, top left) obtainad
folleonwing this 185 proceduse, can be further investigated @ an
optodectronic manomaterial. Therefore, by propedy ning the
chiemical reactions at the interfaces, we bidieve that reore interesting,
and Emportant mew-type nanocrystals can be obtained.

All the nanoerystals (such 25 noble metal, magnetic, dielectric,
sermiconducting and mre srth fuorescenee), and other new type
{such as, monndisperse binmedical, organic optoelecironie sami-
eomductors and eonducting polymers] nanopartices, can be casily
disg:ﬂm'l in nempalar sabvenits | such as, eyclabexane or chloratorm)
1ot homogenous colloidal solutions (Fig. 4, viich are wsually
stahle for month= By dropping the solution on the surface of a

Figure 4 | Cyclohexame solutions of nanoparticles with a typical
concentration of 2%. a-d, Cycdohexane salutans of nebbe mewl ),
semivendwctars (b, rare carib luarescence (6] and magnetic sunocrysiale
i), The separstian of CoFedhy nenocyatals fram the bully solutiss by

13
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subsitrate ar through a dip-coating technigue, monolaver Alms of
functiomal nanscrystals coukd be easily obiained, which will greaily
increase their application in nancscenae and technology. These
nanocrystals could also be re-precipitated and separated by adding
anappropriateamount of ethanol io the bulky nanoarystals solutions
v Fomce due in an external field and show adhantages in proces
sing. Al these disperse/separation characteristics of the functional
mamocrystals obtained through this LS5 approach will provide the
Thuailfing blowcks for the bottrm-up approcch to nanoscale fabrication
in narscence and nanotechnologies.
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Modelled atmospheric temperatures and global sea
levels over the past million years

Richard Bintanjal, Roderik 5.W, van de Wal' & Johannes Oerlemans’

Marine records of sediment oxygen isotope compositions show
that the Earth's climate has gone through a nlonﬂp:m of glacial
and interghacial perinds during the past million years. But the
interpretation of the ooygen isotope rocords is complicated
hecause hath isotope storage in ioe sheets and deep-water tem-
perature affect the recorded isotopic conposition’®, Separating
these twen effects would require long mmnknfumrrm level o
decp-poean temperature, which are curvently not available, Here
we s a coupled model of the Morthern Hemdsphere foe sheets”
and acen temperatures, forced 1o match an oxygen isotope record
for the past million years compiled from 57 globally distribated
sediment cores, to quantify both comtributions simultaneoudy.
W fimel that the ice-sheet contribution to the variahility in oxygen
olope composilion vared from len per cent in the heginning off
glacial pericds Lo sixty per conl ot glacial maxima, suggesting that
strong peean conling preceded sow ice-sheet buibd-up. The model
yields mutually consistent time series of continental mean surface
I:!mwrurﬁ 1 and &N, ice vohsme and global sea

. We find that during extreme glacial stages, air temperatures
were 17 £ 1LA"C lower than present, with a 120 2= 10m sea level
equivalent af continental ice present.

Marine oygen isotope records huve provided detailad infor-
ration about dimatic variations over the past millions of years’,
Interpreting the fluctuations in oxygen isotope (570 o) is not
straightfirward, heever, because the signal isaffected mainby by oo
et sanisins (aside from local lwdrograplsical influences ). Tl fiest is
preferenitial evaporation and subsequent incorposstion of the lighter
cygen isabope m ice sheets during glacial aonditons, which affects
thie ocwam's 570 vizhe | the “ice-sheet part”). The second maedhanizm
% mainly related to the uplake of 3°°0 in caleite by benthic
forzminidera, which depends on Ioal deep-water temperature at
the time of crystallzmtion of their dells® |the ‘desp-water part’).
Previous attermpes to separase these twn effects imobved the wse of
independent temperature and sea-levd records 1o estimate either
thie ice-sheet part™* or the despwaser part”. Albeit with considerable
uncertainty, ewing mainly to local water-mass variability, these
studies have vickded long (several 100,000y, or 100 k) combined
revoinds of sea bevel and decpesea ternperature, These shoneed that
the glacial deep occan was -3 colder than today, which agress
with temperatures inferred from the Mg'Ca ratio in fossil ostra-
codie,

W D eried adifferent approach, one tat takes advantage of the
fact that e glacial—nterglacial tirmescales, the main contributens
thee miean benthie copgen isotope record —he Northern Hemisphen
pee-theet sotope content and the becal devpsea tamperatune—an:
baoth stremgly related 1o Northern Hemasphere midlatitude 1o sulb-
podar surfce air termperature, This puts constramits on the surface air
temperature, which enabled us 0 separate the we-sheet and deep-
water parts amultanenisly and coniastently, without the need 0
I either in advance, Based only on 300 data, our method
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additionally prevides recomstructions of actual climate variahles
such as surface air temperzture, global sea level and ice volume and
e fentope content,

Tdealhy, the reconstructions should be as genevally representative as
possible, which can be achieved by an appropriate chwice of input
40 vooord, Many long records of henthic 50 exist todmy, all
carrving global information, bt superimposed om ther global signal
s the unbnoen offect of bcal hdrographical effects”, This variahiling
would introduce unfivoarable uncertainty in the weoorstructions,
For thiis resom, we selected a secently developed benthic &0 stack
hased om 57 glohally detrbuted records", w0 drive our jee-shet-
ocean-lemperature model (remlts for two mdvidual records are
shewm m the Supplementary Information). In this stack, we assame
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Figure 1| Schematic sutiine of the inverse procedare. The rautine
caloulates a meean swrfice air cemperaare anomaly LAT) based on the
dillerence between the mndelled murine watape value 17,0010 and the
whaerved vabuee 008 kye later (00 4 0 kyri The value of AT feods into twa
physical wystemes {1 the ko-shest and mass-balance module to the beft and
(23 the atmosphore—deep oeean temperature coupling madubs 1 the righe,
The mass-halance maduls closbaies spatially (5, seasonally (< and
wemrparally (1) varying felds ol surface mass balance |05 and isstope cantent
of precipitation (1} using initial, present-day (0 ficlds of {p. surface air
remperature ( Th and precipitation | P and remvporally varying arbaally
Imduced insolatlon (0. M and [, are used by the ke-shest module 10
caloulate mew distributions of we-shest sarface height (8 and sarface
albedas jerp, which feed back incn the muss balance rowtine, The ice-sheer
nes the nwcan ice-abeel oo 11k 1he ice-sheet
walume 7,1 and global sea bevel (51, Thess valuss, tagethar with the desp-
ncran bemprratare (A Tk are mard by ihe ocean roudine én evaluaie the
ine, This procedurs

marime isntape valug (b that freds into the inverse ro

yiekds muiually consisteni time series of 37, AT ¥, &, and 1, (served
(input ) variables are in red, madelled ones in black.
Pa, The Retheilands
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