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a b s t r a c t
The fabrication of nanostructured materials from hydrous inorganic metal salt processed in supercritical
CO2 (scCO2 ) expanded liquids has advantages to obtain good results. However, the behavior of the inorganic salts and the detailed reaction mechanism are still unknown up to now. In this work, the actual
behavior of hydrous inorganic metal salts in CO2 expanded ethanol at the temperature of 50–200 ◦ C,
including the phase behavior, deposition mechanism, reaction rate and the effect of templates on the
deposition were systematically investigated by using XRD, FTIR, CHN-analysis, TGA, ICP-AES. A series
of experimental parameters such as CO2 ﬂow rate, expand procedure, reaction temperature and time
have been discussed, as well as the roles of CO2 and H2 O (often originated from salts and/or solvent but
always neglected) were studied in this contribution. Signiﬁcantly, a coordination–decomposition (C–D)
was proved to be the converting mechanism for the precipitation of the hydrous inorganic metal salts,
rather than the fuzzy decomposition.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Supercritical carbon dioxide (scCO2 ) has advantages in the
deposition of metal (oxides) onto a wide range of porous
substrates through the supercritical ﬂuid deposition method,
because the low viscosity and high diffusivity of scCO2 relative
to liquids, together with its low surface tension could largely
mitigate the mass transfer limitations and then facilitate the
inﬁltration of precursors in complex geometries. During the past
few decades, numerous organometallic compounds, including
dimethyl(1,5-cyclooctadiene)platinum(II) [CODPtMe2 ] [1–4],
2-methylallyl(cyclopentadienyl)palladium(II)
[CpPd(-C4 H7 )]
[5,6], CpNi/CpCo [7], bis(2,2,6,6-tetramethyl-3,5-heptanedionate)
copper(II) [Cu(tmhd)2 ] [8,9], Ru(COD)(tmhd)2 [10,11], (1,5cyclooctadiene)(1,1,1,5,5,5-hexaﬂuoroacetylacetonate)silver(I)
Ag(hfac)COD [12], dimethyl(acetylacetonate)gold(III) [(acac)
Au(CH3 )2 ] [13], have been studied as precursors to deposit Pt, Pd,
Cu, Ni, Co, Ru, Ag and Au ﬁlms and nanoparticles on inorganic or
organic substrates [14,15]. Moreover, a series of metal alkoxides
(metal = Si, Ti, Zr, Al, etc.) has been also hydrolyzed in scCO2 for the
fabrication of metal oxides with diverse structures, such as porous
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aerogel [16], nanoparticle and ﬁber [17,18], or the deposition
of metal oxides on a wide variety of templates, including active
carbon [19], ﬁber [20], etched wafer [21], biological materials [22],
giving rise to precise inverse-template structured metal oxides. To
date, the wide use of organometallic precursors was determined
by their speciﬁc relative high solubility in scCO2 [23]. However,
the organometallic compounds are always expensive, difﬁcult
to store and manipulate, and harmful compared with hydrous
inorganic metal salts. Therefore, there is a strong tendency to
design a green strategy that uses hydrous inorganic metal salts
instead of organometallic ones as precursors for the deposition
and preparation of nanostructured materials, even though their
solubility is limited in scCO2 .
Recently, the solubility problem of the hydrous inorganic metal
salt has been overcome through introducing the co-assistant solvent such as ethanol and methanol into the system, to form a
scCO2 expanded ﬂuid. Han et al. [24–26] demonstrated that scCO2
expanded ethanol can disperse hydrous metal nitrates inside and
outside of carbon nanotubes (CNTs) and form a uniform oxide coating on tubes via in situ “decomposition” of precursors. A series
of multi-functional composite materials, such as Al2 O3 /CNTs [24],
CeO2 /CNTs [25] and ZrO2 /CNTs [26] etc. have been prepared in
scCO2 expanded ethanol, which are difﬁcult to obtain in pure
ethanol. The unique physicochemical properties of the expanded
ﬂuid, such as low viscosity and surface tension and high diffusivity are responsible for the formation of the uniform coating of
oxides. However, further study should be required on the role of
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CO2 molecules and the features of deposition reactions in scCO2
expanded solution. In this work, we investigate the reaction behavior of hydrous inorganic metal salts in scCO2 expanded ethanol,
including the phase behavior, deposition mechanism, reaction rate
and the effect of templates on the deposition. In addition, a series of
experimental parameters such as CO2 ﬂow rate, expand procedure,
reaction temperature and time have been discussed, as well as the
roles of CO2 and H2 O (often originated from salts and/or solvent
but always neglected) were studied.
2. Experimental
2.1. Materials
The analytical chemical reagents of Ni(NO3 )2 ·6H2 O,
Fe(NO3 )3 ·9H2 O, Co(NO3 )2 ·6H2 O Zn(NO3 )2 ·6H2 O, Cu(NO3 )2 ·3H2 O,
Cr(NO3 )3 ·9H2 O, Nd(NO3 )3 ·6H2 O, SnCl2 ·4H2 O, MnCl2 ·4H2 O and
C2 H5 OH were purchased from Sinopharm Chemical Reagent
Beijing Co. Ltd., and PdCl2 was purchased from Aldrich. All the
chemicals were used directly without further puriﬁcation. The
templates of carbon colloids and silica nanoparticles were synthesized through hydrothermal method [27] and Stöber process [28],
respectively.
2.2. Phase behavior
A volume of 16 ml ethanol solution of hydrous inorganic metal
salt with a given concentration (0–0.2 M) was charged in a viewable autoclave (80 ml), and then introduced CO2 with a ﬂow rate
of 7 ml/min at the temperature of 80 ◦ C for Fe(NO3 )3 ·9H2 O, 100 ◦ C
for Cu(NO3 )2 ·3H2 O, and 150 ◦ C for others (e.g., Co(NO3 )2 ·6H2 O,
Ni(NO3 )2 ·6H2 O) to expand the solution, until the solution was
expanded to ﬁll up the autoclave with homogeneous ﬂuid. After
the ﬂuid was stable for a few minutes, increased the temperature
to 200 ◦ C with a heating rate of 3 ◦ C/min and reacted at that temperature for 2 h, under which the soluble inorganic metal salts was
completely converted into solid compounds and precipitated from
the ﬂuid.
2.3. Characterization
Crystallographic information was investigated by XRD patterns
with a Brucker D8 GADDS diffractometer using Co K␣ radiation
(1.79 Å), and the crystallite size was calculated using Scherrer’s
equation. The existence of CO3 2− and/or NO3 − in resultant solidcompounds was conﬁrmed by CHN-analysis (VarioEL CHN). The
content of water and hydroxyl groups were conﬁrmed by Thermogravimetric Analysis (TGA) curves (Pyris Diamond TG/DTA) in the
temperature range of 40–550 ◦ C with a heating rate of 10 ◦ C/min
under N2 atmosphere. The chemical bond information of free
NO3 − (D3h symmetry), M–O, M–OH, M–OCO2 /(M–OCOO–) and
M–ONO2 /(M–ONOO–) (C2 symmetry) were conﬁrmed by Fourier
transform infrared spectroscopy (FTIR) that recorded with Bruker
Vertex 70 in the frequency range of 4000–450 cm−1 . The content
of metallic ions in residual solution was measured by inductively
coupled plasma atomic emission spectrometer (ICP-AES) (Thermo
Scientiﬁc iCAP 6000 Series).

Fig. 1. Phase behavior of Fe(NO3 )3 ·9H2 O (0.05 M) under stirring (A–D) in a sealed
autoclave at different temperatures without CO2 expansion. (A) 50 ◦ C, (B) 80 ◦ C, (C)
100 ◦ C, (D) 120 ◦ C. (E) the static phase of (D).

and the actual behavior of metal nitrates in the system have been
not discussed in detail. Experimental parameters affect on the
formation of expanded homogeneous ﬂuid and the deposition of
hydrous inorganic metal salts, and this point needs examination.
Firstly, a suitable temperature (T) is an essential factor for ensuring the reaction of precursors occurs in the expanded ﬂuid, because
the hydrous inorganic metal salt could deposit before the expansion
process if the temperature is too high. For example, Fe(NO3 )3 ·9H2 O
(0.05 M) could form the precipitate in ethanol within 5 min at
120 ◦ C (Fig. 1), therefore a temperature around 80–100 ◦ C was practicable for Fe(NO3 )3 ·9H2 O to form a homogenous CO2 expanded
ethanol solution for that Fe(NO3 )3 ·9H2 O was stable in ethanol at
these temperatures. While other nitrates such as cobalt, nickel
and chromium nitrates could be stable at 150 ◦ C in ethanol, at
which it is reasonable to expand. Fig. 2 shows that the ethanol
solution of Ni(NO3 )2 ·6H2 O (0.02 M) was well expanded to form
a homogeneous ﬂuid ﬁlled up of autoclave under the pressure of
14.1 MPa without any reaction. Generally, selecting a relative high
temperature (100–150 ◦ C) to expand is good for reducing the ﬁnal
pressure of the system, particularly for that the system need further
increasing the temperature for reaction (e.g., 200 ◦ C). Oppositely, an
extremely high pressure of the system would be achieved if selecting a low temperature (e.g., <50 ◦ C) to expand and then reaction at a
high temperature. For example, expanding the solution at the tem-

3. Results and discussion
3.1. Factors affecting phase behavior
Although the scCO2 has been widely used in the fabrication of
nanostructured materials through forming the expanded ethanol
solution of metal nitrates [24–26], the experimental parameters

Fig. 2. Typical phase behavior of ethanol solution of Ni(NO3 )2 (0.02 M) with CO2
under stirring (A–E) at different pressures at 150 ◦ C. (A) 0.1 MPa (ambient pressure),
(B) 8 MPa, (C) 10 MPa, (D) 12 MPa, (E) 14.1 MPa, (F) the static phase of (E). (E ) Typical
phase behavior of ethanol solution of Ni(NO3 )2 (0.2 M) with CO2 -expansion (150 ◦ C)
at the pressure of 14.1 MPa, it is an inhomogeneous ﬂuid even under stirring. (F )
the static phase of (E ).
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At a relative low temperature, the homogeneous expanded ﬂuid
could be formed and stable for a long time without formation of
any precipitates, and also it could return to pure ethanol solution
after slowly releasing of CO2 . In most cases, enhancing temperature is required for the deposition of hydrous metal salts and
the further in situ preparation of nanostructured materials. Generally, around temperatures of 150–200 ◦ C the soluble hydrous
metal salt could convert into a solid compound in CO2 expanded
ethanol, as observed from the indistinct viewable window (Fig. 3,
inset picture). For a simple expression, an abbreviation of the
solid compound was presented according to the element of metal,
that is, metal-salt, Ni-salt for example, except for those identiﬁed ones. The XRD results (Fig. 3) show that most metal-salt have
amorphous structure and that with a crystalline structure such as
Zn-salt, it is difﬁcult to ﬁnd a standard materials because it is not a
pure crystalline structure. The solid compounds have quite different FTIR spectrum compared to their precursors, such as Ni-salt
and Ni(NO3 )2 ·6H2 O. As demonstrated in Fig. 4, the ionic compound of Ni(NO3 )2 ·6H2 O has the characteristic absorption band at
1384 cm−1 ascribed to the asymmetric stretch band of free NO3 −
(D3h symmetry) [29,30]. While for Ni-salt, the absorption band of
free NO3 − (1384 cm−1 ) was disappeared and new absorption ones
of M–OCO2 /(M–OCOO–) and M–ONO2 /(M–ONOO–) (C2 symmetry) were emerged according to the results reported in the literature
[31]. The new groups of CO3 2− originated from the reactions of
CO2 and H2 O in this system. The interactions of metal ions with
NO3 − and CO3 2− groups before and after reaction was proposed
(Scheme 1) according to the spectrum information of FTIR in Fig. 4.
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3224

3401

perature of 40 ◦ C with a low pressure of 7.5 MPa and then increasing
the temperature to 120 ◦ C (at least for most precursors) for reaction
directly result in a dangerous pressure that over 50 MPa.
Furthermore, it should be carefully to choose an appropriate
concentration of hydrous inorganic metal salts because they have
speciﬁc solubility in CO2 expanded solution. Otherwise, it is impossible to form a homogeneous ﬂuid, as shown in Fig. 2E . An increased
amount of primary green solution with un-dissolved precursors
presented clearly on the bottom of autoclave if the concentration
of Ni(NO3 )2 ·6H2 O higher than 0.13 M (Fig. 2F ). Additionally, ﬁnely
controlling the pumping rate of CO2 (∼7 ml/min) is also important
when one introduces CO2 to the system, overload always occur at
high ﬂowing rate due to the equilibrium delay.
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Fig. 3. XRD patterns of metal-salt synthesized in CO2 expanded ethanol (conditions
illustrated in Section 2). Inset shows the visual observations. The solid Ni-salt was
obtained through centrifugation of the solution after reaction.
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Fig. 4. FTIR spectra of primary precursor and metal-salts formed in CO2 expanded
ethanol. (a) Ni(NO3 )2 ·6H2 O. (b) Ni-salt. (c) Fe-salt. (d) Co-salt.

The bands labeled by green line was assigned to the antisymmetric stretching vibration of 4 (–OCO2 ) (1570–1490 cm−1 ), the
symmetric stretching vibration of 1 (–OCO2 ) (1155–1144 cm−1 )
[32], and that labeled by blue line was assigned to the antisymmetric stretching vibration of 4 (–ONO2 ) (1485–1415 cm−1 ), the
symmetric stretching vibration of 1 (–ONO2 ) (1340–1305 cm−1 ),
the totally symmetric in-plane stretching vibration of 2 (–ONO2 )
(1087–1037 cm−1 ) [29]. Furthermore, the absorption bands labeled
in black line, including 825–895 cm−1 and 645–684 cm−1 were
assigned, respectively, to the overlapped absorption band of the
out-of-plane bending vibration of 6 (–ONO2 ) and 8 (–OCO2 ), the
symmetric in-plane bending vibration of 3 (–ONO2 ) and 6 (–OCO2 )
[28–33]. The absorption band at 990–942 cm−1 and 540–582 cm−1
may be assigned to the vibration of (M–OH), (O–H. . .O) and
(M–OH), respectively. The absorption band at 423–473 cm−1 may
be assigned to the M–O stretching vibration [29,34]. Furthermore,
the broad adsorption band at 3530–3400 cm−1 may be assigned to
the stretching vibration (O–H. . .O) of the hydrogen bond [30],
and that lower than 3400 cm−1 may be assigned to (H2 O). The
investigation of the chemical bonds in the structure of the solidcompound offers a clear recognition on the conversion and the
formation of the metal-salt from soluble metal salt to a solid one.
More directly, the presence of the element of C, H and N characterized by CHN-analysis strongly proved the existence of CO3 2− ,
NO3 − in the solid compound (Table 1). Interestingly, the content
of C is higher than that of N, which demonstrates that the CO3 2−
originated from the CO2 play an important role on the conversion of the precursors. Furthermore, a certain amount of water
and the group of OH were also existed in the structure of metal-
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Scheme 1. Proposed interactions of metal ions with NO3 − and CO3 2− groups before
and after reaction.
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salt because the process of dehydration and dehydroxylation were
demonstrated clearly in the TGA measurement (Fig. 5). Therefore,
the chemical formula of the solid compound could be expressed as
Mx (OH)y (NO3 )z (CO3 )m ·nH2 O (M = any metals if only their ions have
the ability of coordination). The value of x, y, z, m and n strongly
depend on the experimental parameters, the kind and concentration of precursors, etc.
The chemical compositions of the metal-salt are quite different from the oxides formed in previous literature. In the past few
years, a series of metal oxides (e.g., ZrO2 , Al2 O3 and CeO2 ) have been
reported to form on CNTs through decomposition of the hydrous
metal nitrates in the CO2 expanded ethanol [24–26], and a proposition that the metal nitrates could decompose simply to oxides on
the templates in CO2 expanded ethanol was formed. Unfortunately,
the reaction of metal nitrates was not as simple as illustrated,
because they experience a more complex process with a coordination reaction and further decomposition process as conﬁrmed
later. Moreover, the template plays an essential role in affecting
the chemical composition and crystalline structure of the precipitates, forming oxides on CNTs was only a speciﬁc example and the
reason was largely ascribed to surface properties of CNTs [24–26].
To prove the result that the surface properties of the templates
affect the deposition of hydrous inorganic metal salt, we further
choose the carbon colloids and silica gel as the templates because
their surface has a large amount of hydrophilic hydroxyl groups
[27,28], which is opposite to the hydrophobic surface of CNTs
[24–26]. Fig. 6 shows that varied solid compound was formed on the
templates under the totally same conditions. For example, amorphous Zn-salt was always formed on surface of the carbon colloids,
while crystalline ZnCO3 (crystallite size, 20.4 nm) presented on the
surface of SiO2 . More interestingly, the XRD patterns show crystalline Cu with a crystallite size of 32 nm was formed on the carbon
colloids at a copper concentration of 0.01 M due to the reduction
ability of hydroxyl groups (C–OH) on the surface of carbon colloids
[27], while a new phase of Cu2 O presented and increased in the Cu
phase with increasing the concentration of precursors gradually
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The C, H, N content (wt.%) in metal-salt.
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Fig. 6. XRD patterns of the metal-salts formed on carbon colloids and silica
nanoparticles. (a) Zn-salt/C (0.03 M). (b) ZnCO3 /SiO2 (0.02 M). (c) Cu/C (0.01 M). (d)
Cu–Cu2 O/C (0.02 M). (e) Cu2 O–Cu/C(0.03 M). (f) Cu2 (NO3 )(OH)3 /SiO2 (0.02 M).

(Fig. 6), this should be ascribed to the limited amount of the reductant C–OH which was not enough to reduce the increased amount
of Cu2 O. While changing the template to SiO2 gel, Cu2 (NO3 )(OH)3
was formed, irrespective to the concentration of precursors. Obviously, the basic property of hydroxyl groups on silica gel as well
as its hydrophilicity largely affects the chemical compositions and
crystallite size (e.g., 81.7 nm at a concentration of 0.02 M). Undoubtedly, the surface properties of templates play a decisive role in the
deposition of hydrous metal salt. While in most cases, amorphous
Mx (OH)y (NO3 )z (CO3 )m ·nH2 O (M = Ni, Fe, Co, Cr, etc.) were always
formed on the carbon colloids and silica gel, as illustrated in the
absence of templates in CO2 expanded ethanol.
Base on the above analysis, a coordination–decomposition (C–D)
deposition mechanism was proposed in CO2 expanded ethanol.
Firstly, the hydrous inorganic metal salt was dissociated in ethanol
to form a solution consisting of M2+ , NO3 2− , H2 O. With the introduction of CO2 , the H2 O reacted with CO2 to generate the ions of
CO3 2− and HCO3 − . Before the deposition, the free groups of NO3 2−
and CO3 2− (D3h symmetry) interact with M2+ through electronic
interaction in the expanded homogeneous ﬂuid (Fig. 7A). At the
temperature of reaction, the dissociated anions such as NO3 − and
CO3 2− , together with molecules (H2 O), could coordinate directly
to the matrix M2+ by bridged oxygen to form a solid-compound
(Fig. 7A and B). Due to the strength of the coordinate bond higher
than electronic bond, the compound could be formed stably and
precipitated from the ﬂuid. Herein, it is clear that the formation
of metal oxide was resulted from the decomposition of such solidcompounds rather than a simple “decomposition” from the primary
precursors as reported before [24–26]. Therefore the C–D deposition mechanism seems more rational to demonstrate the reaction
behaviors of precursors and further interpret the reason of the
formation of oxides when CNTs were used in similar system. Furthermore, based on the knowledge of our C–D mechanism, the
precursors could be extended to chlorides except those limited
nitrates because the group of CO3 2− resulted from CO2 has a strong
coordination ability with metallic ions, even the coordination ability of Cl− is weak. Consequently, the C–D mechanism could also
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Table 2
Concentration of metal ions determined by inductively coupled plasma atomic emission spectrometer (ICP-AES) analysis.
Cations
2+

Ni
Co2+
Cr2+
Zn2+
Nd3+
Cu2+
Fe2+
Sn2+
Mn2+
Pd2+
a

Anions
−

NO3
NO3 −
NO3 −
NO3 −
NO3 −
NO3 −
NO3 −
Cl−
Cl−
Cl−

Initial concentration (C0 /mmol L−1 )
20
10
15
20
20
30
20
20
20
1

Residual concentration (Cr /mmol L−1 )a

The percentage of coordination (%)

0.11
0.05
0.05
0.04
0.03
0.04
0.01
4.12
1.30
0

99.45
99.50
99.67
99.80
99.85
99.87
99.95
79.40
93.50
100

Cr is the concentration of cations remained in ethanol solution after reaction.

well interpret the reason of the formation of oxides from metal
chlorides, such as SnCl2 ·4H2 O [35].
3.3. Coordination ability of metal ions in CO2 expanded solution
Except the knowledge of the deposition mechanism, the coordinating ability of metal ions in CO2 expanded ethanol as well
as the deposition rates of hydrous metal salts were discussed
systematically. The generation of the solid compounds and the
changing color of the solution were observed for determining the
starting and ending of the deposition reactions (Fig. 7A–C). Preliminary results of observations showed that the reaction rate
sequence of nitrites was Fe (2 min)  Cu (10 min) > Zn (14 min) ∼ Cr
(15 min) > Co (30 min) > Ni (50 min), which may correlate with the
hydrolysis reaction rate of these metal ions. Furthermore, almost
all the precursors could be converted into metal-salt within 2 h
because the percentage of coordinated metal ions ((C0 − Cr )/C0 ;
C0 = primary concentration of precursors; Cr = residual precursors)
was always higher than 99%, as determined by the results of ICPAES (Table 2). Meanwhile, metal chlorides, such as SnCl2 ·4H2 O and
MnCl2 ·4H2 O, could also be converted into solid compounds with
high conversion of 79.4% and 93.5%, respectively, which strongly
conﬁrmed our presented C–D mechanism that CO3 2− could coordinate with M2+ even for the chlorides with a weak coordination

ability of Cl− groups. Moreover, the other element such as rare
earth (e.g., Nd3+ , 99.83% conversion) and noble metal salt (e.g.,
Pd2+ , 99.97% conversion) could be completely converted into solid
compounds. Obviously, the CO2 expanded ethanol was an effective medium to convert the soluble hydrous metal salt into a solid
compound; thereby this method could be extensively adopted in
the fabrication of nanostructured materials, especially for those are
difﬁcult to prepare in traditional solvents.
4. Conclusions
In this contribution, we presented a fundamental study of the
deposition reaction mechanism of hydrous inorganic metal salts
in CO2 expanded ethanol. The reaction behavior of precursors
in CO2 expanded ethanol, including phase behavior, deposition
mechanism, coordination ability and rates of precursors have been
discussed in detail. A coordination–decomposition (C–D) mechanism of hydrous inorganic metal salt was proposed for the ﬁrst time.
It shows the probable conversion of every kind chemical group from
dissociated ions to form a solid compound in CO2 expanded ethanol.
Furthermore, the effects of the templates and the roles of CO2 and
H2 O during the deposition of precursors were also studied. With the
recognition of the whole process and detailed mechanism, the fabrication of nanostructured materials with the deposition of varied
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metal-salts on a wide range of templates such as ﬁbers, particles,
porous silica and carbon becomes more directly and clearly.
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