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Abstract

The thermal decomposition of freeze-dried formate precursors for copper—iron oxides was investigated by means of DTA, TG, mass
spectroscopy and X-ray powder diffractometry. The freeze-dried copper formate is crystalline. Its decomposition at al@uel286es
formic acid (HCOOH) and carbon dioxide (Gas main primary gaseous decomposition products beside metallic copper as a solid product.
However, the decomposition of the amorphous freeze-dried iron formate starts with a dehydration process which ends up at@bout 200
Further decomposition in several superimposed steps, betweelC2#® 330C, results in the delivery of: (a) HCOOH and ¢Qwith
reduction of Fe(lll) to Fe(ll)), (b) HCOOH and CO or,80 and CQ (without reduction). Meanwhile, several secondary decomposition
products are characterized by mass spectroscopy. Regarding the complex copper—iron formate, its decomposition does not reflect only some
aspects of the single formates, but also an interaction between the components which lows down the decomposition temperature. Because 0
the intermediate formation of metallic copper, properties of the reactive homogeneous precursor are lost and the formation of the single-phase
copper iron oxides requires an annealing temperature close to that of a mixed oxide technique.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction that the specific architecture of the trinuclear coordination

compound allows the direct synthesis of Cp®Bg at a rel-

During the last few decades, the synthesis of the single- atively low temperature. On the same footing, the ther-

phase “CuFg04" has been a subject of intense investiga- mal decomposition of a mixed copper iron oxalate, pre-
tions. Both ceramic and chemical methods have been usedpared by coprecipitation, has been investigated by Coetzee
Mexmain[1], Brabers and Klerk2] and Tang et al.3] have et al. [9]. For the preparation of thin films of Cup®,,
prepared CuRf, using a solid state reaction between cop- Despax et al[10] have used the coprecipitated mixed ox-
per oxide (CuO) and iron oxide (F@3). Brezeanu et al.  alate “Cu 3Fe&y3C204-2H,0". The increasing number of
[4-8] have studied the thermal decomposition of the pre- contributions mentioned above simply shows that preparing
cursor [FeCu(G04)2(0OH)4(H20),] obtained by hydrolytic a pure copper ferrite is not easy. In fact at low temperature,
decomposition of the Fe©,4-2H,O0-Cu(CHCOO),-H,0 special oxidizing/reductive atmospheres are requjtetil]
mixtures or by a precipitation reaction. These authors found and at high temperature & 800°C), “CuFe04”" contains

CuO as second pha$#,2,10]. In our previous workl12],

on the thermal decomposition of the freeze-dried precursor

f ) a(gg*:fignsg?gg;hm- Tel.: +49 351 463 34366; ammonium copper iron oxalate (Cu:Fe = 1:2), we were able
+ . . .o ..
ax . . to show that an individual decomposition of metal oxalates
E-mail addressedlaur@chemie.tu-dresden.de (F. Kenfack), L . . .
Hubert.Langbein@chemie.tu-dresden.de (H. Langbein). inside the precursor prevents the synthesis of a single spinel-
1 Tel.: +49 351 463 34960. phase “CuFg0,” at low temperature (T< 400°C). Kol-
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eva et al.[13] have used copper—manganese formate solid tion (B) was obtained by dissolving the basic copper carbon-
solutions as precursors for copper manganese oxides. Pollate (CuCQ@ x Cu(OH)-H20) in an appropriate amount of
and co-worker$14,15] have synthesized Cu—Ca and Cu-Sr formic acid. The metal ion concentrations of these solutions
oxides by thermal decomposition of appropriate mixed for- were determined titrimetrically to be 0.18 M and 0.09 M, re-
mates. Note that investigations carried oufiB8—15] pref- spectively. A solution containing Gti and Fé* in a molar
erentially aimed at the formation of oxidic phases and, the ratio of Cu:Fe = 1:2 (C) was prepared using the previous
decomposition processes were discussed only on the basolutions. Solutions (A, B and C) were quickly frozen in
sis of summarizing schematic equations. More recently, it liquid nitrogen and dried from-40°C to 25°C in a vacuum
has been showiil6] that the preparation of manganese chamber ofafreeze-drying apparatus Alpha 2-4 (Christ). The
ferrite with the freeze-dried precursor manganese iron for- quantitative analysis of the slight powders obtained was re-
mate “MnFeO(CHOO)(H,0)3” occurs at low tempera-  alised by complexometric titration and elemental analyses.
ture (T= 600°C). In this work, we attempt instead to use Following these results, their composition can be described
copper—iron(lll) formate as a precursor for the direct synthe- approximately using these formulas:

sis of pure copper ferrite. Specifically, we aim to enlighten . ) _ )
relationships between the thermal decomposition of freeze-" 0" formate : [FgO(HCOO)] "HCOO™ - 3.8H,0;
dried copper—iron formates and the formation of solid cop-
per iron oxide phases. Thus, the thermal decomposition of
Cu—Fe formate is compared to that of individual metal for- . . y
mates and the effect of the calcination temperature on the copper—ironformate : “Cuf@z/3(HCOO 67 - 2.5H,0
phase formation is studied. Besides, it is worth to empha- [2/3 [FesO(HCOO)]+HCOO~, 1 Cu(HCOO}, 2.5H,0].
size that the thermal analysis coupled with mass spectrom-

etry is a promising method to investigate the decomposition n ) i
behaviour[16]. In dependence on the conditions during the freeze-drying

process and, after handling in air with different humidity, the
water content of the samples can be somewhat different.
2. Experimental From the X-ray diffraction analysis (Fig. 1), the freeze-
dried iron(lll) formate is amorphous, the copper formate is
For the freeze-drying process, complex formate solutions crystalline while the copper—iron formate is partially amor-
were firstly prepared. Fe(lll) formate solution (A) was pre- phous, with traces of crystalline copper formate. Analysing
pared as described by Langbein efB8]. Iron metalwas dis-  of the IR spectra of freeze dried amorphous Fe(lll) formate,
solved with an appropriate amount of formic acid in an inert it turns out that at least partially complex trinuclgaroxo
atmosphere. The resulting Fe(ll) formate solution was then formate species are present. Such complexes are well known
oxidized in a 102 M formic acid solution with a twofold ex-  for crystalline iron carboxylateld 7].
cess of HO,. Upon stirring the former solution, adeep brown X-ray diffraction analysis was performed with a Siemens
Fe(lll) formate solution was formed. Copper formate solu- D5000 X-ray diffractometer using Cu Kiadiation. The ther-

copper formate : Cu(HCO®) 0.1H,0;
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Fig. 1. XRD patterns of the freeze-dried precursors: (a) Fe formatgCJff¢COO)] tHCOO™ -3.8H,0"; (b) Cu—Fe formate “CuFgy/3(HCOO) 67-2.5H,0";
and (c) Cu formate “Cu(HCOQ)0.1H,O".
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mal decomposition was investigated by means of Netzsch  The mass spectroscopic analysis of gaseous products per-

thermal analyser STA 409, coupled with a capillary mass mits to conclude that at least five parallel and/or consec-

spectrometer QMG 420 (Balzers). utive reactions occur during the four decomposition steps
identified on the DTA and DTG curves (Table 1). One
sees that the decomposition starts with the elimination of

3. Results and discussion H>O (process (1)). The calculated mass loss (12.1%) cor-
responding to the loss of 3.8 mol of water for each mole
3.1. Iron(lll) formate precursor of precursor is found to be lower than the experimental

value (about 13%). This suggests that the formation of

The thermal decomposition of the freeze-dried precursor HCOOH and CQ (process (2a)) is superimposed to the
iron(lll) formate in an argon gas stream is illustrate&ig. 2. process (1).
The decomposition starts with an endothermic process corre- +
sponding to about 13% mass loss in the TG curve. This pro- [FesO(HCOOK] THCOO™ - 3.8H,0
cess is superimposed by the beginning of an exothermic de- — [FesO(HCOO)]*HCOO™ + 3.8H,0 1)
composition occurring between 200 and 290 C and char-
acterized by two substeps on the DTG. The last process is an[Fe(l11) 30(HCOO)] THCOO™
endothermic one with a maximum at about 325 Above
330°C, a small gain of mass by the products is observed. [Fe(lll)2Fe(INO(HCOO}] + 0.5SHCOOH+ 0.5CC;
The total mass loss including the small gain of mass is about (2a)
57%.

To elucidate the mechanism of decomposition, the gaseous
decomposition prod_ucts were analysed by mass spectrome-[Fe(|||)2|:e(||)O(HCOO)5]
try. The results of this measurement are recordethivle 1

and plotted irFig. 3a and b. — [Fe(I)3O0(HCOO)] + HCOOH+ CO; (2b)
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Fig. 2. Thermal analysis of the freeze-dried Fe formate{Fg¢iCOO)] *HCOO™-3.8H,0”: (1) DTG curve; (2) DTA curve; and (3) TG curve. Atmosphere:
argon; heating rate: 5 K/min.

Table 1
Main primary gaseous decomposition products of the freeze-dried precurs@(fFeéO0)]tHCOO -3.8H,0
Process/equation Temperature range Main primary gaseous Am (calc.) (%)

(°C), roughly decomposition products Amistep Am/total
1 30-220 3.8H0 -12.1 —-12.1
2a 200-260 0.5HCOOH; 0.5GO -7.9 —20.0
2b 240-290 HCOOH; C® —-15.9 —-35.9
3 280-330 2HCOOH; 2CO -26.1 —62.0
4 280-330 2HCO; 2CQ —26.1 —62.0

330-520 (oxidation) +4.2 -57.8
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Fig. 3. (a) Mass spectrometry characterization of the gaseous decomposition products occurring during the decomposition of the freeze-dried Fe format
“[Fe3O(HCOO)%] T"HCOO-3.8H,0". Atmosphere: argon; heating rate: 5K/mim/z= 18 (H;0); m/z= 44 (CQ); and m/z= 46 (HCOOH). (b) Mass
spectrometry characterization of the gaseous decomposition products occurring during the decomposition of the freeze-dried Fe fgD{ta@O g~

HCOO -3.8H,0". Atmosphere: argon; heating rate: 5 K/mim/z= 2 (Hy); m/z= 28 (CO); andn/z= 30 (HCOH).

HCOOH and CQ result from an electron transfer from trinuclear molecular units according to the schenmiatis. (5)
the formate anion to Fe(lll) and from the reaction of two and (6)and by H-transfer reactions between the resulting
HCOO-moieties via an H-transfer from one to the other. The HCOO and HCO radicals.
decomposition proceeds with the process (2b). In this pro-

cess, which is analogous to (2a), a further reductive elimina- (R)Fe—O(CO)H— (R)Fe-O + HC*O (5)
tion with the delivery of HCOOH and Cf{xakes place.
As the temperature increases, the competitive processeéR)Fe_O(Co)H* (R)Fe + HCOC (6)

(3) and (4) become more and more important. Contrary to
processes (2a) and (2b), they occur without alteration of the
oxidation number of iron.

From the reaction between the simultaneously formed
(R)JFe—O and (R)F@ species, Fe—O—Fe links arise. This
should result in the formation of iistite, “FeO”, as a final
solid product. At about 300C, wilstite is a metastable iron
oxide in relation to a Fe/R©,4 mixture. But, its formation by
(4) decomposition of a Fe(ll) compound at relatively low tem-

perature is not unusual. Analogous decomposition processes

The formation of HCOOH and CO ord€0 and CQ can were also identified during the decomposition in argon of the
be explained by the breaking of Fe—O and O—C bonds in the freeze-dried precursor Mn—Fe form§i®].

[Fe(l)30(HCOO),] — 3FeO+ 2HCOOH+2CO  (3)

[Fe(l)30(HCOO),] — 3FeO+ 2H,CO+ 2CO,
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The small gain of mass between 33D and 520C is chromatographic analysis between 3@and 350C. They
caused by the reoxidation of Fe(ll), formed during the de- have characterized 40, CO, CQ and H as gaseous de-
composition, by traces of oxygen in the argon gas stream (seecomposition products. The results[@®] and[20] are fully
below). After finishing the thermal analysis at about 800 in agreement with our results. However, a careful investi-
hematite (a-FgO3) is formed as a solid product. gation as a function of the temperature with mass spectro-

During all the decomposition processes, adeliveryg®H  scopic detection of products allows some further conclusions
is observed. Beside thisHk detected above 30C. These concerning the single processes and their primary gaseous
facts can be explained by decomposition processes in accorproducts.
dance withegs. (7)—(9). To confirm the thermal analysis results, various thermal
treatments were performed in the range of 30—<8D0The

HCOOH— H20+CO 7 resulting solid products were characterized using the X-ray

HCOOH — H» + CO, (8) diffraction method. In order to proceed, defined amounts
(100-150 mg) of Fe(lll) formate were decomposed under ar-

H2CO — Hz +CO (9) gon. Afterreaching the desired temperature, the samples were

The decomposition processes (8) and (9) are importantque”Ched rapidly to room temperature underth_e same etmo—
only above 300C, whereas the reaction (7) had already taken sphere. From the examination of the XRD profiles obtained

place above 200C. Because of the simultaneous presence of &t Selected temperatures (285} 300°C, and 340C), one
CO, CQ, H,0 and H in the reaction system, the existence C¢annote that the thermal reactions defined from the DTA, TG

of further equilibriums like (10) and (11) are expected. and MS results, are approved (Fig. 4). After annealing up to
260°C (step (2a)), a less crystalline iron formate is formed
CO+H20 = CO, + Hz (10) from the amorphous freeze-dried precursor (Fig. 4, curve a).

L After further reduction of iron during the annealing process
2C0=CO +C (11) up to 300°C (step 2b), another crystalline formate is formed.
Reaction (10) is discussed by Maciejewski et [4B] The most intensive peak at about 22 = F4cbincides with
as H forming process during the decomposition of the two mostintensive nearly neighbouring peaks of iron(ll)
C0o(CG,04)-2H,0. The Boudouard reaction (11) could explain  formate (PDF 20-0514) (Fig. 4, curve b). Obviously, the crys-
the presence of traces of carbon in the solid decompositiontallization processes are related to the exothermic peaks at
product up to about 70CC. about 260 C and 290C in the DTA curve (Fig. 2). Addi-
According to Dollimore and Tong§l9], there are two  tionally, it is observed that at 30@, the crystallization of
main routes for the decomposition of anhydrous metal for- iron oxides begins. At the end of the decomposition pro-
mates M(OOCH) to metal oxides MO at temperaturés cess (340C), metastable stite “FeO” (minor phase) and
400°C: formation of (a) 2CO and 0 and (b) CO, CQ magnetite (FgO4) are formed (Fig. 4, curve c). Note that
and H in addition to MO. Peshev and Pechd2®] have small differences in the reaction conditions can affect the
investigated the thermal dissociation of a crystalline com- wiistite/magnetite ratio. There are two possible reasons for
plex trinuclear iron(Ill) formate in inert atmosphere by gas the appearance of magnetite besidéstite: (a) before the

400

0 (a)
I 4 T T T T T T T M T T T ¥ 1
10 20 30 40 50 60 70 80
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*,°= jron - formate ; + = spinel phase ; e = wistite "FeO"

Fig. 4. XRD patterns of the decomposition products of the freeze-dried Fe formagdFEOO)]THCOO -3.8H,0” quenched after annealing at: (a)
260°C; (b) 300°C; and (c) 340C. Atmosphere: argon; heating rate: 5 K/min.
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interruption of the decomposition process at 3@Qa par- exothermic process in a narrow temperature range (maximum
tial reoxidation of wistite has already passed off or (b) more of the DTA curve at 273C). From the X-ray diffractogram
probable, in competition and superimposed to processes (2b)pattern obtained after decomposition up to 280the result-
between 240C and 290C and processes (3) and (4) be- ing solid phase is maghemitg;FeO3 (Fig. 6, curve a). The
tween 280 C and 330C, a further decomposition without  primary formation of magnetite and its reactiomtd-e,03
further reduction of Fe(lll) takes place, according to parallel is also expected. In this way,ustite and magnetite formed
reactions (12a), (13a) and (12b), (13b), respectively. during the decomposition in argon can also be transformed to
maghemite. During all these transformations, the cubic close-
[Fe(ll2Fe(INO(HCOO}] packed arrangement of the oxide anions is preserved. Above
— [Fe(lll),Fe(I)O(HCOOY] + HCOOH+ CO (12a) 400°C, the metastable maghemite is transformed to the ther-
modynamically stable hematite;Fe,Os (Fig. 6, curve b).

[Fe(lll),Fe(I)O(HCOO)]
— [Fe(lll),Fe(I)0(HCOO)] + HoCO+ CO,  (13a)

3.2. Copper formate precursor

Depending on the preparation conditions, dehydrated cop-
[Fe(lll),Fe(I1)O,(HCOO),] per formate can be obtained in three different crystalline
forms[21]. Our freeze-drying process results in a nearly de-
hydrated crystalline product with a monoclinic structure. The
X-ray powder diffractogram is shown Fig. 7, curve a. It is
[Fe(lll)2Fe(I)O(HCOO)] — Fes0Os + 2H,CO + 2CO, in agreement with PDF 32-331. The same form is obtained
(13b) by dehydration of copper(ll) formate tetrahydr§a].
The TG, DTG and DTA were employed to investi-
gate the decomposition of the freeze-dried copper formate,
The thermal decomposition proceses summarized in Cu(HCOOQ}Y-0.1H,0O, inargon and in air atmosphere (Fig. 8).
Table 1 and discussed above are in agreement with the The TGA curves show about 1.2% mass loss upon heating
TG/DTA/MS results. Because of the large number of differ- up to~180°C. This mass loss which is accompanied by two
ent superimposed primary and secondary processes and thiess intensive endothermic peaks in the DTA curve (Fig. 8,
large number of different products and their mass spectro-curve 1) is due to the dehydration of copper formate. Be-
scopic fragments, exact conclusions concerning the portiontween 190C and 220 C, the total decomposition of the for-
of single processes are not possible. The actual yield in eachmate takes place. For the decomposition in argon, the total
reaction product is very sensitive to the experimental condi- mass loss at 218 correlates with the formation of cop-
tions. per metal (Amgac = —59.1%). This agrees with the X-ray
The decomposition of the iron(lll) formate in air atmo- powder diffractogram of the sample annealed up to“220
sphere occurs in only two observable steps (Fig. 5). The de-Copper metal is formed as the main crystalline substance
composition also starts with the endothermic release of coor- (Fig. 7, curve b). The gain of mass above 220is caused
dinated water (process1, betweer?8and 220 C). All the by the reoxidation of copper metal by traces of oxygen in
further processes are superimposed by the oxidation of thethe argon atmosphere (Am = + 10.3%). From the exper-
primary decomposition products. This results in an altogether imental gain of mass observed between 28&nd 750C,

— Fe304 + 2HCOOH+ 2CO (12b)
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Fig. 5. Thermal analysis of the freeze-dried Fe formate$F&ICOO)] "HCOO™-3.8H,0": (1) DTG curve; (2) DTA curve; and (3) TG curve. Atmosphere:
air; heating rate: 5 K/min.
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Fig. 6. XRD patterns of the decomposition products of the freeze-dried Fe formatgOFEOO)] "HCOO-3.8H,O” quenched after annealing at: (a)
290°C; and (b) 600C. Atmosphere: air; heating rate: 5 K/min.

it turns out that, up to 750C, the total oxidation of copper  process in the decomposition of the dehydrated copper for-
is not yet occurred. The resulting product is constituted of mate should be the formation of HCOOH and £@4). The
Cw0 and a remaining amount of Cu (Fig. 7, curve c). The decomposition of HCOOH results in the formation of®
broad exothermic peakinthe DTA curve above 26&hould and CO (7) or H and CQ (8). Unlike the decomposition of
be the result of the slow oxidation of Cu and crystallization the freeze-dried iron formate, Hs formed at about 20TC.
of Cup0. Because of numerous different processes betweenThe reaction (7) is probably enhanced kinetically. Including
200°C and 250C (decomposition and crystallization pro- a catalytic activity of a fine grained copper metal, formed
cesses) the DTA peaks in this region do not allow any further during the decomposition of copper formate, the reaction (8)
detailed discussion. In air atmosphere, indicated by the max-can already be important at a much lower temperature. The
imum mass loss of only 57%, the reoxidation begins before detection of minor amounts of4#€0 should be the result of
the full decomposition and ends at about 400 The alto- the reaction HCOOH + C@&= H,CO + CG or the result of a
gether mass loss is in agreement with the calculated value ofside reaction without reduction, analogously to reaction (4).
AmMegic = —48.8% (Fig. 8, curve 3).

The main gaseous decomposition products in argon areCu(HCOO)Z — Cu+HCOOH+CO; (14)

CQ,, H20, CO, K and HCOOH (Fig. 9). As in the reduc- A stepwise decomposition of anhydrous copper formate,
tive decomposition of iron formate (2a) and (2b), the primary reported in[23], with a first step already at 12C (forma-
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° = copper metal ; ® = cuprite (Cu,0)
P = not indexed in the PDF file of Cu(HCOO), ([32-331])

Fig. 7. XRD patterns of: (a) the freeze-dried Cu formate “Cu(HCO@)H,O” and of the decomposition products quenched after annealing at: (512220
and (c) 750 C. Atmosphere: argon; heating rate:5 K/min.
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T T T 2 exothermic, is related to the superposition of three processes:
or = the reduction of C#i* to Cuyielding to the release of HCOOH
L -0 .
ol ._ (m/z= 46) and CQ (m/z= 44) (Eq. (14)), the reduction of
o 12 Fe(lll) to Fe(ll) also leading to the release of HCOOH and

CO, (Eq. (2a)) and the further decomposition of the iron com-
ponent without reduction, forming HCOOH and CO (accord-
ing Eq. (12a)) or HCO (m/z= 30) and CQ (Eqg. (13a)). The
superimposed third step (250-290), overall endothermic,
characterizes the total decomposition of Fe(ll/Ill) formate
nearly without a further reduction of Fe(lll). In this step, the
competition processes described by Buys. (12b) and (13b)

Am/ %

DTA /uV

60k s s . s . ) s 12 occur simultaneously (Table Big. 11a and b). Analogously
0 100 200 300 400 500 600 70O 8A0 to the decomposition of single formates, the intensities of
Temperature / °C the mass spectroscopic peaks of the primary decomposition

Fig. 8. Thermal analysis of the freeze-dried Cu formate “Cu(HCOO) prOd.u.CtS HCOOH and CO are much lower than the. In-
0.1H,0™ (1) DTA curve in argon: (2) TG curve in argon: and (3) TG curve tensities of_ 'ghe peaks qf secondary products. But, unlike the
in air. Heating rate: 5 K/min. decomposition of the iron formate precursor, the develop-
ment of H begins at about 22GC. That means in the case
tion of a Cu(l) compound), could not be observed[28] a of the complex formate, the consecutive reactions (8) and (9)
orthorhombic copper formate (PDF 32-332), obtained by a are important at this temperature. This should be caused by
special preparation was decomposed. This is a reference tahe catalytic activity of the metallic copper.
a different decomposition behaviour for different crystalline  The altogether mass loss of about 60% atZ9@orrelates

forms of copper formate. very well with the expectation for ((2/3)g®4 + Cu). Above
290°C, the product is progressively oxidized by the traces
3.3. Copper—iron formate precursor of oxygen in argon atmosphere. Because of the numerous

strongly superimposed processes, summarizédlife 2, no

The thermal decomposition of the freeze-dried precursor reaction scheme is given. The decomposition behaviour re-
copper—iron formate occurs in three more or less superim-flects the characteristics of the decomposition of the single
posed stepsin the range 30-2@)Fig. 10). The decomposi- compounds. Because of the “dilution” of the copper compo-
tion starts with an endothermic delivery of water (30—22) nent, their decomposition begins at a somewhat higher tem-
(process (1)). One notes that the initial and the final temper- perature, and, the catalytic influence of the arising copper
atures of further decomposition are located between thesemetal results in a favoured decomposition of the iron formate
of the single formates. This reflects interactions between thecomponent.
components of the freeze-dried product. Accordingtothere-  According to the X-ray powder diffraction analysis, one
sults of the decomposition of individual Fe(lll) formate/Cu sees that the results obtained from the TG/MS are clearly
formate (3.1 and 3.2), the second step (210<250overall approved (Fig. 12). After annealing up to 240, crystalline
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Fig. 9. Mass spectrometry characterization of the gaseous decomposition products occurring during the decomposition of the freeze-dried Cu format:

“Cu(HCOO)-0.1H,0". Atmosphere: argon; heating rate: 5 K/mm/z= 18 (H;O); m/z= 30 (HCOH);m/z= 44 (CQ); andm/z= 46 (HCOOH).
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Fig. 10. Thermal analysis of the freeze-dried Cu—Fe formate “@0fg(HCOOQO) ¢7-2.5H,0": (1) DTG curve in argon; (2) TG curve in argon; (3) TG curve
in air; and (4) TG curve in argon of the freeze-dried Fe formates@f&iCOO)] "HCOO~-3.8H,0”; (5) TG curve in argon of the freeze-dried Cu(ll) formate
“Cu(HCOO)-0.1H,O". Heating rate: 5 K/min.
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Fig. 11. (a) Thermal analysis of the freeze-dried Cu-Fe formate “ggHCOO) 67-2.5H,O” and mass spectrometry characterization of the gaseous
decomposition products. Atmosphere: Argon; heating rate: 5 K/min= 28 (CO);m/z= 30 (HCOH); andm/z= 44 (CQ). (b) Mass spectrometry charac-
terization of the gaseous decomposition products occurring during the decomposition of the freeze-dried Cu—Fe formgds AMHIE®O) 67-2.5HO".
Atmosphere: argon; heating rate: 5 K/mim/z= 2 (H,); m/z= 18 (H,O); andm/z= 45 (HCOO fragment).
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Table 2
Main primary gaseous decomposition products of the freeze-dried precursor [(248)(FFe00)] T HCOO™), Cu(HCOO}, 2.5H,0]
Process/equation Temperature rangéC), Main primary gaseous decomposition products Am (calc.) (%)
roughly Am/step Amftotal
1 30-220 2.5H,0 -85 -8.5
12 210-250 HCOOH; CQ -17.0 —-255
2a 210-250 (2/3)(0.5HCOOH; 0.5GD 57 -31.2
10a 210-250 (2/3)(HCOOH; CO) -9.3 —40.5
1la 210-250 (2/3)(H,CO; COy) -93 —40.5
10b 250-290 (2/3)(2HCOOH; 2C0O) -18.6 —-59.1
11b 250-290 (2/13)(2H:CO; 2CQ) -18.6 —-59.1
290-600 Oxidation +2.5 —56.6
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Fig. 12. XRD patterns of the decomposition products of the freeze-dried Cu-Fe formate, @ufEICOO) ¢7-2.5H,0" quenched after annealing at: (a)
240°C; (b) 320°C; (c) 400°C; and slowly cooled after annealing at: (d) 4@during 24 h. Atmosphere: argon; heating rate: 5 K/min.
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Fig. 13. XRD patterns of the decomposition products of the freeze-dried Cu—Fe formate, @uffEICOQO) ¢7-2.5H,0" quenched after annealing at: (a)
260°C; (b) 400°C; and slowly cooled after annealing during 24 h at: (c) 200(d) 600°C; (€) 800°C; and (f) 1000 C. Atmosphere: air; heating rate: 5 K/min.
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metallic copper is present beside the amorphous iron compo-situated between the lattice constantsyeffe,O3 (ag = 8.
nent(Fig. 12, curve a). Further annealing up to 320eads to 34,&) and that of CuFg04 (ag = 8. 37,&). It follows that the
the additional formation of the spinel-phasegBg (Fig. 12, poor crystalline spinel phase contains some copper. Anal-
curve b). Contrarily to the decomposition of the single iron ogously to the maghemite—hematite transformation, further
formate, no viastite phase is detectable. The continuation of heating leads to the separation of hematite (Fig. 13, curves c
the annealing process results in the slow oxidation of copperand d).
(Cu— CwO — CuO) and magnetite (®4 — y-FeO3) The freeze-dried copper iron formate can be characterized
by traces of oxygen in the argon atmosphere. After 24 h of as a mixture of an amorphous iron formate component and a
thermal treatment at 40, the metastable spinel compound small amount of crystalline copper formate (Fig. 1). But the
v-Fe0s is transformed partially ta-Fe,O3. The formation poor-crystallinity in comparison with the freeze-dried copper
of some copper poor-spinel phase {CuFe,04_s) beside formate and its decomposition behavior reflect an interaction
the aforementioned phases is expected (Fig. 12, curves c andhetween the metal formate components in the very homo-
d). geneous freeze-dried precursor. Despite this fact, the direct
The thermal decomposition of the freeze dried Cu—Fe for- synthesis of the copper ferrite with spinel structure atlow tem-
mate in air atmosphere (Fig. 10, curve 3) also starts with perature is prevented by the formation of copper metal during
the endothermic delivery of water. In the temperature range the decomposition process. Its reoxidation to CuO and the
200-260C, the decomposition of the anhydrous formate effective reaction with the iron oxide component requires a
takes place. The simultaneous oxidation of the gaseous prodtemperature higher than the-a-Fe0O3 transformation tem-
ucts results in the formation of GCand HO and, alto- perature. It turns out that the synthesis of the copper ferrite
gether, the decomposition process is strongly exothermic.should be performed only at higher temperature by a conven-
The small gain of mass above 28D indicates that the re-  tional solid state reaction. That means the advantage of the
oxidation of copper metal and iron(ll) begins during the de- reactive homogeneous precursor can not yield in a low tem-
composition process. At 26, the solid product containsa  perature synthesis of the complex oxide. This should also be
less crystalline cubic spinel compound (copper poor spinel- a problem for other copper ferrite precursors which are likely
phase Cyu_,Fe0O4_s and/ory-Fe;O3), copper metal (small  to release reducing components during the decomposition.

amount) and cuprite (GO) (Fig. 13, curve a). After anneal- The chance to form copper ferrite directly in a decom-
ing up to 400°C, Cu and CpO are fully oxidized to CuO  position reaction is expected to be higher for heteronuclear
(Fig. 13, curve b). During 24 h of annealing at 4@ the Cu—Fe complex compounds with an ideal homogeneity on

separation of-Fe O3 begins (Fig. 13, curve c¢). This separa- the molecular level and (if possible) without reducing com-
tion is continued up to 600C. Upon annealing at 60, the ponents. The realization of such precursors should be a goal
solid state reaction betweanFe,0O3 and CuO starts (Fig. 13,  of further investigations.

curve d). This reaction ends between 8@and 1000 C and

results, after a slow cooling process, to a tetragonal copper

ferrite (Fig. 13, curves e and f). Due to the partial reduction Acknowledgement

of Cu(ll) to Cu(l) in this temperature range, the product con-

tains an iron rich spinel-phase €uFe; 04 and a small The authors would like to thank Mrs. H. Dallmann for
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oxidation of metallic precursors described24].
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