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Thermal decomposition of nickel acetate tetrahydrate:
an integrated study by TGA, QMS and XPS techniques
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Abstract

The thermal decomposition of nickel carboxylates is a feasible route to synthesize metal nanoparticles suitable for catalytic purposes.
The aim of this work is the characterization of the thermal decomposition course of nickel acetate tetrahydrate, Ni(CH3COO)2·4H2O.
A thermogravimetric (TGA) decomposition study carried out in three different atmospheres (air, helium and hydrogen) showed that the
dehydration of the parent salt occurs between 118 and 137◦C. However, irrespective of the chosen atmosphere, the sample weight loss registered
in this stage remains invariable, suggesting the formation of a an intermediate basic acetate with the formula 0.86Ni(CH3COO)2·0.14Ni(OH)2.
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he dehydration step was followed at ca. 350◦C by the subsequent one-step major decomposition of the acetate group, producing
i, in treatment atmospheres of air and hydrogen, respectively, but there was some indication of an additional step when the therm
onducted in helium. The conclusions possible from thermal analysis were confirmed by monitoring evolved gases employing q
ass spectrometry (QMS), and a set of reactions linked to the decomposition of the acetate group has been proposed to acco
f the gas products detected. X-ray photoelectron spectroscopy (XPS) was used to investigate the solid phases obtained during
ecomposition of the salt in He atmosphere.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The favoured method for preparation of supported cata-
ysts is often referred as impregnation and drying, in which
orous supports are impregnated with a solution of the active
etal, followed by evaporation of the solvent and calcination

n air to generate the oxidic phases that are precursors of the
ctive (usually reduced) centers. Supported nickel catalysts
omprise one of the most important class of heterogeneous
atalysts, due to the widespread applications of these systems
n a variety of applications, like methanation[1-3], partial
xidation [4,5], and steam reforming[6,7]. Nickel nitrate,
hich is widely used for the preparation of supported nickel
atalysts, decomposes quantitatively to nickel oxide during
he calcination step. There has been significant interest in
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studying the thermal decomposition of transition metal
boxylates, as potential sources of high surface area soli
catalysis, which demands particles in the range 1–3 nm
maximum efficiency and whose properties are strongly
dependent in this range. As a result, decomposition of
nickel formate has been claimed recently to yield in a si
step finely divided nickel metal with mean particle diam
of about 1.2 nm[8], and studies about the preparation
characterization of nickel-supported alumina employ
aqueous solutions of nickel formate are now avail
[9]. Therefore, nickel carboxylates present an interes
alternative to conventional nitrate precursor, enab
the preparation of nickel-supported catalysts essen
through a one-step impregnation and decomposition
route. In this sense, contributions to the knowledge o
surface structure of nickel nanoparticles obtained by the
decomposition of carboxylate precursors are necessa
achieve the desired behavior on supported systems.

381-1169/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Thermal decomposition of nickel acetate has been the sub-
ject matter of several previous studies[10–17]. Atmospheres
employed so far include vacuum[10], flowing N2 [11–17],
dry oxygen[11], air [10,14], water[15], and self-generated
atmospheres[16]. Solid residues covering intermediates and
final products were characterized mainly by combining XRD
and/or IR[10–15], and exceptionally employing NMR/SEM
[16]. On the other hand, gases evolved concurrently during
the thermal decomposition of nickel acetate have received
limited consideration, they have been studied mainly by GC
[11], IR [14], and MS[16,17]. In spite of the available infor-
mation, there are still significant qualitative and quantitative
differences reported for the mechanisms, solid intermediates
and gases evolved during the thermal decomposition of nickel
acetate[14].

In this paper we demonstrate the applicability of X-
ray photoelectron spectroscopy (XPS), combined with
studies of thermogravimetry (TGA) and temperature pro-
grammed decomposition studies with a quadrupole mass
spectrometer (TPD-QMS), to the further characterization of
the pyrolitic decomposition of nickel acetate tetrahydrate,
Ni(CH3COO)2·4H2O.

2. Experimental
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accessible with the quadrupole mass spectrometer employed.
However, a careful analysis of published cracking patterns
[18] justify the following suppositions, which to a great extent
assist the identification of products and quantitative analysis
of the desorption spectra[19]:

1. The signals atm/e= 2, 18, 25, 31, 37, 44, 56, 58, and 60
come up exclusively from the desorption of hydrogen, wa-
ter, acetylene, ethanol, C3H4, CO2, isobutylene, acetone,
and acetic acid, respectively.

2. The signal atm/e= 43 receives contributions from both
acetone and acetic acid, and is also characteristic of acetic
anhydride, but after subtracting expected contributions it
was determined that acetic anhydride production during
thermal decomposition of NiAc in He is virtually zero.

3. Them/e= 16 peak is directly related to CH4, after sub-
tracting contributions from both water and CO2.

4. After subtracting contributions from CH4 and acetic acid,
them/e= 14 peak can be associated directly to ketene.

5. Formic acid can be related tom/e= 46, after subtracting
ethanol contribution.

6. Them/e= 28, formally associated with CO, needs to be
corrected by contributions arising from CO2, formic acid
and isobutylene.

7. The peak atm/e= 30 arises from both formaldehyde and
ethane.
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.1. Materials

Commercially available nickel acetate tetrahyd
Ni(CH3COO)2·4H2O] was used directly as the initial pr
ursor for TGA, TPD and XPS studies.

.2. Thermal analysis

TG measurements were carried out using a Cahn
icrobalance. Between 10 and 15 mg of sample were s

hinly over the quartz sample pan to minimize bed effects
ng decomposition of the nickel acetate samples. The he
ate was 30◦C/min, and the purge gas employed in all ca
as He, at a flow of 45 ml/min. The treatment gas (He,
nd H2) was admitted at 40 ml/min.

.3. TPD analysis

TPD measurements were made in a purpose built q
eactor of approximately 400 ml, connected through a
alve and a heated capillary to an independently pumpe
con Transpector quadrupole mass spectrometer ope
nder computer control. A nickel acetate tetrahydrate
le (10 mg), charged in the quartz reactor, was heated
000◦C at 30◦C/min in He at a flow rate of 40 ml/min. Th
xperiment was repeated several times to assure reprod

ty of TPD data.
Preliminary analysis of the desorption process sho

here are a significant amount of reaction products that
ribute to a wide range of signals in the 0–100 AMU ran
The application of accepted relative ionization gauge
itivity factors, allowed the adjustment of intensity sign
Amps) acquired during the TPD runs, to obtain mol fr
ions as presented inTable 2.

.4. XPS analysis

XPS spectra were recorded using a Leybold–Her
ommercial surface analysis apparatus (LHS 11), equi
ith a single channel detector, and employing AlK� radiation

1486.6 eV) at 360 W (power settings: 12 kV and 30 mA).
00 mm radius hemispherical analyzer was set in the con
ass energy mode (pass energy = 200 eV). For XPS mea
ents, approximately 1 g of parent nickel acetate is plac

he quartz reactor, and heated linearly to the final temper
t 30◦C/min, in a dynamic atmosphere of He (40 ml/m
he sample is maintained over 60 min in the He atmosp
t the desired temperature, and cooled down to room tem
ture under flowing gas. The powdered samples are qu
emoved, pressed, and mounted employing double sided
he normal operating pressure inside the turbo-pumped
sis chamber was kept below 5× 10−8 Torr during data col
ection. Each spectral region was signal-averaged for a
umber of scans to obtain good signal-to-noise ratios.

ace charging was observed on most samples, and ac
inding energies (BE) were determined by charge referen
y means of either adventitious carbon at 284.6 eV or

he reported value for metallic nickel component of 852.3
20]; the BE were reproducible within±0.2 eV. The photo
lectron spectra were collected and stored in an inter
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personal computer, using the SPECTRA 6.0 software from
Specs GmbH.

2.5. Additional characterization

The total carbon content of the residue obtained after com-
plete decomposition of 1 g of nickel acetate in the quartz
reactor in a flow of He of 40 ml/min, heated from room tem-
perature to 500◦C (30◦C/min) and maintained 15 min at the
final temperature was measured by a C-400 (LECO Corp.)
elemental analyser, having a carbon sensitivity of 0.01%.

3. Results

3.1. Thermogravimetric analysis

The results from the thermogravimetric measurements in
flowing atmospheres of H2, He and air are presented in the
derivative form (DGA) inFig. 1.The heating program in all
cases was 25–700◦C at a rate of 30◦C/min. The values in
percentage of weight retained (WR) at selected temperatures
during the thermogravimetric analysis of the decomposition
in a flow of He of nickel acetate tetrahydrate, are presented in
Table 1. We can see that, under our experimental conditions,
N rmal
p s de-
p nts,
b GA
c

F ickel
a o-
s

Table 1
Weight losses measured during TGA of NiAc (wt.%)

Temperature (◦C) H2 Air He

250 66.5 66.1 66.3
380 24.0 30.7 28.0
500 24.0 30.2 25.0

No matter of the treatment atmosphere employed during
the thermal decomposition of NiAc, a broad peak with a
Tmax= 118–137◦C is registered in all the DGA curves; it
can be assigned with a high degree of certainty to the dehy-
dration of crystallized water in the initial precursor. After the
dehydration is completed, the average for the WR at 250◦C
recorded under the three different atmospheres (66.3%) is
clearly below the value expected for the release of four wa-
ter molecules (71.1%), indicating an evolution of additional
amounts of material to the gas phase. Earlier reports suggest
that hydrolysis of surface acetate groups is feasible during
the dehydration of NiAc, resulting in simultaneous evolution
of acetic acid to the gas phase, and generating basic nickel
acetate in the solid phase, (1− x)Ni(CH3COO)2·xNi(OH)2)
[11,13]. As will be shown below, our QMS results confirm
the production of acetic acid during the dehydration step, as
well as small amounts of additional by-products.

The step (II) inFig. 1, with Tmax= 345–350◦C, corre-
sponds to the major decomposition of the dehydrated inter-
mediate. Under H2 atmosphere, the WR at 380◦C of 24.0%
is consistent with the theoretical value for the formation of
Ni (23.6%), while under air, the WR of 30.7% is compatible
with the value expected for the formation of NiO (30.0%).
At temperatures up to 500◦C, no additional changes in the
weight of the residue are recorded in treatments of either H2
o
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iAc decomposition undergoes a maximum of three the
rocesses, named as I–III in the weight derivative curve
icted inFig. 1. Steps I and II are common to all treatme
ut step III is only observable during inspection of the D
urve obtained under He atmosphere (Fig. 1b).

ig. 1. Derivative thermogravimetric curves for the decomposition pf n
cetate tetrahydrate, collected at 30◦C/min in He at 40 ml/min. Gas atm
pheres employed are shown over each trace.
r air atmospheres.
Interestingly, a third feature atTmax= 395◦C (step III,

ig. 1b) is clearly observed when the decomposition of N
s carried out in flowing He at atmospheric pressure. T
xperiments recorded at slightly higher pressures (dat
hown) indicate that this process is pressure sensitive
ntermediate WR value of 28.0% measured at about 38◦C,
uggests that a mixture of NiO and Ni is most likely
ained under an inert atmosphere. Further heating to 50◦C
n He leads to a WR value of 25.0, slightly higher than
alue calculated for the formation of pure Ni (23.6%). As w
e discussed below, we believe this is due to carbonac
pecies present on the surface of the metallic residue.

.2. Gas evolved analysis

Information regarding the decomposition pattern
pecies generated during the pyrolisis of nickel ace
as obtained from temperature programmed decompo

TPD) studies with a mass quadrupole (QMS). Mass sp
ollected on-line during the decomposition of NiAc in
re shown inFigs. 2–5. Fig. 2 exhibits the curve obtaine
fter adding the individual contributions for all the che
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Fig. 2. Synthetic temperature-programmed decomposition trace, obtained
after adding contributions for all gases identified by QMS during the thermal
decomposition of nickel acetate tetrahydrate at 30◦C/min, in flowing He at
40 ml/min.

cal species identified by means of QMS. As a visual aid to
help in the comparison with TGA data depicted inFig. 1b,
dotted lines are included inFig. 2 at the same temperatures
previously assigned for I–III decomposition steps. The curve
resembles reasonably well the DGA displayed inFig. 1b,
corroborating most of the trends discussed previously for the
thermal decomposition of NiAc under He atmosphere. The
broad peak observed between ca. 50 and 240◦C in Fig. 2
can be related to the dehydration of NiAc, as explained be-
fore (step I,Fig. 1). As will be discussed below, it comprises
different products besides water and acetic acid expected to
form due to the surface hydrolysis of the acetate groups.

The major decomposition of NiAc, as indicated by a sec-
ond broad peak extending from ca. 270 to 500◦C, is also

F during
l
o

Fig. 4. Temperature-programmed decomposition spectra collected during
linear heating of nickel acetate tetrahydrate, at a ramp of 30◦C/min in a flow
of He at 40 ml/min (H2 and hydrocarbons, see text).

evident inFig. 2. However, the step III, clearly noticed pre-
viously during the TG analysis of the NiAc decomposition
process in He, is not distinguished in the envelope ofFig. 2.

All the gases identified by QMS during the thermal de-
composition of NiAc were conveniently detached in three
main groups, namely oxygenates (Fig. 3), hydrogen + hy-
drocarbons (Fig. 4), and carbon oxides (Fig. 5). The water
desorption trace is not reported because the corresponding
signal atm/e= 18 is very broad, due to adsorption and possi-
ble some retention on the steel capillary. The relative product
yields, based on the calibration of the TPD peak areas after
correcting for coincidentm/evalues and conversion to partial
pressures, are summarized inTable 2and depicted inFig. 6.

Ketene (CH2CO), ethanol (CH3CH2OH), formic
acid (HCOOH), acetic acid (CH3COOH), and acetone
(CH3COCH3), were unambiguously identified during the
thermal decomposition of NiAc under He (seeFig. 3). As
was settled before, hydrolisis of surface acetate groups most
likely account for the observed production of acetic acid at

F during
l
o

ig. 3. Temperature-programmed decomposition spectra collected
inear heating of nickel acetate tetrahydrate, at a ramp of 30◦C/min in a flow
f He at 40 ml/min (oxygenates, see text).
ig. 5. Temperature-programmed decomposition spectra collected
inear heating of nickel acetate tetrahydrate, at a ramp of 30◦C/min in a flow
f He at 40 ml/min (carbon oxides, see text).
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Table 2
Product yields for nickel acetate decomposition in He

Desorption product m/e Yield fraction Temperature (◦C)

Hydrogen 2 0.113 394

Ketene 14 0.025 162
0.195 344

Methane 16 0.119 182
0.195 359

Water 18 7.440 162
2.044 373

C2H2 25 0.019 162
0.170 339

Carbon monoxide 28 1.000 350
0.164 939

HCHO + C2H6 30 0.013 165
0.044 350

Ethanol 31 0.006 162
0.031 350

C3H4 37 0.277 327

Carbon dioxide 44 0.189 168
6.289 339/365

Formic acid 46 0.006 162
0.075 365

Isobutilene 56 0.003 197
0.011 356

Acetone 58 1.541 327

Acetic acid 60 0.226 162
1.390 353

ca. 150◦C. At this point, it is worth to mention that acetone
production is not detected during the dehydration step.

Additionally, from the analysis of the spectra presented in
Fig. 3, it is clear that during the major decomposition of the
basic nickel acetate, acetone production is the first process at

Fig. 6. Relative product yields for the thermal decomposition of nickel ac-
etate tetrahydrate at 30◦C/min in a flow of He at 40 ml/min (seeTable 2).

ca. 325◦C. At about 350◦C, an equivalent amount of acetic
acid is desorbed, and there is also noticeable the releasing of
minute amounts of ketene, formic acid, and ethanol.

Mass spectra of hydrogen and hydrocarbons evolved dur-
ing the decomposition of NiAc in He (Fig. 4), disclose that
trace amounts of methane (CH4) and ethylene (C2H4) are
produced concurrently with oxygenated hydrocarbons at ca.
160◦C. During the major decomposition of the acetate group,
a small amount of H2 is also evolved to the gas phase at about
390◦C. Minute amounts of isobutilene were also detected
during both the dehydration and the decomposition stages.

Carbon oxides are also produced during the thermal de-
composition of nickel acetate tetrahydrated (seeFig. 5).
While minute amounts of COx species are evolved during
the dehydration step at ca. 150◦C, relatively high amounts of
carbon oxides are produced between 280 and 500◦C, during
the major decomposition step of the acetate group. Particu-
larly, it is of interest to note that the the CO2 trace in the left
panel ofFig. 5presents a distinguishing double structure, with
peak maximum located at ca. 330 and 365◦C. Data showed
in Table 2and depicted inFig. 6, clearly indicated that CO2 is
quantitatively the main product detected during the thermal
decomposition of nickel acetate tetrahydrated. On the other
hand, CO production is observed mainly at 350◦C, and inter-
estingly is the only product detected as a trace at ca. 940◦C,
a
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F etate

F com-
p quartz
r -
t t room
t ment.
P 5
s shown in the right panel ofFig. 5.

.3. XPS analysis

The powders that result from the thermal decompos
f parent nickel acetate under He atmosphere were ch

erized employing X-ray photoelectron spectroscopy (X).
ig. 7shows the relevant XPS spectra for pure nickel ac

ig. 7. X-ray photoelectron spectra collected during the thermal de
osition of nickel acetate tetrahydrate. The samples are heated in a
eactor in flowing He (40 ml/min) at a linear ramp of 30◦C/min, and main
ained 60 min at the temperatures displayed over each trace, cooled a
emperature in the carrier gas, and transferred immediately to the instru
arent nickel acetate without any treatment is displayed as trace at 2◦C.
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at 25◦C and residues collected at 300, 350 and 450◦C. The
first observation to be addressed here is in fact that the C 1s
XPS spectra displayed in the right panel ofFig. 7 display
only two distinct peaks at binding energies around 288.2 and
284.6 eV. We can easily associate these two features with
the carboxylate group and adventitious carbon, respectively.
The carboxylate component diminishes strongly after heat-
ing to 300–350◦C, and virtually disappears on final heating
to 450◦C. Notice, however, that the carbide component ex-
pected at around 283.3 eV[21] is not apparent upon exami-
nation of the C 1s XPS spectra displayed onFig. 7, ruling out
the formation of surface nickel carbides, as reported previ-
ously by others accordingly to XRD analysis of the residues
[11].

The changes perceivable on the corresponding Ni 2p spec-
tra are, however, much more subtle. The overall shape of the
Ni 2p XPS line proved to be virtually unaffected upon heating
of the nickel acetate to temperatures up to 350◦C, as showed
in the left panel ofFig. 7. However, TGA and TPD data sug-
gest that very important chemical changes must be accounted
for in this temperature range. On the other hand, intense color
changes are observable upon treatment, from bright green for
the parent nickel acetate tetrahydrated, to green-yellowish to
the basic nickel acetate (300◦C) and black for both residues
collected at 350 and 450◦C. In these series of experiments,
t peak
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h cter-
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a 0
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more challenging, because an additional step suggests the
involvement of a NiO/Ni mixture as a likely intermediate.

Therefore, we focus our attention to the events associated
with the thermal decomposition process of the nickel acetate
precursor under an inert He atmosphere.Table 1reveals that
the average mass value retained after step I under different
atmospheres (66.3%) is well below that expected for stoichio-
metric loss of four water molecules (71.1%). Our values are
lower than the ones reported elsewhere in a static atmosphere
of air (69.3%)[14], and under dynamic atmospheres of N2,
(68%) in[11] and (72%) in[12]. On the other hand, Galwey
et al. [16] measured a mass loss almost identical to the one
reported in our work, after heating in vacuum a commercial
sample of nickel acetate for 2 h at 470 K; they interpreted the
result as if the precursor salt were pentahydrated instead of
tetrahydrated.

Our understanding of the thermogravimetric results allows
a supplementary reading of the extra weight loss obtained
during the dehydration step. Dorémieux[17] first suggested
the possible formation of a basic acetate as intermediate com-
pound [(1− x)NiAc2·xNi(OH)2] in his pioneering work, and
in considering the value of WR obtained systematically in our
work for the residue of step (I), we can assume the stoichiom-
etry of the hydrolisis reaction to allow roughly an estimation
of thex value for the formation of basic nickel acetate, per-
m

uld
e tally
h n of
a ly by
G

4

the
f si-
m ring
t addi-
t acid,
a n
F hese
f ame
s cord-
i

C

ehy-
d ons,
p rma-
he Ni 2p spectra are characterized mostly by a main
t around 855.5 eV, as well as very intense satellites a
igher binding energy side of the main peaks, both chara

stic of Ni2+ ion. A large amount of Ni2+ species are reporte
round the obtained value of 855.5 eV, including nickel
tate, NiCO3, Ni(OH)2, and NiO[22]. Therefore, assumin

hat the overall XPS signal of nickel in the 25–350◦C tem-
erature range may originate from multiple Ni2+ species, th

dentification of the nickel states is not as straightforwar
n the case of the C 1s XPS.

The best approach is just to focus on the changes ob
ble in the Ni 2p region for the sample treated at 45◦C
Fig. 7, top). There, a new component at around 852.
learly develops, in agreement with the formation of met
ickel as proposed before from the analysis of TGA and
ata.

. Discussion

.1. Thermogravimetry

Our quantitative TGA results confirm previous findin
ndicating that the decomposition of nickel acetate tetr
rated is critically controlled by the reaction atmosphere[14].
s shown inTable 1, by comparing the results obtained

he thermal decomposition of the parent salt in H2 with those
btained in air, it is possible to propose the formation o

her metallic nickel or NiO, respectively. Nonetheless, fro
echanistic point of view, the characterization of the dec
osition process under an inert atmosphere of He is m
itting the following chemical reaction to be proposed:

Ni(CH3COO)2 · 4H2O=0.86Ni(CH3COO)2 · 0.14Ni(OH2)

+ 0.28CH3COOH + 3.72H2O

(1)

Therefore, the production of 0.28 mol of acetic acid wo
xplain the difference in weight loss observed experimen
ere, and may also account very well for the evolutio
n additional water molecule, as interpreted alternative
alwey et al.[16].

.2. Gas evolved analysis

One of the key observations reported in this paper is
act that our TPD-QMS studies corroborate on-line the

ultaneous production of both water and acetic acid du
he dehydration step of nickel acetate tetrahydrated. In
ion, other oxygenated hydrocarbons, as ketene, formic
nd ethanol, were also detected at ca. 120◦C, as shown i
ig. 3. The similar temperature and peak shape for all t

our products suggest that they were derived from the s
urface species through equivalent reaction channels, ac
ngly with the following trend (seeTable 2andFig. 6):

H3COOH > CH2CO > CH3CH2OH 	 HCOOH

Alternatively, the oxygenates produced during the d
ration step may be due to the following set of reacti
resumably involving gas phase homogeneous transfo
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tions of the acetic acid:

CH3COOH = CH2CO + H2O (2)

CH3COOH + H2 = CH3CH2OH (3)

2CH3COOH = 2HCOOH + C2H4 (4)

Whichever mechanism is responsible for the production of
ketene, ethanol and formic acid during the dehydration step,
it is clear that only a fraction of all the acetic acid formed by
hydrolysis is detected. The water to acetic acid ratio measured
during the dehydration step (seeTable 2) is well above the one
expected through the fulfillment of reaction(2) (33 versus
13). This figures imply that approximately 60% of all the
acetic acid generated initially by surface acetate hydrolysis is
transformed to by-products through decomposition reactions
like (2)–(4).

It should nevertheless be pointed out here that it is well
known that undesirable side reactions between gases may also
take place at some extent at the ionizer of mass quadrupoles,
and quantification with this instruments is not always straight-
forward; for instance, the purpose of the gas analysis pre-
sented in this study is to speculate on possible mechanisms
and achieve a reasonable comparison with experimental data
available in the literature.

One more important observation, evident from the analysis
o d
h ation
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for the CO2 trace depicted in the left panel ofFig. 5, can be
conveniently explained with the following set of reactions:

Ni(CH3COO2 = NiCO3 + CH3COCH3 (330◦C) (7)

NiCO3 = NiO + CO2 (330◦C) (8)

NiO + CO = Ni + CO2 (373◦C) (9)

The peak temperatures reported here for the production
of CO2 are in good agreement with previous results obtained
during the thermal decomposition of nickel acetate in air[14].
Acetone generation, on the other hand, supports the formation
in the solid phase of NiCO3, as suggested in a previous work
[14]. We believe NiCO3 is a short-lived intermediate that
decarboxylates immediately to give NiO, as proposed in 8.

On the other hand, it is difficult to understand by what
mechanism the acetate group decomposes to yield gaseous
acetic acid as a product[12]. However, it has been pointed
out that the major gaseous product of the decomposition of
acetates of reducible metal ions (e.g. nickel acetate) is acetic
acid[24].

Autocatalytic NiO reduction to metallic nickel is the key
observation reported in the literature in the case of nickel
carboxylate decomposition[16]. In the present work, CO re-
duction of NiO is proposed through reaction(9), but, the for-
mation of H2, observed inFig. 4at temperatures above 300◦C
w to
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f

N

step
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b atures
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C

d to
d nal-
y

f the acetone trace depicted inFig. 3, needs to be highlighte
ere. The fact that acetone production during the dehydr
tep is virtually zero, rules out the occurrence at low tem
tures of the following ketonysation reaction, reported e
here during the acid catalyzed decomposition of acetic
nd feasible at temperatures close to the one reported he

he dehydration step[23]:

CH3COOH = CH3COH3 + CO2 + H2O (5)

In addition to oxygenates, minute amounts of methane
O2 are also observed concurrently during the dehydra
tep, although in much lower concentrations, as show
ig. 4and left panel ofFig. 5, respectively. In fact, metha
nd CO2 production at ca. 160–190◦C can be explaine

hrough the following reaction:

H3COOH = CH4 + CO2 (6)

Following the same approach as before, next we wil
ress the issue of the major decomposition process, obs

n this work around 340◦C by TGA (Fig. 1) and corrobo
ated by means of TPD-QMS studies (Fig. 2), in very good
greement with data reported elsewhere[11,14].

As seen inFig. 3, acetone is the first oxygenated produ
t ca. 325◦C during the major decomposition of the ace
roup. Then, at about 350◦C, acetic acid is detected, as w
s minute amounts of ketene, formic acid and ethanol, v
lly the same products observed previously during the d
ration step. CO2 is clearly the main product observed dur

he thermal decomposition of nickel acetate (seeTable 2). The
cetone production, as well as the double structure obs
r

ith a peak maximum around 390◦C, may also contribute
he quantitative reduction of intermediate NiO, through
ollowing reaction:

iO + H2 = Ni + H2O (10)

We also believe that this reaction is responsible for the
II (see Fig. 1b), noticed during themogravimetric analy
f the decomposition of nickel acetate tetrahydrated in
ecause a broad water signal is produced at high temper
ith a peak temperature of around 373◦C (seeTable 2).
On the other hand, the water detected at higher tem

ures could be also in part the result of the dehydration o
asic portion of the proposed intermediate:

i(OH)2 = NiO + H2O (370–390◦C) (11)

The TPD results summarized inTable 2and depicted i
ig. 6, suggest that carbon oxides and oxygenates ar
ain products of the thermal decomposition of nickel ace

etrahydrated, with the following trend:

O2 > CH3COCH3 > CH3COOH > CO > CH2CO

This is in contrast with the results of Mohamed[11] who
eported a very different trend, carrying out the decomp
ion in a similar manner under an inert N2 atmosphere, bu
mploying gas chromatography for the characterizatio

he gases evolved:

H3COOH > CO2 	 CH3COCH3

We believe that this divergence is more likely relate
ifferences in the technique employed for gas-evolved a
sis (i.e. gas chromatography versus mass quarupole).
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4.3. X-ray photoelectron spectroscopy

The discussion provided so far suggests some possible in-
termediates and products for the thermal decomposition of
nickel acetate, based solely on the interpretation of weight
losses and the complementary analysis of evolved gases by
means of TPD-QMS. Further insight into the chemical com-
position of the solids generated at different stages can be ob-
tained taking advantage of the power of XPS as a surface sen-
sitive technique, as compared to XRD, habitually employed
for solid characterization.

Besides the parent nickel acetate, our TGA and TPD-QMS
findings suggest the involvement of at least Ni(OH)2, NiCO3,
NiO, and Ni, during the course of the thermal decomposition
of nickel acetate. Furthermore, there is some uncertainty as
to whether nickel carbide is as well a reaction intermediate
and/or retained in the final decomposition product during the
pyrolisis of NiAc [11,16].

The XPS data reported in the results section reveal that
surface carbides are not detected as steady species along
the thermal decomposition treatment, in contrast with pre-
vious XRD results. It is well known that the surface sensi-
tivity of XPS allows the detection of chemical states other-
wise imperceptible by bulk analysis techniques as XRD, and
this may account for the differences observed in the present
w e, be-
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5. Conclusions

On linear heating, nickel acetate tetrahydrate first releases
water at ca. 120◦C, but acetic acid is produced concurrently
due to the surface hydrolysis of the constituent anion. During
the dehydration step, gas phase reactions of the acetic acid
produce mainly ketene, and minute amounts of ethanol and
formic acid. Basic nickel acetate, with an estimated formula
0.86Ni(CH3COO)2·0.14Ni(OH)2, is proposed as an interme-
diate following the dehydration step, as suggested by inter-
pretation of thermogravimetric data. On continued heating,
the subsequent decomposition of the basic nickel acetate at
ca. 340◦C lead directly to the formation of either NiO or
Ni, under treatment atmospheres of air and H2, respectively.
In an inert atmosphere, however, an additional step suggests
that NiO is intermediate to the final production of metallic
Ni with an estimated 4–5% of carbonaceous residues. While
the evolution of acetone during the major decomposition step
suggests the involvement of NiCO3 as a short-lived interme-
diate, acetic acid production may be an indication of the final
reduction to metallic nickel. In contrast to previous reports,
carbides were not detected in the surface as intermediates
during the thermal decomposition of nickel acetate by XPS
analysis.
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ork. We nevertheless favor the results suggested her
ause it has been pointed out that nickel carbide is meta
nd quickly decomposed on heating close or ab
00◦C [25].

TGA and TPD-QMS analysis indicated an almost c
lete reduction of nickel acetate to metallic nickel, when

hermolysis was carried out at 450◦C in He atmosphere. O
he other hand, XPS complementary analysis, as show
he left side panel ofFig. 7 (top), still indicate importan
ontributions of Ni2+ species on the surface of the meta
esidue.

Our samples were not specially preserved, and in this
ition natural passivation of elemental metals is expe
ven after brief exposures to the atmosphere[26]. On the
ther hand, metallic nickel nanoparticles are expected
ery reactive, and the build-up of a relatively thick nickel
de/hydroxyde film is feasible immediately upon air expos
27].

XPS analysis confirm that highly reactive metallic nic
s obtained directly as the final product of the thermal
omposition of nickel acetate, under an inert He atmosp
nd at temperatures higher than 400◦C. Independent carbo
nalysis showed that the product contained 4–5% of ca
hile TPD data depicted inFig. 5(right side panel) sugges

hat the carbonaceous species present on the surface
ickel particles react at 940◦C, evolving minute amounts
O to the gas phase.
We are at present investigating the catalytic activity

he nickel particles obtained after the thermal decompos
f nickel acetate tetrahydrate, and also exploring altern
ays of characterizing their physicochemical properties
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