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Abstract: When water is heated and pressurized above the critical point, it becomes a suitable solvent to
employ organic capping ligands to control and stabilize the synthesis of nanocrystals. Without alkanethiol
ligands, Cu(N@), hydrolyzes to form polydisperse copper(ll) oxide particles with diameters from 10 to 35
nm. However, in the presence of 1-hexanethiol, X-ray photoelectron spectroscopy, selected area electron
diffraction, and transmission electron microscopy reveal the formation of copper hanocrystaisin diameter.

The use of a different precursor, Cu(gEDO), leads to particles with significantly different morphologies.

A mechanism is proposed for sterically stabilized nanocrystal growth in supercritical water that describes
competing pathways of hydrolysis to large oxidized copper particles versus ligand exchange and arrested growth
by thiols to produce small monodisperse Cu nanoparticles.

Introduction solvents to provide a medium with densities characteristic of
liquids and gaslike viscosities and diffusivities. Thus, mass-
transfer rates approach those in gases, while solvation properties
resemble those of conventional liquid solvents. Furthermore,
supercritical fluids exhibit uniquaunablesolvation character-

At the nanometer-length scale, material dimensions lead to
guantum confinement effects that give rise to unique electronic
and optical properties useful for a variety of new technologies

'r?]grl:g:g‘aﬁéeggggfr' aOp};g::i ohn:(\j/:ﬁel;t Cgfa\s:lré%sc’hgr?ﬁizt'c' istics, as subtle changes in pressure and temperature in SCFs
Y pp y alter the solvent density. This property might be utilized to

methods have been developed for nanocrystal synthesis. The}m rove many aspects of nanocrvstal processiuch as size-
main issues are control over particle size and size distribution, proy y asp cry P suL

surface passivation, and core crystallinity. Metal nanocrystals selective separations, synthesis, and self-assembly.

such as silver and é;old can be synthesiied at room temperr;l- In water, the dielectric constant dramatically (_jt_acreasgs
ture23whereas semicon,ductor nanocrystals, such asGifse (¢ ~ 5) when heated and pres;urlzed above the C”t'cfi.l point
InAs > must be grown at high temperatures in high boiling point (Te = 374°C, P, = 221 bar), which decreases the solubility of
solvents to achieve crystalline cores and well-defined shape salts and increases the solubility of orgarfitdn certain

The key ingredient in all of these methods is the use of capping. applications, such as the supercritical water oxidation of organic
. . . . . .~ wastes, the precipitation of salt particles is undesirable because
ligands that bind to particle surfaces and provide a steric barrier

to aggregation. The capping ligands tend to exhibit the pro ertiesit leads to reactor plugging and corrosion probléri¥iRecent
ggreg ;! bPINg 119 '€ prop efforts, however, have been made to control particle formation
of surfactants: one end binds strongly to the particle surface

while the opposite end interacts with the solvating fluid. In a In SCW 1o create useful materials such as ceramics, coatings,

. and catalysts, with a variety of particulate chemistries being
good solvent, the ligands extend from the nanocrystal surface roduced by hvdrolvzina metal nitrates or metal acetates in
and provide steric stabilization, which typically limits size to P y hydrolyzing

the nanometer range and prevents unwanted agglomeration.  (6) Gogotsi, Y. G.; Yoshimura, MNature 1994 367, 628-630.

o . ; _ (7) Watkins, J. J.; Blackburn, J. M.; McCarthy, TChem. Mater1999
Supercritical fluids (SCFs) offer several processing advan- 1, 5137515

tages over conventional solvents, which has led to increased (8) Darr, J. A.; Poliakoff, M.Chem. Re. 1999 99, 495-541.
use in materials chemisfy? and more specifically, nanocrystal (9) Savage, P. E.; Gopalan, S.; Mizan, T. I.; Martino, C. J.; Brock, E. E.
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for example, are chemically stable and environmentally benign. | angmuir1999 15, 6613-6615.
SCFs exhibit the combined characteristics of both gas and liquid  (11) Holmes, J. D.; Ziegler, K. J.; Doty, R. C.; Pell, L. E.; Johnston, K.
P.; Korgel, B. A.J. Am. Chem. So001, 123 3743-3748.
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subcriticat®14190r supercritical wate#.1%16.20.21For example,
metal oxides have been prepared in SCW using metal nitrate
salts, which decompose via a two-step mechanism of hydrolysis
and dehydratioR?23 The high temperature of SCW promotes
crystallization, which eliminates the need for postprocess
annealing. Different particle sizes and morphologies have been
obtained with changes in reaction time, temperature, and
pressuré224-29 Additionally, the nature of the anion can affect 316SS

the oxidation state of the metal, possibly as a result of oxidative Reactor

mechanisms involving decomposition products of the precur- Figure 1. Schematic of the high-temperature stainless steel reactor.
sor?? These results suggest that oxidants/reductants can be added

to the reaction mixture to influence the product chemistry, as in the presence of alkanethiol capping ligands. Furthermore, the
has been recently shown by the addition of oxalic acid to copper processing conditions (i.e., precursor, pH, capping ligand)
hydroxycarbonaté® Nanometer particle size control (i.es10- significantly affect the morphology and size of the nanocrystals
nm diameters), however, is difficult to achieve under these formed in SCW, which is due to competing reaction pathways

Heating

Copper Precursor
Solution

conditions due to agglomeration and coalescence and has onlyf hydrolysis and ligand exchange versus arrested growth.

recently been demonstratéd.

Near ambient temperatures, many approaches have beerExperimental Section

developed to control nanocrystal size. These rely on either the
use of stabilizing ligands to bind nanocrystal surfaces or the
use of compartmentalized heterogeneous media, such as micell
solutions, to control growtf?-36 These ideas have recently been

extended to SCFs with general success. Water-in-sg-CO

a

Nanocrystal Synthesis Copper(ll) nitrate hemipentahydrate (Ald-
rich), copper(ll) acetate monohydrate (Acros), and 1-hexanethiol (95%,
Idrich) were used as received without further purification. The
experimental apparatus consisted of a pumping system dfera-

i.d., 4-in.-long 316 stainless steel reaction cell (10 mL) described in

microemulsions have been used as “microreactors” to producerigure 1. For reactions without thiols, the cell was initially loaded at

cadmium sulfidé® and silve?” nanocrystals, while copper

ambient conditions with 1.0 mL of pure water. For reactions with thiols,

nanocrystals have been prepared in water-in-sc-ethane an®00uL of pure water with 10Q:L of 1-hexanethiol was used (initial

water-in-propane microemulsiof336 Arrested precipitation

water:thiol mole ratiox~ 70:1). The cell was sealed and heated to 400

methods have also recently been used in SCFs to produce’C and~173 bar using heating tape (Barnstead/Thermolyne) and an

sterically stabilized silicon nanocrystals (in sc-octanol and sc-
hexane)!! and silver, platinum, and iridium nanocrystals (in
sc-CQ).38 The key to this work has been the identification of
suitable capping ligands for the SCF environment.

Here we report our finding that organic hydrocarbon capping
ligands can be used to stabilize nanocrystal formation in SCW.
We also find that the stabilizing ligands, in this case 1-hex-
anethiol, control the nanocrystal composition: copper oxide
forms without ligands, while copper metal nanocrystals form

(19) Goia, D. V.; Matijevic, ENew J. Chem1998 22, 1203-1215.

(20) Adschiri, T.; Kanazawa, K.; Arai, KI. Am. Ceram. S0d.992 75,
1019-1022.

(21) Adschiri, T.; Kanazawa, K.; Arai, KI. Am. Ceram. S0d.992 75,
2615-2618.

(22) Adschiri, T.; Yamane, S.; Onai, S.; Arai, lRroceedings of the
Third International Symposium on Supercritical Flui@&rasbourg, France,
1994; Vol. T3, p 241.

(23) Adschiri, T.; Hakuta, Y.; Arai, Kind. Eng. Chem. Re200Q 29,
4901-4907.

(24) Matijevic, E.J. Colloid Interface Sci1987 117, 593-595.

(25) Matijevic, E.Chem. Mater1993 5, 412-426.

(26) McFayden, P.; Matijevic, El. Colloid Interface Scil973 44, 95—
106.

(27) Tamura, H.; Matijevic, EJ. Colloid. Interface Scil982 90, 100—
109.

(28) Hirano, M.; Etsuro, KJ. Mater. Sci. Lett1996 15, 1249-1250.

(29) Hirano, M.; Etsuro, KJ. Am. Ceram. Sod 996 79, 777—780.

(30) Lisiecki, I.; Pileni, M., P.J. Am. Chem. Sod993 115 3887
3896.

(31) Lisiecki, I.; Bjoerling, M.; Motte, L.; Ninham, B.; Pileni, M., P.
Langmuir1995 11, 2385-2392.

(32) Lisiecki, I.; Pileni, M. P.J. Phys. Chem1995 99, 5077-5082.

(33) Lisiecki, I.; Billoudet, F.; Pileni, M., PJ. Phys. Chem1996 100,
4160-4166.

(34) Lisiecki, I.; Filankembo, A.; Sack-Kongehl, H.; Weiss, K.; Pileni,
M., P.; Urban, JPhys. Re. B: Condens. Matter Mater. Phy200Q 61,
4968-4974.

(35) Cason, J.; Roberts, @. Phys. Chem. B00Q 104, 1217-1221.

(36) Cason, J. P.; Khambaswadkar, K.; Roberts, AnB. Eng. Chem.
Res.200Q 39, 4749-4755.

(37) Ji, M,; Chen, X.; Wali, C. M.; Fulton, J. lJ. Am. Chem. S04999
121, 2631-2632.

(38) Shah, P. S.; Johnston, K. P.; Korgel, B. A.Phys. Chem. Bin
press.

Omega temperature controller. The cell temperature was measured with
a K-type thermocouple (Omega). A 0.02 M copper precursor solution
was injected into the cell vidisin.-i.d. stainless steel tubing by an
HPLC pump (Beckman model 100A) at 4 mL/min until the operating
pressure reached 413 bar. The solution reacts immediately upon entering
the reactor, as observed visually in a separate experiment with an optical
cell3°40 The products precipitate upon cooling the reaction. The
nanocrystals were removed from the cell with either deionized water
(uncapped particles) or chloroform (organic capped particles). In the
case of the thiol capped nanocrystals, unreacted precursor was removed
by extraction with water. The nanoparticles were filtered (Fisher,
qualitative P5) to remove large agglomerates of uncapped nanocrystals
and dried using a rotary evaporator (Buchi). The nanocrystals redisperse
in either deionized water (uncapped particles) or chloroform (organic
capped particles).

Phase Behavior of Supercritical Water and 1-HexanethiolThe
water and 1-hexanethiol phase equilibria were studied in a titanium
grade 2 optical cell equipped with sapphire windows. Under the reaction
conditions of 400°C and~413 bar (5QuL of 1-hexanethiol in 15@L
of water), water and 1-hexanethiol are miscible. This miscibility is
consistent with the phase diagram fealkanes in waterrtpentane
andn-heptané?).

Characterization Methods. Gas chromatography (GC) measure-
ments of hexanethiol were recorded with a Hewlett-Packard 5890A
gas chromatograph. Fourier transform infrared (FTIR) spectroscopy
measurements were performed using a Perkin-Elmer Spectrum 2000
spectrometer with the nanoparticles dispensed on PTFE cards. Low-
resolution transmission electron microscopy (TEM) images were
obtained on a JEOL 200CX transmission electron microscope operating
with a 120-kV accelerating voltage, while high-resolution transmission
electron microscopy (HRTEM) images and selected area electron
diffraction (SAED) patterns were obtained with a Gatan digital
photography system on a JEOL 2010 transmission electron microscope
with 1.7-A point-to-point resolution operated with a 200-kV accelerating
voltage. All samples were prepared on Electron Microscope Sciences
200-mesh carbon-coated aluminum grids by dispersing suspended
nanoparticles onto the grid and evaporating the solvent. The measured

(39) Xiang, T.; Johnston, K. Rl. Phys. Chem1994 98, 7915-7922.
(40) Xiang, T.; Johnston, K. Rl. Solution Chem1997, 26, 13.
(41) Connolly, J. FJ. Chem. Eng. Datd96§ 11, 13.
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Table 1. Nanocrystal Formation in Supercritical Wéaker

starting conc temp init pressure  capping pH at average distribution
material (mM) (°C) (barp ligand roomtemp  diameter (nm) (nm) product
A Cu(NGs), 20 400 200 3.40 16.7 835 CuO
B Cu(CHCOO) 20 400 200 5.25 30.9 107 Cu, CuO
C Cu(NGy)2 20 400 200 GSH 3.40 7.0 315 Cu
D Cu(NG;), 20 425 220 GSH 3.40 7.8 414 Cu
E Cu(NGy)2 20 450 240 GSH 3.40 9.2 415 Cu
F Cu(CHCOO), 20 400 200 GSH 5.25 33.8 1689 Cu, CuO
G Cu(CHCOO) 20 400 200 @SH 5.25 26.5 1668 Cu, CuO
H Cu(NG;): 2 400 200 GSH 4.59 40.8 12111
| Cu(NGy), © 400 200 GSH 36.1 9-80
J Cu(NQ), + 20 400 200 GSH 6.00 45.0 13187
NaOH
K Cu(CH;COO) + 20 400 200 GSH 2.66 47.4 1+133
HNO;

2 All reactions were performed with 90@L of pure water and 10@L of thiol unless otherwise notel Based on PVT data for pure water.
¢ Copper nitrate (0.02-M) and 1-hexanethiol were mixed before heating and pressurizing. A reaction occurred immediately resulting in the formation
of a yellow solid.

Table 2. Growth Analysis of Nanocrystal Formation in Supercritical Water

distribution moment

predominant average growth
product structure agglomeration diameter (nm) U1 us mechanism

A CuO icosahedral moderate 16.7 1.23 0.90 diffusion

B Cu, CyO octahedral high 30.9 1.75 0.76 coagulation
C Cu icosahedral low 7.0 1.19 0.92 diffusion
D Cu icosahedral low 7.8 1.08 0.96 diffusion

E Cu icosahedral low 9.2 1.14 0.94 diffusion

F Cu, CuO octahedral high 33.8 1.40 0.84 coagulation
G Cu, CuO octahedral high 26.5 1.27 0.88 coagulation
H mixture moderate 40.8 1.44 0.83 coagulation
| ellipsoidal low 36.1 1.40 0.86 coagulation
J mixture moderate 45.0 1.67 0.75 coagulation
K mixture high 47.4 1.38 0.86 coagulation

lattice separations were indexed against stand&folscopper, CuO,

and CuO. UV~visible absorbance spectroscopy was performed using
a Varian Cary 300 UVvisible spectrophotometer with the capped
nanopatrticles dispersed in chloroform. X-ray photoelectron spectroscopy
(XPS) was performed on a Physical Electronics XPS 5700, with a
monochromatic Al X-ray source (@excitation at 1486.6 eV). For XPS,

the samples were deposited on a silicon wafer (cleaned with a 50:50
mixture of methanol/HCI), vacuum-dried at 26 to remove all residual
solvent, and stored under nitrogen.

Results

The nanocrystals synthesized in SCW were characterized
using several techniques, including TEM, XPS, EDS, and
SAED. Several factors, including precursor concentration,
solution pH, capping ligand, and the type of precursor, affect
the crystal structure, size, morphology, and degree of ag-
glomeration of the nanocrystals. Tables 1 and 2 summarize all
results.

Copper and Copper Oxide Particle Formation in Super-
critical Water (no Capping Ligands). Figure 2 shows TEM
images of size-polydisperse particles formed using CujNO
Particle diameters range from 8 to 35 nm with an average
diameter of 16.7 nm. HRTEM (Figure 2a) reveals relatively
spherical and crystalline particles. Although some individual
particles can be seen on the TEM grid after deposition (Figure
2b), a significant amount of aggregation has occurred (Figure
2c¢). SAED revealed that the particle cores are tenorite ¢uO.
The lattice spacing in the HRTEM images (such as those in
Figure 2a) of 2.53 A are also consistent with the bulk value of

(42) Urban, J.; Sack-Kongehl, H.; Weiss, Batal. Lett.1997, 49, 101— Figure 2. (a) High-resolution and (b, c) low-resolution TEM images
108. of CuO nanoparticles synthesized via Cu@iOin SCW without

(43) Figure contained within Supporting Information. capping ligands.
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Figure 4. (a) High-resolution and (b) low-resolution TEM images of
1-hexanethiol stabilized copper nanoparticles synthesized via GiNO

in SCW. Note that the nanopatrticles are stabilized and not agglomerated
despite the close proximity.

Figure 3. (a) High-resolution and (b) low-resolution TEM images of
slightly agglomerated, uncappedCuor elemental copper nanoparticles
and (c) TEM images of highly agglomerated, uncappeg¢QCor
elemental copper nanopatrticles synthesized via CyQTHD), in SCW.
Note in (a) and (c) the appearance of different morphologies than in
Figure 2.

2.51 A for thel®020or (3-1110attice spacing in tenorite CuO.
XPS, shown in Figure 6a, further confirmed that particles formed
using Cu(NQ), without thiol were composed of CuO: the Cu
2p core level binding energy of 933.7 eV is characteristic of
Cu' cations, and the satellite or shake-up regions fot'Gat
945 and 965 eV result from electron transfer to the core hole
to yield i charactef® All of these techniques indicate Cu(N@
degradation in SCW yields CuO particles.

When Cu(CHCOOY, is used as the precursor, particles form
with a larger average diameter of 30.9 nm and a broader
distribution ranging from 10 to 97 nm (Figure 3) than those
formed using Cu(N@),. The particles exhibit an octahedral
morphology (projected as cubic in Figure 3a or as hexagonal
in Figure 3c) and a greater tendency to agglomerate (Figure 3bFigure 5. (a) High-resolution and (b) low-resolution TEM images of
and c). SAED? shows that the particles contain Cu cores. Many 1-hexanethiol stabilized copper nanoparticles synthesized via Gu(CH
HRTEM images of the Cu(C#£OO0), system (such as Figure COO} in SCW. Note that the particles are not stabilized and highly
5a), however, reveal both @D (3.07 A compared to 3.02 A agglomerated despite being passivated with a capping ligand.

for the [1100lattice spacing) as well as copper metal nano- giate hetween Gand Cli due to the effects of crystal size and
crystals. XPS in Figure 6 show Cu 2p core level binding energy ¢ rface coverage on the binding eneféjiowever, it appears

characteristic of elemental copper or/QuUnfortunately, from that Cu(CHCOO), degradation in SCW yields a mixture of
XPS data alone, it is difficult to distinguish the copper oxidation -, and CuO particles.

(44) Chusuei, C. C.; Brookshier, M. A.; Goodman, D. Méngmuir1999 Formation of Ligand-Stabilized Copper Nanocrystals in

15, 2806-2808. Supercritical Water. 1-Hexanethiol was added to the reactor
(45) Borgohain, K.; Singh, J., B.; Rama Rao, M., V.; Shripathi, T.;

Mahamuni, S.Phys. Re. B: Condens. Matter Mater. Phy200Q 61, (46) Carley, A. F.; Dollard, L. A.; Norman, P. R.; Pottage, C.; Roberts,

11093-11096. M. W. J. Electron Spectrosd 999 98—99, 223-233.
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Binding Energy (eV) solution pH of 5.25 under pressure, temperature, and concentra-
Figure 6. XPS of uncapped particles produced via (a) CugN@nd tion conditions identical to the nitrate system above, are shown
(b) Cu(CHCOOY), and XPS scan of organically capped nanoparticles in Figure 5. The addition of the capping ligand has little effect
produced with (c) Cu(N€). and (d) Cu(CHCOO). All scans are offset  on the average size (33.8 nm), size distribution, morphology,
for clarity. Cu 2p core level binding energy for copper(ll) at 934 eV and oxidation state of the particles. Despite the apparent lack
and copper(0) at 932 eV. of an effect on size and morphology, the ligands are nonetheless

as a capping ligand to control particle growth in SCW. Although Pound to the particle surface. FTIR spettshow the charac-
alkanethiols do not dissolve in water at room temperature, €rstic methyl and methylene stretches of the capping ligands

1-hexanethiol dissolves in supercritical water at the concentra- &fter removal of all unbound ligands from the sample; however,

tions studied (see abov)GC analysis of water/1-hexanethiol these capping ligands apparently do not effectively prevent

mixtures confirmed that the organic capping ligands were stable 299lomeration or quench growth. A longer capping ligand (1-
in SCW under the reaction conditions explored. For residence dodecanethiol) helped stabilize a small amount of particles (not

times up to 30 min, 1-hexanethiol did not decompose. After 45 Shown), but most of the particles agglomerated as with 1-hex-
min, decomposition product concentrations could be detected@nethiol.

on the order of 16100 times smaller than the initial 1-hex- Since the reaction mechanism may involve hydrated and
anethiol concentration. hydroxylated complexes, pH differences could be the source

Nanocrystals formed using Cu(NJ@ in the presence of of the signifi(_:ant variations in particle formation using the
1-hexanethiol with a starting solution pH of 3.4 have an average acetate and nitrate precursors. For example, Baes and M&smer
diameter of 7.0 nm with crystalline cores and spherical shape, have shown at room temperature that'Gixists as hydrated
as shown in Figure 4. The nanocrystal surfaces rarely touch in C/* at acidic conditions and as @@H)** under basic
the TEM image due to the bulky capping ligand layer surround- conditions (pH>4). Differences in hydration could be present
ing each particle (Figure 4b). The average size and the sizeat higher temperatures, although they have not been studied.
distribution (3-15 nm) of these nanoparticles are smaller than Particles formed using Cu(N{ after raising the pH to 6.0 with
those of the uncapped particles (16.7 nm) by a factor of more NaOH appeared very similar to those produced with Cu(CH
than 2. SAED of the nanocrystatshow that the nanocrystal COO} at a pH of 5.25, with 45.0-nm average particle diameter
cores are composed of elemental Cu. The HRTEM images, suchand size distribution of 13187 nm. Cu nanocrystals synthesized
as Figure 4a, reveal d spacings of 1.87 A (compared to 1.81 Ausing 2 mM Cu(NQ). with a starting pH of 4.59 were also
for the 200 lattice spacing) characteristic of copper. Further- large (40.8 nm) with a broad size distribution. Experiments using
more, the Cu 2p core level binding energies consistent with Cu(CHCOO), after the pH was lowered to 2.66 with HNO
elemental copper appear in the XPS d&tdhe spherical however, yielded large agglomerated particles with an average
nanocrystal shape is consistent with icosahedra formation, whichparticle diameter of 47.4 nm and a size distribution of-133

is well known for copper nanocrystals smaller than nm#7-49 nm. Therefore, both pH and the nature of the anions affects
Room-temperature U¥Vvisible absorbance spectra in Figure 7 nanocrystal formation.
are characteristic of Cu nanocryst#és3as the surface plasmon It is worth noting that mixing Cu(Ng), and 1-hexanethiol

resonance for bulk copper metal (2.15 (560 nm) to 2.2 eV (580 at room temperature produced a yellow precipitate likely due
nm)) is noticeably absent. On the basis of Mie theory, the surfaceto the formation of a coppetthiol complex. When heated to
plasmon resonance for copper nanocrystals is expected to havet00°C and~413 bar, this mixture produced large spherical or
strong broadening for particles smaller than 108 fcreasing  ellipsoidal size-polydisperse particles 36.1 nm in diameter
the reaction temperature to 425 and 430 resulted in an  ranging 9-80 nm43 The particles exhibit little aggregation on
increase in the average particle diameter (7.8 and 9.2 nm,the TEM grid with unique morphologies compared to the
respectively). . synthesis with Cu(CECOO).
TEM images of copper nanocrystals formed with CugcH Growth Analysis of Particle Formation. After nucleation,

COOy, precursor in the presence of 1-hexanethiol at a starting the particles may grow either by condensation (diffusion-limited

(47) Olynick, D. L.; Gibson, J. M.; Averback, R. ®ppl. Phys. Lett. growth) or by fusion of the metal cores (coagulatiéh)* >3

1996 68, 343-345. Analysis of the moments of the size distribution provides insight
(48) Gillet, M. Surf. Sci.1977, 67, 139-157.
(49) Urban, J.; Sack-Kongehl, H.; Weiss, K. Phys. D1996 36, 73— (50) Baes, C. F., Jr.; Mesmer, R. Ene Hydrolysis of CationdViley:

83. New York, 1976.
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Figure 8. Proposed schematic representation of reaction mechanism for the formation of organically capped copper nanoparticles in supercritical

water via Cu(NQ)..

into the growth mechanism. The first momemnt,= ra/r,,, and
the third momentyus = ri/rs, describe the polydispersity of the

sample. The moments are functions of the arithmetic mean

3
radiusri = Y ri/N., the cube-mean radiug = \/(Zrﬁ/Nw), and
the harmonic mean radiug = N./Y 1/r;, whereN,, is the total
number of particles in the sample. Valuesaf> 1.25 andus

< 0.905 indicate that growth occurs by coagulation, whereas

diffusion-limited growth occurs whem: and us approach
unity 385153 |n the case of the experiments with Cu(p©at

350°C > T > 100°C
- 5

[Cu(H,0)g*" + mM(NO;")
[Cu(H,0)_(NO; )l ™+ mH,0 (1)

T>400°C

[Cu(H,0)d*" + m(NO;")
CuO+ 2H" +5H,0 + m(NO;") (2)

Above 400°C, hydrolysis results in CuO formation. Adschiri
et al. have also described metal oxide formation in SCW using

pH ~3, u1 anduz approach unity (Tables 1 and 2 summarize metal nitrate® as a two-step hydrolysis and dehydration
the size distribution analysis of all the experiments), which reactior?2! On the basis of these studies, copper nitrate
suggests that growth occurs through a diffusion-limited mech- hydrolysis, in the absence of alkanethiol, may be described by

anism of Cu atom diffusion to nucleated particles. In nearly all pathway lin Figure 8, which leads to nucleation of the oxide,
other experiments, growth occurs primarily through coagulation cyo.

of metal cores and broad size distributions result.

Discussion

The precursors, Cu(N§» and Cu(CHCOQO), produce
qualitatively different nanocrystals. Without alkanethiol, the
nitrate precursor yields spherical CuO particted7 nm in
diameter. The acetate precursor gives—80-nm-diameter
octahedral particles with mixed Cu and LQucomposition. In
the presence of alkanethiol, Cu(MN@ gives 7-nm-diameter

In the presence of 1-hexanethiol, ligand exchange of thiol
for anions and thiol-induced Cureduction can lead to Cu
particles by pathways Il, Ill, and possibly IV shown in Figure
8. Pathways Il and Il compete with the hydrolysis/dehydration
pathway. This mechanism is consistent with the observed effects
of anion, pH, and thiol ligand on patrticle size, size distribution,
and oxidation state as discussed below.

Ligand Effects. When alkanethiol is added to the Cu(})®
solutions during nanocrystal formation, Cu nanocrystals result

spherical Cu nanocrystals; whereas, there is little change in thein lieu of CuO. Although the nitrate ion serves as an oxidizing

nanocrystal size and shape when Cu§CBOY), is used. Below,

agent in SCWP to favor CuO, the thiol participates in €u

we describe the mechanistic factors that lead to these differencesteduction to C@ during nanocrystal formation through either
The mechanism can be viewed as a competition betweenreaction pathway I, I, or IV in Figure 8. The steric stabilization
hydrolysis to large oxidized copper particles versus ligand provided by alkanethiol results in diameters half the size of those

exchange and arrested growth by thiols to produce small produced without capping ligands.

monodisperse nanoparticles.
Recently, Fulton et &* used X-ray absorption fine structure

Previous investigators have shown that, during the self-
assembly of alkanethiol monolayers on monolithic CuO surfaces,

(XAFS) to determine that ion-pairing and hydrolysis mecha- the alkanethiol reduces the oxide surface to copper metal before

nisms for Cliand CUf in SCW are temperature dependent:

binding through the following mechanis?’
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2HSCH,,,; + CuO— (SCH,,,4), + Cu+H,0 (3) Both of these trends would be consistent with greater selectivity
toward hydrolysis, due to an increase in pH, relative to pathway
— 1 I.
HSGHa F CUT CHa SCUT 1o, @) The effects of pH and anion structure are further described
in the experiment where HNQOwvas added to Cu(C4€OO),.
Despite having a pH similar to those in experiments with Cu-
(NO3), only, which yielded small nanocrystals, these crystals

If CuO particles, which are highly insoluble in SCW, nucleated
and grew via reaction pathway I, the thiol would have limited

e ot hon/g ancc, were quie large (47 rm in clamelen and included.
Y ) Y y bep gn p Y Clearly, these changes are not due to pH alone. Thus, itis likely

only if reduction occurs before significant growth of CuO that the complexation of acetate anion to copper inhibits ligand
crystals takes place. Because the nanocrystals formed from Cu-

(NO) in the presence of thiol exhibit Cu crystalline cores with exchange reactions with thiol and the ability of thiol to reduce

. ) .. and stabilize the growing patrticles, relative to the case of the
feW. lattice defects (as confirmed by HRTE.M and XPS), it is nitrate ion. The possibility of a copper(ll) acetate dimer, which
unlikely that these cores came from previously grown CuO

i is known to be stable at ambient temperature, could also
nuclei or small nanocrystals. Furthermore, the Cu nanocrystal .

size distributions in experiments <E are consistent with influence the hydrolysis and ligand capping reaction pathways.

diffusion-limited growth by copper atom addition to growing Conclusions
Cu nanocrystals rather than the aggregation of uncapped CuO  5yganic alkanethiol capping ligands can be used successfully

particles. Therefore, Cureduction likely occurs prior to 4 sapilize Cu nanocrystal formation in supercritical water. The

nanocrystal growth via pathway |1 or Il. formation of the organically capped nanocrystals occurs in a
In subcritical studies, alkanethiol has been found to reduce miscible mixture of organic thiols and water at supercritical

Cu,0 to elemental copper through the reaction mechai$m  conditions. Despite the highly destructive environment of
supercritical water, the alkanethiol was relatively stable for the
2HSGHyy + CLO — 2CH,,,SCu+ H,O0  (5) length of the reaction. Competitive pathways are present between
hydrolysis to large polydisperse oxidized particles and ligand
The alkanethiol, however, does not appear to readily aid the exchange and arrested growth favoring smaller Cu nanocrystals.
reduction of CyO to elemental copper when Cu(g@EDOY), is Cu(NGO;), was found to be a suitable precursor to produce 7-nm-
used as the precursor for nanocrystal growth in SCW. In diameter Cu nanocrystals at low starting pH with alkanethiol.
addition, thiol does not appear to affect the size or morphology Higher pH increased particle sizes and led te@ualong with
of the nanocrystals. Nevertheless, FTIR spectra show that theCu. The alkanethiol plays a key role in stabilization and
thiol binds to the particle surface to stabilize the particles in quenching particle growth. The alkanethiol also controls the
organic solutions, whereas, uncapped particles precipitate withinoxidation state of the nanocrystals by reducind' @ C; in
minutes. It appears that the thiol binding rate cannot compete the absence of thiol, the nitrate precursor yields CuO particles.
with the particle growth rate when Cu(GEIOOQY), is used as When Cu(CHCOOY), was used as a precursor with or without
the precursor. alkanethiol, large particles, ¥B80 nm in diameter, were
pH and Anion Effects. In the absence of thiol, Cu(GH produced with a mixture of Cu and €. In the proposed
COOY), produces particles that consist of a mixture of copper mechanism for nanocrystal synthesis, larger more oxidized
metal and CpO, in contrast with CuO particles produced using particles are produced via a hydrolysis route, which are favored
Cu(NQ),. These results are consistent with Darr and Poliakoff, by higher pH, and less effective early ligand exchange by thiol.
who showed that the hydrolysis of metairganic complexes, ~ The Cu(NQ), precursor at low pH favors early thiol ligand
in contrast with metal salts, produces reduced metal oxides oré€xchange and arrested growth, which competes with hydrolysis.
metal particles. Complexes of coinage metals, such as copperAnalyses of the moments of the particle size distributions further
are particularly susceptible to reducti®n. support a competitive mechanism between hydrolysis to large
A key difference between the Cu(NJ@ and Cu(CHCOO), polydisperse oxidized particles favored by aggregation and
solutions is the pH prior to nanocrystal formation. Although arrested growth of low polydispersity Cu particles smaller than
the pH is unknown for these systems in SCW, the relative pH 10 nm by diffusion-limited growth.
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