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Abstract: A co-solvent assisted spray pyrolysis process was developed for the formation of

phase pure metal particles from metal salt precursors without the direct addition of hydrogen or

other reducing gas. Generation of phase pure copper and nickel particles from agueous solutions

of copper acetate, copper nitrate, and nickel nitrate over the temperature range of

450 °C to 1000 °C was demonstrated. Addition of ethanol as a co-solvent plays a crucial role in

producing phase pure metal powders. Results of a modeling study of ethanol decomposition
kinetics suggest that co-solvent decomposition creates a strong reducing atmosphere during
spray pyrolysis vian-situ production of hydrogen and carbon monoxide.

[. INTRODUCTION

Micro or nanometer size metal particles have various applications such as electrode materials
for electronic products,electromagnetic interference (EMI) shielding materials for electronic
packagind, and catalysts for synthesizing carbon nanotdt®may pyrolysis is a useful tool for
large-scale or small-scale production of particles with controlled particle size because the final
product properties can be controlled through the choice of precursor and solution concentration
or by changing aerosol decomposition parameters. Generally, in a spray pyrolysis process,
reaction temperature and carrier gas composition are basic operating variables. In addition,
solution properties such as precursor composition, concentration, or the addition of a co-solvent
may be crucial to achieve the desired product composition and morphology. For example,
morphological variation of magnesium oxide particles produced by the evaporative
decomposition technique from three different precursors, magnesium chloride, magnesium
acetate, and magnesium nitrate, was repdrted.

Preparation of metal particles by spray pyrolysis of metal salts is especially challenging. In
chemical vapor deposition (CVD) of metals, the decomposition of the organic ligand may, such
as in the case of the CVD of copper from bis(hexafluoroacetylacetonate)copper(ll) [Gli(hfac)



create a reducing environment at the surface resulting in the deposition of pure metal from a
precursor containing metal in an oxidized form.> In spray pyrolysis, however, both surface and
solid-state chemical reactions occur during the conversion from precursor to product particle.
For the metal salt precursors commonly used in spray pyrolysis processes, decomposition of the
anion does not typicaly result in pure metal particle formation. Additiona measures that have
been taken include the addition of reducing gases such as hydrogen and carbon monoxide for
copper® and nickel” production, and addition of agueous ammonium for production of pure
metallic nickel.®

Size-monodi sperse nanoparticles can be obtained using an electrostatic classifier downstream
of the spray pyrolysis generator to select particles of the desired size. In a previous paper,® we
describe the electrostatic classification method for producing size-monodisperse metal
nanoparticles for use as size standards in semiconductor metrology via hydrogen free spray
pyrolysis of copper nitrate at 600 °C with an ethanol co-solvent.

In this paper, results are presented for copper particle formation from copper acetate and
nitrate precursors with an ethanol co-solvent, and for nickel formation from nickel nitrate with
the same co-solvent. The effects of co-solvent, precursor, and reaction temperature on the final
product composition were investigated. Results demonstrate that the use of a co-solvent in
preparation of metal particles by spray pyrolysis is a convenient, economical, and easily
implemented technique. Model calculations of co-solvent decomposition kinetics, and
calculations to determine the equilibrium phase diagram of the copper-oxygen system were
performed to examine the role of the co-solvent in the pyrolysis reactor.

II. EXPERIMENTAL
A. Particle generation

Precursor solutions (0.30 mol/L) were prepared from three different metal salt precursors:
copper nitrate [Cu (N€)R2.5H0], copper acetate [Cu (GAHOO)MH,0], and nickel nitrate
[Ni (NO3)2[6H,Q]. All chemicals are reagent grade and were used without further purification.
Deionized water was used for all solutions. For the co-solvent solutions, a 10 % volume fraction
of ethanol solution was made prior to adding metal precursors. All solutions were stirred for at
least 3 hours using a magnetic stirrer. A spray pyrolysis system was used in this study, consisting
of particle generation, classification, and collection units. A precursor solution consisting of
metal salts dissolved in either pure water or a mixture of water and co-solvent is atomized with a
Reted” type nebulizer using nitrogen gas supplied at a constant pressureX® mi. The
pressure at the reactor inlet after the nebulizer was 27°Mbuove atmospheric pressure. The
volume mean diameter and geometric standard deviation of the droplets produced by the
nebulizer are 5.um and 2.0 respectively. The nebulized solution droplets, suspended by
nitrogen carrier gas, are then carried into the high temperature reactor furnace where droplets
evolve into final product particles by solvent evaporation and precursor decomposition. The
precursor solution was delivered with a rate of 0.008¢r20 mL HY), and the nitrogen carrier
gas flow rate was 83 cta™ (5 L min?). The reactor consisted of a quartz tube, 2.54 cm diameter
and 76.2 cm length, heated by two horizontal furnaces in series (both Lindberg, type 55035). The
furnace set point temperature for these experiments was varied between 300 °C and 1000 °C.
Temperature profiles along the centerline of the quartz tube were measured using a type K
thermocouple, and examples are shown in Fig. 1. For the measurements of particle size
distributions, a differential mobility analyzer (TSI, Inc., Model 3071) and a condensation nucleus



counter (TSI, Inc. Model 3022A) were used. Detailed descriptions of the size classification
system can be found elsewhere.’

B. Characterization

X-ray diffraction (XRD) patterns and Fourier transformed infrared (FTIR) spectroscopy were
used for composition analysis, and scanning electron microscopy (SEM) was used for particle
morphology characterization. Powder was collected by filtration immediately downstream of the
furnace for XRD and FTIR analysis. XRD measurements were performed using a Philips PW
1800 diffractometer with a graphite monochromater and CuK, radiation. For the XRD
measurements, first a suspension of the collected particles in methanol was formed, and then the
suspension was dispersed dropwise onto an amorphous glass microscope slide to make a thick
film via solvent evaporation. Data analysis of XRD spectra was performed using Jade 6.0
software from MDI. For FTIR spectroscopy analysis, the collected powders were combined with
KBr in the mass ratio of 1:50 (powder:KBr), and made into pellets. A Magna 550 IR
Spectrometer system was used for the measurements. SEM images of powders were obtained
using a Hitachi S-4500 Field Emission SEM, and powder films were prepared in the same
fashion as above for XRD using silicon wafers as the substrate. SEM images were used to
observe the surface morphology of particles formed at different reaction temperatures.

[ll. MODEL DEVELOPMENT

Model calculations of the ethanol co-solvent decomposition were performed to investigate
the influence of decomposition products on the metal particle formation. For the ethanol
decomposition study, Marinovs kinetic model consisting of 389 reversible elementary
reactions with 63 species was used with the following modifications. Rate constants of three
decomposition reactions §8s:0H = CH; + CH,OH, GHsOH = GHs + OH, and GHsOH =
C,H4 + H,0) were modified in accord with the recent work of Ts&hg. addition, the gHsOH
+ O, = G,H4OH + HO, reaction having the pre-exponential factor 1@ L mol*s* and the
activation energy of 188 kJ mbivas included in the kinetic model because this low temperature
initiation reaction is important for ethanol decomposition in the presence of oxygen at
temperatures below 800 %¢.The possibility of heterogeneous reactions was considered but
thought to be relatively unimportant for our experimental temperature rérgeenly gas phase
reactions were included in the model. The kinetics of the co-solvent decomposition reactions
were simulated with the CHEMKIN-II software packdge=or generation of the equilibrium
phase diagram of the copper-oxygen system, thermodynamic data of copper compounds were
taken from the database of Gurvigtal.®

IV. RESULTS AND DISCUSSION

Fig. 2 shows the XRD patterns obtained from 0.30 mol/L solutions of copper nitrate and
acetate precursors dissolved in deionized water. Phase pure copper particles can be produced at
temperatures above 600 °C from copper acetate as shown in Fig. 2a; however, it is impossible to
obtain pure copper from copper nitrate (Fig. 2b) even at temperatures as high as 1000 °C.
Although the decomposition products are all mixtures of copper and copper oxide, the intensity
of the oxide peaks of the products decreases with increasing temperature as shown in the nitrate
decomposition. The solubility of copper acetate (7.2 g/100veater) is much lower than that of



nitrate (130 g/100 cm® water).'” Therefore, copper nitrate should be considered as the more

suitable precursor if large-scale production or production of larger particles is desired. Fig. 3

shows the XRD results for the 0.30 mol/L copper precursors with 10 % volume fraction of

ethanol as a co-solvent. With the co-solvent, phase pure copper particles are obtained even from

copper nitrate precursor (Fig. 3b) at temperatures above 600 °C. Moreover, use of copper acetate
precursor (Fig. 3a) results in phase pure copper even at a lower temperature of 450 °C compared
to 600 °C without a co-solvent. In Fig. 2 and 3, some unidentified peak8 @aflZ and 26)

can be seen for copper nitrate products produced at 300 °C. These may be attributable to un-
decomposed nitrate precursor or to its partial decomposition products.

FTIR spectra obtained from the copper acetate and nitrate decomposition at 300 °C and from
the copper nitrate without adding co-solvent at four different decomposition temperatures are
shown in Fig. 4a and b. The strong band, from 1300 &mn1420 crit, observed in the IR
spectrum of powder produced from copper nitrate at 300 °C is assigned to the un-decomposed
nitrate group® From Fig. 4a, two different copper oxide peaks indicate the importance of
precursor composition. Copper nitrate decomposition produces tenorite (CuO) as a primary low
temperature product indicated by the peak at 500, dmat copper acetate produces cuprite
(CwO) as a primary product shown by the peak at 626.€rm addition, the temperature effect
on the reduction of copper oxide produced from copper nitrate decomposition can be seen in
Fig. 4b. At the higher reaction temperature, the copper oxide compounds are more strongly
reduced, from tenorite to cuprite. This observation will be discussed later in the context of an
equilibrium phase diagram of the copper-oxygen system.

Fig. 5 shows the morphology of copper particles generated at 600 °C, and at 1000 °C using
copper nitrate precursor at a concentration of 0.30 mol/L with 10 % ethanol co-solvent. As
shown in Fig. 5a, the copper powder sample formed at 600 °C contains some hollow particles,
but if formed at 1000 °C, no hollow particles are visible in the sample. However, Lerggoro
al.®® demonstrated experimentally that hollow zirconia particles are formed if the reactor
temperature is high. This result corresponded to their simulation results. We believe that longer
residence time, higher precursor solution concentration, and smaller droplets in the spray
pyrolysis process described here help to form denser particles. In addition, for metal particle
formation, high reaction temperature closes to the metal melting point (1080 °C for copper) may
help to form dense particles by a melting process. The density of copper powder produced at
lower temperature is likely less denser, indicative of some hollow or porous particles as shown in
Fig 5a. Furthermore, the ethanol co-solvent may promote the evaporation of ethanol/water
solvent mixture. In addition, the solubility of precursor decreases by adding ethanol co-solvent,
and it may help to form dense particles by decreasing equilibrium saturation concentration
compared to the pure water case, as described Lenggatd® for ZrO, particles. Resultant
particle size distributions are shown in Fig. 6. Copper and nickel particles produced from copper
nitrate and nickel nitrate precursors at 900 °C show similar size distributions since the same
nebulizer and precursor solution concentrations were used, and because the molar volumes of the
two metals are similar. Our size distribution measurements are reported for particle diameters up
to 300 nm, because of limitations associated with the DMA, as described elséhere

X-ray diffraction patterns of nickel particles from nickel nitrate 0.30 mol/L solutions at
various temperatures and amounts of ethanol co-solvent are shown in Fig. 7. Trends similar to
those seen for copper particles (Fig. 3) were observed. However, higher temperatures and a
greater concentration of co-solvent, 30 % volume fraction of ethanol in water, were required in
order to obtain phase pure nickel products, likely because nickel oxide has higher bond energy



than that of copper oxide. According to these results, it is clear that the reduction process is more
favorable at higher reaction temperatures and with a higher concentration of co-solvent.

The results of product composition for al copper and nickel experiments are summarized in
Tablel.

A. Effect of co-solvent

As explained above, the effect of adding the co-solvent is to reduce the temperature required
to obtain phase pure copper starting from copper acetate, and to enable the production of phase
pure copper from copper nitrate and nickel from nickel nitrate. These findings are attributed to
the strong reducing conditions created by co-solvent decomposition. In previously reported
studies, pure copper® and nickel” particles were produced using a mixture of hydrogen and
nitrogen gases in a pyrolysis reactor. In those cases, hydrogen gas played a significant role in
reducing the oxide products that result from the oxygen impurities and by-products into pure
metals. In those processes, though, the concentration required to reduce the metal oxide particles
is greater than the flammability limit of hydrogen in air, resulting in a potential safety problem.

The use of a co-solvent as a reducing agent accomplishes the same role under safer conditions.

Recently, metal nanoparticles of Ag, Au, Pd, Ru, and Cu were produced by the solution
phase reduction of their salts by alcohol under refluxing conditions,?** and pure nickel particles
were produced in the gas phase from NiCl with the aid of agueous ammonium®and from nickel
formate with formic acid® as co-solvents without using reducing gas. In those cases, alcohol,
ammonium, and formic acid play crucia roles either by reducing metal oxides or by preventing
oxide formation in solution phase or gas phase.

In this study, experimental results demonstrate that the use of ethanol as a co-solvent
decreases the operating temperature required to obtain phase pure copper and nickel powders.

Fig. 8 shows gaseous products from the kinetic modeling of homogeneous ethanol
decomposition at 1000 °C. At temperatures below 600 °C, complete decomposition could not be
achieved during a 1.5-second residence time, the minimum residence time for our experiments.
As can be seen in Fig. 8, hydrogen, carbon monoxide, and carbon dioxide were produced as
gaseous final products with acetaldehyde, ethylene, and ethane as intermediate species. This
implies that reducing agents such as hydrogen and carbon monoxide create a strongly reducing
atmosphere by consuming oxygen from oxygen impurities or by-products of precursor
decomposition. A note should be made here to compare the level of hydrogen prioesited

from the co-solvent decomposition, to that added in processes developed by other reSdarchers.
The resulting hydrogen concentration from ethanol decomposition is estimated to be
approximately several thousand ppm, while its amount increases an order of magnitude if
hydrogen gas is added directly. Thus, it appears that the use of a co-solvent to create reducing
conditions inside the reactor is much more efficient than direct use of hydrogen gas for metal
production, and it results in safer operating conditions.

Fig. 9 shows the temperature dependency of hydrogen yield with different initial oxygen
concentrations for a 1.5-second residence time. The presence of a small amount (0.1 ppm) of
oxygen increases hydrogen vyield by several orders of magnitude. This is due to the lower
activation energy of the initiation reaction,t&gOH + O, = G;H4,OH + HG,) compared to that of
the homogeneous ethanol decomposition reactiand due to an increased amount of radicals.
The role of oxygen is to initiate ethanol decomposition and to increase the rate of the initial
reaction step, and thus the presence of oxygen reduces the induction period and the
decomposition temperature. Without oxygen impurities, the decomposition temperature to obtain



a steady-state concentration of hydrogen from the ethanol decomposition is about 800 °C, while
the temperature markedly decreases to about 600 °C if several tens of ppm of oxygen are present.

Oxygen sources in our experimental system are oxygen dissolved in water and in the co-
solvent, impurities in carrier gas g\ and oxygerproduced from precursor decomposition as
shown in Table Il. Nitrate decomposition produces a half mole of oxygen from each mole of
precursof’ We estimate the amount of oxygen in our process is approximately 20 ppm if there
are no oxygen by-products from precursor decomposition, and it is approximately 170 ppm if a
nitrate precursor is used (Table 1l). If a small amount of oxygen is present, the ethanol
decomposition temperature corresponds to the experimental temperature at which phase pure
copper was produced from copper nitrate precursor (Fig. 3). The sensitivity of ethanol
decomposition to oxygen disappears above a few hundred-ppm level of oxygen. If the oxygen
content exceeds about 2000 ~ 4000 ppm, hydrogen concentration decreases because it will
combine with oxygen to form water. At this oxygen concentration, the level of hydrogen
produced is comparable with the oxygen concentration, and the reaction mode changes from
decomposition to ethanol oxidation.

B. Effect of precursor

The composition of the metal salt precursor affects the phase of the material produced.
Subject to slow (10-20 °C/min) heating rates in a thermo-gravimetric study, copper acetate
produces Cu metal under nitrogen flow, while it reacts to form CuO as a final product under an
atmosphere of aff®! This implies that the decomposition of copper acetate is strongly affected
by the ambient atmosphere. The decomposition of copper nitrate yields CuO even in a nitrogen
atmospheré>* and this may be attributable to the reaction with oxygen formed as a by-product
during decomposition. Nickel nitrate decomposition also produces NiO as a final product under a
nitrogen atmospher&.

In this study, if copper acetate was used, rather than copper nitrate, phase pure copper was
obtained at temperatures higher than 600 °C, without addition of any co-solvent. However,
copper acetate is less soluble than copper nitrate in water, so the use of copper nitrate as a
precursor would be more desirable for industrial applications. Even when a co-solvent was used,
copper nitrate and copper acetate showed different decomposition products at temperatures less
than 600 °C. Copper nitrate, which may produce a higher concentration of oxygen during
precursor decomposition than copper acetate (see Table 2), gives CuO as a primary low
temperature product, but copper acetate give®©@s a major product with small amount of Cu
in the crystalline phase. This composition difference suggests a strong dependency on the
concentration of oxygen. These results will be further discussed in the context of the phase
equilibria for this system.

C. Effect of temperature

In addition to the effects of co-solvent and precursors, reaction temperature determines the
final products of metal precursor decomposition in spray pyrolysis. Fig. 10 shows the
equilibrium phase diagram of the copper-oxygen system at atmospheric pressure as a function of
oxygen concentration and temperature. Experimentally measured product compositions are close
to the calculated equilibrium products. For example, if the amount of oxygen is about 170 ppm
(Table 1) corresponding to the use of copper nitrate precursor, the predicted phase for
temperatures less than 600 °C is CuO, just above the Cp@/Mhundary line. The change of
product composition from tenorite to cuprite with an increased reaction temperature was already
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observed in the XRD and IR results. At higher reaction temperatures, reduced copper compounds

are thermodynamically favored, and phase pure copper is formed at temperatures higher than

1300 °C. On the other hand, if the oxygen concentration is about 20 ppm (Table Il) as expected
with the use of copper acetate, the equilibrium phase composition would A Cumixture

just below the boundary line of CuO/&u Correspondingly, we observe LLuas a major phase

formed with Cu as a minor phase as shown in Fig. 2a for temperatures less than 450 °C.
Furthermore, phase pure copper was obtained at an increased reaction temperature as estimated
in Fig. 10. From the analysis of the phase diagram, experimental conditions for the generation of
phase pure copper particles can be predicted, incorporating chemical reaction effects of reducing
agents as explained in the following section.

D. Suggested reaction mechanisms

From analysis of the precursor and co-solvent effects, a mechanism for pure copper particle
formation from the decomposition of two copper precursors can be suggested. For copper nitrate,
nitrate decomposition produces oxygen leading to formation of CuO. The following reactions
have been suggested by other researchers for copper nitrate decomposition during spray
pyrolysis under a nitrogen atmosphéfre.

Cu [NG;]22.5H,0 - Cu [NG;]; + 2.5H0 (2)

Cu [NG;s]2 » CuO + 2NQ + 0.50 (2)

It is believed that CuO is further reduced to phase pure copper under the highly reducing
atmosphere created from ethanol decomposition at temperatures above 600 °C, Egs. 3 and 4. The
estimated amount of hydrogen and carbon monoxide formed from ethanol decomposition is an
order of magnitude greater than the amount of CuO on a molar basis.

CuO +H - Cu + KO, AG (600 °C) = -123 kJ/mol 3

CuO + CO- Cu + CQ, AG (600 °C) =-130 kJ/mol (4)
Furthermore, (3) and (4) are spontaneous reactions with negative changes in Gibbs fre& energy.
If there is no reducing agent present, higher temperatures thermodynamically favor reduction of
CuO into a mixture of G© and Cu (Fig. 10).

If copper acetate precursor is used, oxygen is present from impurities, but only at a level of
several tens of ppm (Table 1l). In addition, acetate decomposition does not produce oxygen, but
rather several hydrocarbon components. Thus,®@Qw mixture with CpO as the major phase
is formed at temperatures around 300 °C in the presence of oxygen impurities as discussed
previously. A copper acetate decomposition reaction is suggested as equation 6, following a
dehydration step of equation 5 reported elsewffere.

Cu [CH;COOLMH,0 - Cu [CHCOOL + H,O (5)

Cu [CH,COOQOL — Cu + CuyO (major phase) + gas phase hydrocarbon products (6)
Without a co-solvent, phase pure copper was produced at 600 °C or above, but the temperature
required to obtain phase pure copper decreases down to 450 °C if a co-solvent is used. We
attribute this to the consumption of the small amount of remaining impurity by hydrogen and
carbon monoxide at 450 °C. Otherwise, the remaining impurity oxygen may help to form a small
fraction of cuprite as seen in Fig. 2a. Thus, the cuprite phase is reduced into phase pure copper as
shown below.

CuO +H, - 2Cu + HO, AG (450 °C) = -92 kJ/mol (7)

CwO + CO- 2Cu + CQ, AG (450 °C) = -104 kJ/mol (8)

Also, (7) and (8) are spontaneous reactions with negative changes in Gibbs free energy at
450 °C* If there is no reducing agent, the Ouphase is thermodynamically favored to form



pure Cu as reaction temperatures increase in accord with the equilibrium phase diagram
(Fig. 10).

The mechanism of nickel formation from nickel nitrate is analogous to that for copper
formation from copper nitrate. The NiO phase was formed as a primary product without a co-
solvent as shown in Fig. 7, the same result as reported by other researchers.® If the co-solvent is
added, phase pure nickel is formed by reaction with the reducing agents formed during ethanol
decomposition.

V. CONCLUSIONS

Generation of phase pure copper and nickel particles was demonstrated via spray pyrolysis of
copper acetate, copper nitrate, and nickel nitrate in the temperature range between 300 °C and
1000 °C. Phase pure copper powder was generated from copper nitrate precursor with 10 %
volume fraction of ethanol at temperature above 600 °C, and from copper acetate precursor with
10 % volume fraction of ethanol at temperature above 450 °C. Phase pure nickel powder was
produced from nickel nitrate precursor with 30 % volume fraction of ethanol at temperature
above 900 °C. The addition of co-solvent, selection of precursors, and reaction temperature in
spray pyrolysis were the main factors in determining final product composition. Results of a
study of ethanol decomposition kinetics suggest that a highly reducing atmosphere was achieved
during copper and nickel particle synthesis, wesitu production of hydrogen and carbon
monoxide. Interestingly, the presence of a small amount (< 300 ppm) of oxygen appears to
increase hydrogen yield from ethanol decomposition, and thus may aid in formation of metal
particles.
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TABLE I. List of experimental conditions and product compositions

Exp. No Precursor Co-solvent @ Furnace Residence Product
' (Val. fraction)  Temperature Time (Major/Minor)
1 - 300 °C 2.3 sec Cu,0O/Cu
2 10 % 300 °C 2.3 sec Cuw,O/Cu
3 Copper - 450 °C 2.0 sec Cu/ CuyO
4 Acetate 10% 450 °C 2.0 sec Cu
5 (0.30 mal/L) - 600 °C 1.8 sec Cu
6 10 % 600 °C 1.8 sec Cu
7 - 1000 °C 1.5 sec Cu
8 1% 1000°C 15sec Cu
9 - 300 °C 2.3 sec CuO
10 10 % 300 °C 2.3 sec CuO
11 Copper - 450 °C 2.0 sec CuO/ CyO
12 Nitrate 10 % 450 °C 2.0 sec Cu/ CuyO
13 (0.30 mol/L) - 600 °C 1.8 sec Cu,0/Cu0O
14 10% 600 °C 1.8 sec Cu
15 — 1000 °C 1.5 sec Cuw,O/Cu
______ %6 . 10% _1000°C_ 15sec  Cu
17 - 600 °C 1.8 sec NiO
18 Nickel 10% 600 °C 1.8 sec Ni/NiO
19 Nitrate 10 % 800 °C 1.7 sec Ni/NiO
20 (0.30 mol/L) 10 % 900 °C 1.6 sec Ni/NiO
21 30% 900 °C 1.6 sec Ni

9 Ethanol was used as a co-solvent

TABLE Il. Sources of oxygen in the spray pyrolysis reactor.

Source O, in the source Resulting Q content in the reactor
(per mole) Copper Acetate Copper Nitrate
Carrier Gas (M 20 ppm? 18.9 ppm 18.9 ppm
De-ionized HO 18 ppn? 1 ppm 1 ppm
Ethanol co-solvent 8 ppfi < 0.1 ppm < 0.1 ppm
Precursor 0.5 mol& - 150 ppm
Total - 19.9 ppm 169.9 ppm

3 Reported from the vendor
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FIG. 1. Temperature distribution of the reactor inside. Reactor dimensions: 2.54 cm diameter and
76.2 cm length.

(a) ; .
J 1000 °C
[
JL_,( 600 °C
I J
3 L 450 °C
< + e J
;>~’ h o 300 °C
3 e
£/(b)

1000 °C

im 600 °C

* * 450 °C

300 °C

10 20 30 40 50 60 70 80 90 100
2-Theta

FIG. 2. X-ray diffraction patterns of copper powders obtained from (a) copper acetate and (b)
copper nitrate 0.30 mol/L solutions in water at four different reaction temperatures. 300 °C,
450 °C, 600 °C, and 1000 °C (*: nitrate precursor, +3;u: CuO, a: Cu).
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FIG. 3. X-ray diffraction patterns of copper powders obtained from (a) copper acetate and (b)
copper nitrate 0.30 mol/L solutions with 10 volume percent ethanol in water at four different
reaction temperatures: 300 °C, 450 °C, 600 °C, and 1000 °C (*: nitrate precursor,Ct: Cu
}: CuO, u: Cu).
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FIG. 4. Infrared spectroscopy results for copper powders. Figure (a) was measured for the
powders produced from two different precursors at 300 °C, and figure (b) was measured for the
powder produced from copper nitrate at four different temperatures.
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FIG. 5. SEM images of copper powders produced at (a) 600 °C and (b) 1000 °C from copper
nitrate precursor with 10 % volume fraction of ethanol. Arrows indicate hollow particles.
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FIG. 6. Examples of the size distribution for the copper and nickel particles produced at 900 °C
from copper nitrate and nickel nitrate 0.30 mol/L solutions.
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FIG. 7. X-ray diffraction patterns of nickel powder from nickel nitrate 0.30 mol/L solutions (a) at

900 °C with 30 volume percent ethanol in water, (b) at 900 °C and (c) at 800 °C with 10 volume
percent ethanol in water, (d) at 600 °C with 10 volume percent ethanol in water, and (e) at
600 °C in water (*: NiO, =: Ni).
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FIG. 8. Ethanol decomposition products at 1000 °C without oxygen.

14



» 107 i
Q -
o) e
{
E 10° a -
T n,
IS "
z A
E 10 iy
(@] 11!
E 10° ,/l,"
G 7, Oxygen Content
& . e 0.0 ppm
O 10 ,//’ A 0.1 ppm
T /.’, ---30 ppm
1072 '/'// . —-—--300 ppm
7 7/

300 400 500 600 700 800 900 1000
Decomposition Temperature (°C)

FIG. 9. Hydrogen concentration resulting from ethanol decomposition as a function of
decomposition temperature for different oxygen concentrations at 1.5-second residence time
(initial gas composition: N, = 0.938, H,O = 0.0586, C;HsOH = 0.00255).
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FIG. 10. Equilibrium phase diagram of the copper-oxygen system.
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