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Remarks on the passivation of reduced Cu-, Ni-, Fe-, Co-based catalysts
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Catalysts containing metals such as Cu, Ni, Fe, Co in their reduced state are often subjected to passivation procedures prior to
characterization. Passivation with N>O or O, to create a protective oxide layer also results in a certain degree of sub-surface
oxidation. The heat released during oxidation is a critical parameter. The extent of bulk oxidation depends on the type of oxidant as
well as on the size of the metal particles, as shown for copper catalysts. The final, meta-stable passivation layer requires a certain
thickness to sustain exposure to ambient atmosphere. The encapsulation of metal particles in carbon is an efficient method for
preserving the metallic state, as demonstrated for metallic nickel and iron with carbon nanofibers. The use of passivated samples for
characterization of the active, i.e., reduced, catalyst has limited value.
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1. Introduction

Catalysts comprising the transition metals Cu, Ni, Fe
and Co are widely applied in heterogeneous catalysis. In
most cases, the active catalysts contain these transition
metals in their reduced, i.e., metallic, state rather than as
an oxide. Under oxidizing conditions, such as in air, the
metallic state of Cu, Ni, Fe and Co is unstable.
Depending on the conditions, the metals will be partly
or completely re-oxidized to their stable oxides:
Cu — Cu,O/CuO [1], Ni = NiO, Fe — Fe;04/Fe>03
[2], Co — Co0O/Co0304 [3.,4].

In order to characterize material properties relevant
to the catalytic performance of the catalyst, the metal
particles should be studied in the activated state, pref-
erably during the catalytic reaction, i.e., in situ. Several
in situ studies have shown metal catalysts to undergo
dynamic structural changes depending on the reaction
atmosphere (oxidizing or reducing) [5-9]. However, in
situ characterization can be time-consuming or require
equipment not readily available. To be able to charac-
terize reduced metal catalysts, a range of protection
methods are applied to retain the reduced state of metal
catalysts during characterization or transfer to the
characterization chamber:

1. Sealing in a container under reducing/inert atmo-
sphere after reduction [10]
2. Encapsulation of the reduced metal particles
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a. by deposition of polyethylene [11-13] or 1-butene
films [14] on the surface, analogous to the protec-
tion of bulk metals against corrosion by coating
with polymer films

b. by growing a layer of carbon (such as carbon
nanofibers or paraffinic wax) around the reduced
metal particles [15-17]

3. Surface passivation of reduced metal particles by
controlled re-oxidation to create a thin, protective
oxide layer. Further oxidation of the bulk is inhibited
by diffusion limitation [18]. A quasi- or meta-stable
reduced metal phase is maintained below the pro-
tection layer. Oxidant gases that have been applied
include:

a. Oy/air in inert gas [1,18-23]
b. N,O in inert gas [9,24-27]

4. Formation of combined carbonaceous and oxidic
layers, applying

a. COQ/OQ, COz/HzO or COQ/HzO/Oz, optionally in
inert gas [28-31]
b. CO/H,and Oy/air (consecutive) [32].

Our group has previously reported the successful
application of sealed quartz capillaries for preserving
activated catalysts [10]. In this study, we evaluate and
share our experience with other protection methods,
namely O, and N,O passivation, and relate our findings
to reports on passivation in the literature. In addition,
the encapsulation in carbon nanofibers (CNF) for a
range of catalysts used in the ongoing research is
reported and proposed as a possible method.

1011-372X/06/0900-0211/0 © 2006 Springer Science+Business Media, Inc.
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2. Experimental
2.1. Catalyst samples

The copper catalysts are mixed metal oxides derived
from hydrotalcite precursors. Cu-350 and Cu-400 con-
tain CuO, ZnO and Al,O; after the final calcination at
350 and 400 °C, respectively, and their hydrotalcite
precursors were prepared by coprecipitation. Ce-bC-400
was made from Cu-400 by incipient wetness impregna-
tion of the dried sample with a cerium nitrate solution.
Details on preparation, sample notation and catalyst
properties can be found elsewhere [33].

The Ni—Fe catalyst is designed for carbon nanofiber
(CNF) production and contains both metals in a molar
ratio Ni:Fe = 8:2. The catalyst, composed of NiO, Fe
oxides (Fe,O5; and Fe;O4) and Al,O; after calcination,
was prepared by coprecipitation to produce a hydro-
talcite precursor. The CNF were synthesized by catalytic
chemical vapour deposition from C,H4/CO/H, (30/10/
10 ml/min) at 600 °C for | h. Further details on catalyst
preparation and properties have been previously repor-
ted [15].

The Fischer—Tropsch (FT) catalyst containing
12 wt% cobalt was prepared by incipient wetness
impregnation of silica (PQ corp. CS-2133) with an
aqueous solution of Co(NO3),6H,0O. The impregnated
powder was dried in air at 120 °C for 3 h and calcined at
300 °C for 16 h, increasing the temperature from 120 to
300 °C at a rate of 1 °C/min. Further details on this type
of catalyst have been published elsewhere [3,34].

2.2. Characterization

Inductively Coupled Plasma Atomic Emission Spec-
troscopy (ICP-AES) was used to determine the actual
amount of copper in the catalyst samples after calcina-
tion. The samples were dissolved in hydrochloric acid
prior to this analysis without any visible residues.

Copper dispersion and passivation measurements by
means of N,O decomposition [22,27,35,36] according to
the exothermic reaction

2CU+N20 — CUQO+N2 (1)

were performed in a Thermogravimetric Analyser (Per-
kin Elmer TGA 7) using approx. 50 mg sample and
10 vol% N,O in argon (reaction temperature: 75 °C,
flow rate: 80 ml/min at ambient pressure/temperature,
1 h under N,O atmosphere until the baseline was sta-
bilized). Temperature-programmed reduction (TPR)
using 7 vol% H, in argon (260 °C, 2 h, heating rate
2 K/min, flow rate 80 ml/min at ambient pressure/tem-
perature) as well as the estimation of weight loss
assigned to adsorbed water and/or surface carbonates of
the calcined samples [37], were carried out in the same
apparatus. TPR was also carried out with 7 vol% CO in
argon over Ce-bC-400, with the reduced catalyst being
cooled down in CO/Ar prior to N>O titration. The

weight loss (at 260 °C after 1 h in Ar) was determined
prior to reduction (at 260 °C for 2 h) and dispersion
measurements. Dispersion calculations based on oxygen
chemisorption from N>O decomposition with a simpli-
fied reaction stoichiometry of Cu:O = 2 corresponding
to equation (1) were corrected for bulk oxidation of
copper according to the method proposed by Sato et al.
[38].

The passivation of the copper catalysts with O, was
also performed in the TGA. In a typical experiment, the
catalyst sample was dried (260 °C, 1 h, Ar), reduced
(260 °C, 2 h, 7 vol% H, in Ar) and passivated (ambient
temperature, 2 h, 1 vol% oxygen in Ar, 100 ml/min).
The exothermic re-oxidation can be written as follows
[1,20]:

2Cu + 150, — Cu,0 (2)

Hence, a simplified reaction stoichiometry of Cu:O = 2
is assumed. Pernicone et al. [20] have discussed the
reaction stoichiometry and the possibility of non-integer
stoichiometry. For the erroneous impact of the support
(especially reducible metal oxides like ceria or zirconia,
and partly ZnO) on the quantification of dispersion and
passivation extent, we refer to Bartley et al. [27]. Con-
cerning the stability of Cu,O phases, Palkar ef al. [39]
report that cubic Cu,O is more stable than monoclinic
CuO at small crystallite sizes ( < 25 nm). This is related
to the increasing ionic character of solids with decreas-
ing particle size and is also dependent on calcination
conditions.

XRD spectra for crystallite size estimation and phase
identification of the (O,-passivated) copper catalysts
were recorded on Siemens diffractometers D-5000
(monochromatic CuK-radiation) and D-5005 (dichro-
matic CuK, | g-radiation), respectively. Particle size
estimates (dp) for the reduced-(O,)passivated copper
samples were calculated by X-ray line broadening
analysis (XLBA, linewidth at half maximum, B) of the
Cu(111) reflection at the Bragg angle P = 21.67° using
the Scherrer equation and LaBg as a standard for cor-
rection of instrumental line broadening (B.)

K.
/B> — B -cos(0)

with 4 = 1.5418 A , the wavelength for CuK,, and
K = 0.89, the Scherrer constant. The value of the con-
stant factor K depends on the definition of B, being set
equal to 1.00 when using the integral breadth and 0.89
when using the full width at half maximum [40]. The
crystallite size of the reduced-passivated samples
reported in table 1 takes into account the thickness of
the passivation layer assuming a cubic shape for the
copper particles.

The passivation of the Co/SiO, catalyst was charac-
terized by XRD using the Siemens D-5005 diffractom-
eter. The sample (1 g) was reduced in flowing hydrogen

dp = (3)
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Table 1
Chemical composition and physical properties of the copper catalyst samples

Sample H,0/CO, Total Cu mass fraction in Cu Cu passivated Cu passivated Cu crystallite size (with
weight the samples (-) dispersion®  with N,O°® (%)  with O,° (%) O, passivation) (nm)
loss® (Wt%) (%)
ICP-AES®  TGA-TPR® Cu core Core + pass.layer
with XRDf  (XRD + TGA)?
Cu-350 5.7 0.29 0.28 6.5 10 40 19 23
Cu-400 1.7 0.27 0.26 5.4 7 45 20 25
Ce-bC-400 1.7 0.25 0.25 8.2 11 40 20 24

# Thermogravimetric measurements performed in Ar on the calcined samples up to the reduction temperature (260 °C) resulted in a weight loss

assigned to adsorbed water and/or surface carbonates.

® Normalized mass fractions, i.e., only CuO, ZnO, Al,O3 and CeO, taken into account, with an estimated detection limit of 0.01-0.03 mg/g. The
elementary analysis was performed on as-prepared calcined samples, thus containing water/carbonates adsorbed on the surface.
¢ For better comparison with the ICP-AES results the amount of copper determined by TGA-TPR is normalized with the sample mass before the

drying procedure.

4 Copper dispersion measured by means of selective oxidation via N,O surface titration of the reduced catalyst samples taking into account copper
bulk oxidation [38,42], with percentage values being based on mole fraction.

¢ Normalized with amount of Cu determined by TGA-TPR prior to passivation, with percentage values being based on mole fraction.

' Performed on the reduced and passivated samples. The copper crystallite size is estimated using the Scherrer equation for the Cu (111) reflection.

€ The thickness of the passivation layer is taken into account assuming a cubic particle shape.

at atmospheric pressure and 350 °C for 16 h (heating
rate: 5 °C/min up to 70 °C and then 1 °C/min up to
350 °C). According to Storsater et al. [34] and refer-
ences therein, most of the reducible cobalt oxide is
reduced after this procedure. Subsequently, the sample
was cooled down to ambient temperature, and the
quartz reactor was flushed with N, 5.0 for 2 h. The
consecutive passivation was carried out in either of two
ways: In one experiment, a gas mixture of 0.5 vol% of
O, in nitrogen was used (first, 1 h at 50 ml/min and then
1 h at 140 ml/min). In a second experiment, 5 vol% of
N->O in nitrogen was applied (2 h at 140 ml/min). The
XRD analysis was started within 2 h after passivation.

Transmission X-ray absorption spectroscopy (XAS)
data were recorded for calcined, reduced-O,-passivated
and CNF-encapsulated Ni—Fe samples at the Swiss-
Norwegian Beamline (SNBL) at the European Syn-
chrotron Radiation Facility (ESRF) in France. Spectra
were obtained at the Fe K-edge (7.112 keV) and Ni
K-edge (8.333 keV) using a channel-cut Si(111) mono-
chromator. Higher order harmonics were rejected by
means of a chromium-coated mirror aligned with
respect to the beam to give a cut-off energy of approx-
imately 15 keV. The software package WINXAS v3.1
[41] was used for XANES analysis (X-ray absorption
near edge structure) to obtain qualitative and quanti-
tative information on Ni/Fe oxide and metallic phases.
The XAS data were calibrated, pre-edge background
subtracted (linear fit) and normalized. XAS spectra were
collected both for the calcined material, in the reduced-
passivated state and after use in CNF production. The
passivation was conducted with about 1 vol% of O, in
nitrogen. Ni and Fe metal foils, NiO, a-Fe,O3; and
Fe;O, were used as reference materials. The phase
composition of the catalyst samples under study was
determined by linear combination of the reference

XANES profiles applying a least-square fitting proce-
dure in WINXAS.

3. Results
3.1. Copper catalysts

A representative experimental curve from TGA
measurements of the copper-containing samples is
shown in figure 1. Initially, water and/or carbonate
species adsorbed on the surface [37] are removed by
increasing the temperature to the final reduction tem-
perature under Ar atmosphere. In this way, the weight
change resulting from desorption of adsorbed species
does not interfere with the weight change caused by the
subsequent reduction. CuO is reduced to metallic copper
and oxygen is released as water molecules during TPR,
decreasing the sample weight thereby. After reduction
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Figure 1. A typical TGA experimental curve, obtained over Cu-350,
including removal of water/carbonate species adsorbed on the surface,
TPR of Cu and N,O decomposition for determination of Cu
dispersion and passivation.
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Figure 2. XRD spectra of (a) reduced-(O,)passivated (D-5000 dif-
fractometer and (b) calcined (D-5005 diffractometer) Cu catalysts. The
symbols refer to different crystalline phases: B = ZnO, A = CuO,
V¥V = Cu, O = CeO>.

and flushing with Ar, N,O decomposition was carried
out to re-oxidize the copper atoms in or close to the
surface. By plotting oxygen uptake versus time and
scaling the abscissa with the square root of time, surface
and bulk oxidation contributions can be separated.
Since bulk oxidation is diffusion limited, it will appear as
a linear segment in such a diagram. Further details
about this approach can be found elsewhere [38,42].

Weight losses caused both by adsorbates and copper
reduction for the three copper samples are given in
table 1. The copper content as determined by TGA is in
good agreement with the ICP-AES results. The copper
dispersion of the samples varies between 5 and 8%
assuming the Cu/N,O = 2 stoichiometry according to
equation (1). The oxygen uptake during N,O decom-
position is correspondingly 7-11%. This indicates that
the passivation layer is relatively thin and that the re-
oxidation of copper does not reach far into the bulk. In
contrast, Cu passivation with O, results in a consider-
ably thicker passivation layer, extending to about 40%
of the Cu atoms.

The crystallite size of the Cu core embedded in the
oxide layer is estimated from XRD spectra recorded for
reduced-(O,)passivated samples (figure 2a). XRD spec-
tra of calcined samples before reduction/passivation are
included for comparison (figure 2b). For all three cata-
lyst samples, the size of the Cu core (dc) is estimated to
about 20 nm (table 1). Using a cubic model the average
size of the copper particles (dp), including core and

passivation layer, can be estimated by the following
equation:

1

dp_ \/_[3}(1_xp)'dc (4)
with x, being the fraction of the passivated Cu atoms.
According to this estimation, the thickness of the oxide
layer lies in the range of a few nanometers (table 1),
which is in agreement with literature ([20] and references
therein). The structural model applied does not, how-
ever, take into account possible structural changes
during passivation. Several studies have shown that both
surface structure as well as particle shape may change
(dynamically) upon changes in the gas phase conditions
[5-9]. Despite the significant degree of re-oxidation, the
oxide layer does not appear in the XRD spectra (fig-
ure 2a). The passivation layer is only a few nanometers
thick and will therefore appear amorphous to XRD
[5,43]. Thus, from XRD alone, the passivation layer
appears insignificant. Kvande et al. [44] identified a
crystalline Cu,O phase in addition to metallic copper by
XRD after passivation of a reduced Cu/CNF catalyst in
O,/He, indicating a significant degree of bulk oxidation.

Pernicone et al. [20] report the passivation of a cop-
per-containing catalyst with 60% of the Cu atoms being
re-oxidized. This copper catalyst contained smaller
copper particles (Cu core: 10.2 nm, with passivation
layer: 13.8 nm) than the samples in table 1. If we assume
that the passivation layer must reach a certain thickness
in order to protect the bulk against further oxidation,
the fraction of re-oxidized metal atoms should increase
with decreasing particle diameter (equation 4). This
trend was also observed within our passivation studies.
Another Cu—Zn—Al mixed oxide catalyst, prepared by
coprecipitation under different conditions but with a
similar composition as the copper catalysts described in
Chapter 2.1, showed a passivation degree of about 58%
(with oxygen). The size of the copper core was estimated
to 10.6 nm, and the particle size, including the passiv-
ation layer, to 14.2 nm, in good agreement with the
results obtained by Pernicone et al.

Figure 3 shows the normalized weight increase of Ce-
bC-400 during N,O titration as a function of the square
root of time, based on the total weight loss upon
reduction. The pre-reduction was carried out with H,/
Ar and CO/Ar. In both cases, the reduced catalyst was
cooled down in the reduction gas prior to N,O titration.
The sample pre-treated with CO/Ar exhibits a slower
oxidation kinetics and a lower total oxygen uptake than
the sample pre-treated with H,/Ar. The dispersions
determined from the dispersion-square root of time plot
correspond to approx. 8.2 and 6.2% for pre-reduction
with H, and CO, respectively. We assume that carbo-
naceous species on the surface of the reduced Cu par-
ticles slow down and confine the re-oxidation of metallic
Cu in the case of pre-reduction with CO.
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Figure 3. Weight increase during N,O titration (10 vol% N,O/Ar,
75 °C, flow rate 80 ml/min) normalized with the total weight loss upon
reduction on Ce-bC-400 as a function of square root of time. Pre-
reduction was performed either with 7 vol% H, or with CO in argon
(260 °C, 2 h, heating rate 2 K/min, flow rate 80 ml/min). The reduced
sample was cooled in the reduction gas prior to N,O titration.

3.2. Nickel—iron catalyst

The Ni-Fe catalyst was investigated by XAS, in
particular in the XANES region. By recording data at
both the Ni K-edge and the Fe K-edge, the oxidation
state of both metals can be determined. Figures 4 and 5
show the XAS spectra of Ni and Fe, respectively, for the
calcined and reduced-passivated samples and for the
sample used in the synthesis of CNFs. The spectra of
NiO, a Ni foil, a-Fe,O3, Fe;04 and a Fe foil are used as
references.

Figure 6 shows a least squares fit of a linear combi-
nation of the XANES spectra of model compounds,
reconstructing the profile of a catalyst sample. NiO and
Ni foil are combined in order to model the XANES
profile of the reduced-passivated Ni—Fe catalyst at the
Ni K-edge. According to this fit, 70% of the Ni atoms in
the sample are in the metallic state after O,-passivation
while 30% are re-oxidized to NiO. Table 2 contains the
phase composition for the three Ni-Fe catalyst samples
recorded at both the Ni and the Fe K-edge. The Ni
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Figure 4. XAS spectra of the Ni-Fe mixed oxide catalyst recorded at
the Ni K-edge. XANES profiles are shown for the calcined, reduced-
(O,) passivated and used samples together with the reference
compounds NiO and Ni-foil.
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Figure 5. XAS spectra of the Ni-Fe mixed oxide catalyst recorded at
the Fe K-edge. XANES profiles are shown for the calcined, reduced-
(O,) passivated and the used samples together with the reference
compounds a-Fe,0;, Fe;04 and Fe-foil.

sample profiles are modelled with two reference mate-
rials, since Ni(0) and Ni(2+) are the most common
oxidation states of nickel. The Fe sample profiles are
reconstructed with three reference materials, since Fe(0)
under low partial pressure of oxygen first oxidizes to
Fe;04 (=FeO-Fe,05) and then further to Fe,O5 [2].
The XANES analysis of the Ni K-egde of the sample
used for CNF production shows that essentially all Ni is
preserved as Ni(0). Reduced Ni particles encapsulated in
carbon nanofibers (see also [15]) thus preserve their
metallic state also upon exposure to air. The encapsu-
lation in carbon is better than passivation by O,, where
about 30% of the Ni atoms are re-oxidized to NiO,
assuming that both H, reduction and reduction under
CNF production conditions result in complete conver-
sion of NiO to metallic Ni prior to oxygen exposure.
About 80% of the iron atoms in the CNF-encapsulated
sample retain the metallic state, as compared to about
60% with oxygen passivation. The remaining 20 or 40%

norm. absorption [a.u.]

8.34
photon energy [keV]

8.36

Figure 6. Least-squares fit (dashed line) of the XANES spectra (solid
line) of the reduced-(O,) passivated Ni-containing sample at the Ni K-
edge. The fit is produced by linear combination of the XANES spectra
of the model components NiO and Ni-foil using a Levenberg—
Margquardt least squares algorithm in the WINXAS software.



216

Table 2
Phase composition of the Ni—Fe catalyst sample (passivated with O,),
determined by a linear combination of XANES data of the reference
materials at the Ni and the Fe K-edge applying a least-squares fitting
algorithm in the software package WINXAS

Ni K-edge:

Sample Ni metal (%) NiO (%)

Calcined 7 93
Reduced-passivated 70 30

Used 98 2

Fe K-edge:

Sample Fe metal (%) a-Fe,05 (%) Fe304 (%)
Calcined 0 65 35
Reduced-passivated 57 39 4
Used 82 10 8

are present as a mixture of Fe;O4 and Fe,O5. The 20%
non-metallic Fe atoms in the CNF-encapsulated sample
have either been re-oxidized under air exposure or they
represent a fraction of iron atoms not reducible under
the given pre-reduction and CNF-production conditions
(see also [45]). Correspondingly, the oxide fraction in the
O,-passivated sample may also contain the non-reduc-
ible part, in addition to the oxide formed under pas-
sivation conditions.

3.3. Cobalt catalyst

Figure 7 shows XRD spectra of the calcined Co/SiO,
catalyst, as well as after reduction and passivation with
oxygen. The XRD profile recorded after passivation
with N,O is identical to the one after passivation with
oxygen, and is hence not included in the figure. The nine
main peaks in the spectrum for the calcined sample can
be assigned to Co304. In addition, there are two broad
peaks between 10 and 30 ° stemming from the silica
support. For the passivated sample, the characteristic
Co304 peaks have vanished and the apparent peaks can
be assigned to CoO and metallic cobalt. The broad peak
at 36-37° is assigned mainly to CoO, but it cannot be
excluded that Cos304 contributes to the right shoulder of

calcined

— reduced-(O;)passivated

signal [a.u.]

Figure 7. XRD spectra of Co/SiO, for calcined and reduced-(O,)
passivated samples. The symbols refer to different crystalline phases:
¥ = Co0304, ® = CoO, O = Co. The profile of the reduced-(N,O)
passivated sample is identical to the spectra of the O,-passivated
sample and is therefore not shown in the figure.
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this peak. The broad shoulder between 46-54° can be
assigned to different metallic cobalt phases.

4. Discussion

From dispersion measurements of copper catalysts
[20,22,27,38,42], it is well-known that the re-oxidation of
the reduced metal with O, or N,O is not limited to the
surface, but also reaches sub-surface layers. As a con-
sequence, these measurements are either conducted at
low temperatures (for O, [20]) or the contribution of the
bulk oxidation is taken into account applying a diffusion
model (for N,O [38,42]).

4.1. Thermodynamics and kinetics

Standard reaction enthalpies for the oxidation of Cu,
Ni, Fe and Co by O, and N,O are shown in table 3.
They are estimated from the standard enthalpies of
formation of the compounds participating in the reac-
tions, based on bulk data. The oxidation processes
investigated in this study are limited to a few nanome-
ters into the bulk of the metals. Thus, pure bulk data
may not be accurate for quantifying the energies
involved in these reactions, but can be used for quali-
tative comparisons.

The values for the O, oxidation are calculated for
1 mol O, and not for 1 mol O, which one might prefer
when comparing with the values for N,O oxidation. We
prefer the O,-based enthalpies because each time an O,
molecule reacts with the metal, two oxygen atoms are
involved simultaneously in the oxidation reaction
releasing the double amount of energy of one oxygen
atom. Thus, we prefer to compare N,O and O, based on
the amount of energy these two molecules contain in
total.

The following trends can be deduced from the ther-
modynamic data in table 3:

Table 3
Thermodynamics of the metal oxidation by O, and N,O, based on the
standard enthalpies of formation for the bulk metals

Standard reaction enthalpy (kJ/mol)*

N,O (per mole N,O) O, (per mole O,)

Cu — Cu,0 -250 —-337
Ni — NiO -318 —472
Fe — Fe,05 -354 -543
Fe — Fe;04 —358 —408
Co — CoO =316 —468
Co — Co;304 -303 —442

% From standard enthalpies of formation: N>O: 82 kJ/mol, Cu,O:
— 168 kJ/mol, NiO: —236 kJ/mol, Fe,O3: —815 kJ/mol, Fe;04:
— 1103 kJ/mol, CoO: —234 kJ/mol, Co304: —885 kJ/mol. Per defi-
nition, the standard enthalpy of O, is zero. The enthalpy of the
metals is set to zero as well, although small enthalpies of formation
(absolute values < 7 kJ/mol) are tabulated for some metallic phases
of Ni, Fe and Co ([46] and references therein).
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— The oxidation reactions are all exothermic. This is
reflected in the well-known pyrophoric behaviour of
reduced transition metal catalysts in contact with air.

— The oxidation reaction with N,O is less exothermic
than with O,, i.e., during the consumption of one O,
molecule more energy is released as per N,O molecule.

— For N;O, the energy release during oxidation of the
different metals increases in the following order:
Cu < (Ni, Co) < Fe. The same order is obtained for
oxidation with O,, if Fe,O; is the main phase formed.
The stability of the metallic phase decreases in the
same order.

— Copper may be considered the thermodynamically
most stable among the four metals. Ni and Co behave
relatively similar, while for Fe the energy released
depends strongly on the type of oxide formed. These
thermodynamic properties are to some extent respon-
sible for Ni, Co and Fe being more difficult to reduce
than Cu, as reflected in the typical reduction temper-
atures for these metals.

Apart from thermodynamics, there are also kinetic
effects to be considered. According to Pernicone et al.
[20], temperature is a main parameter influencing the
extent of bulk oxidation using O,. Because the passiv-
ation process is a non-catalytic gas—solid type reaction
[47], the passivation rate and thus the extent of bulk
oxidation depends on the diffusion rate in the solid
material with the diffusion coefficient being a function of
temperature. The kinetic rate constant of the oxidation
reaction itself is also enhanced by increasing temperature,
although we assume that the diffusion process is the rate-
limiting step during bulk oxidation with O,. In principle,
this is also the case for passivation with N,O [27,38,42].

Via the interrelation between temperature and pas-
sivation kinetics, the thermodynamics affects the kinet-
ics of the process. Because of the exothermic nature of
the oxidation reactions, energy is released and the local
temperature increases. The energy release may thus
enhance the diffusion rate and increase the extent of
bulk oxidation. According to this, the extent of bulk
oxidation should be higher for passivation with O, than
with N,O, not taking into account the effect of different
oxidation kinetics for O, and N,O. Bartley et al. [27]
identify local temperature increases as a significant cause
for bulk oxidation of Cu in dispersion measurements
with O, and N,O. They stress the need for low oxidant
concentrations, large sample amounts and character-
ization setups with efficient heat dissipation, resulting in
a more controlled release of the heat of the oxidation
reactions.

4.2. Copper catalysts

The higher extent of bulk oxidation with O, as com-
pared to N,O (table 1) we assume does not only stem
from the effect discussed above, especially since the
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passivation with N»,O is conducted at higher temperatures
and higher gas concentration than the passivation with
O,. Other factors could be the somewhat higher sample
amount used for the O, passivation (because of require-
ments for the subsequent XRD analysis) and the different
reaction rate constants for N,O and O,, with N,O
enabling a more controlled passivation. This might also
be reflected in that Cu dispersion measurements con-
ducted with O, are performed at very low temperatures
while the N,O method can be performed at ambient
temperatures and even up to 90 °C.

The question remains whether the thin oxide layer
produced with N,O is sufficient to protect the metallic
copper core against further bulk oxidation in air. The
observed dependence of the passivation degree on the
size of the copper particles (Chapter 3.1, and similar
discussion about higher reactivity of small metal parti-
cles in [27] and references therein) implies that a certain,
stable passivation layer thickness is required. Further-
more, the similar XRD profiles for the Co catalyst
sample passivated in O, and N,O (figure 7) point in the
same direction. Bartley et al. [27] report that they could
not prevent some continued re-oxidation of copper after
applying a N,O passivation procedure that resulted in a
thin oxide layer around the metallic copper core. If N,O
initially creates a passivation layer thinner than O, does,
yet not stable enough to survive in ambient air atmo-
sphere, further bulk oxidation leads to a thicker, meta-
stable passivation layer of similar thickness as created
by O, passivation. Hence, even though N,O does not
lead to a stable passivation layer, it can be used in a first
passivation step to grow an oxide layer that will slow
down further re-oxidation with O, and prevent local
temperature increase, thereby keeping the final thickness
of the passivation layer at a minimum.

Moreover, in analogy with electrochemical processes
[48], it is possible that Cu(2+) might be formed in
ambient atmosphere at the surface of the passivation
layer by adsorbing oxygen and/or H,O (from air mois-
ture) leading to formation of Cu(OH), and/or CuO at
the surface [2].

4.3. Nickel-iron catalyst

The Ni(2+) detected by XAS in the Ni-Fe—Al sam-
ple is identified as NiO. This oxidation state could also
be assigned to a Ni—Al spinel structure known to form at
high calcination temperatures [49]. However, Ni incor-
porated in such a structure is less reducible, and would
not be reduced under the conditions applied here [15].
The spinel structure is detectable in XRD if formed to a
significant extent [49], but was not found for the Ni-Fe—
Al sample calcined at 480 °C [15]. Ni K-edge data of the
CNF-encapsulated sample also show that almost 100%
of Ni remains in the metallic state after CNF production
at 600 °C. Consequently, the sample probably does not
contain XRD amorphous Ni—Al-spinel, since basically
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all Ni can be reduced. The reduced-passivated sample is
treated up to the same temperature. It is thus likely that
the detected Ni(2+) stems from NiO formed during
passivation.

The reliability of the phase composition data
obtained by the least-squares fitting procedure depends
on a reasonable choice of reference materials, i.e., fitting
of the experimental curve might still be possible even
when using unreasonable model compounds. The qual-
ity of the recorded spectra is also vital to the fitting
procedure. According to the XANES fit, the calcined
sample contains around 7% Ni metal. It appears unli-
kely that Ni particles oxidized in air at 480 °C contains
significant amounts of metallic nickel. The XANES
curves of the calcined sample and the NiO reference (not
shown) display similar profiles. The difference between
these curves is a certain deviation in the high energy part
of the recorded spectra, believed to emerge from mea-
surement (e.g., thickness effects) and/or data treatment
rather than being related to the material itself. As a
consequence, the 7% of Ni metal obtained for the cal-
cined sample should be treated as an error, indicating
the accuracy limit of the linear combination approach
for this system. The values presented in table 2 should
thus be viewed as average values with an accuracy not
better than =+ 5% composition percentage. For com-
parison, the standard deviations given by Overbury
et al. [50] represent a qualitative assessment of the
accuracy limit of a linear combination of XANES data.

Yu et al. [15] performed an EXAFS analysis for the
Ni—Fe sample investigated here. In their structural
model, the extent of re-oxidation during passivation was
estimated to about 26% for Ni and 35% for Fe, when
comparing the co-ordination numbers (N) of the oxygen
shells of the calcined and reduced-passivated samples
(Iron: first Fe—O shell N = 1.1 and second Fe—O shell
N = 3.5 for the calcined sample, first Fe-O shell
N = 0.3 and second Fe—O shell N = 1.3 for the pas-
sivated sample; Nickel: first Ni-O shell N = 5.4 for the
calcined sample, first Ni-O shell N = 1.4 for the pas-
sivated sample). These values are in the same range as
the values in table 2.

The thermodynamic prediction that Ni is more stable
than Fe (when forming Fe,O3) can be supported by the
XAS data. The extent of bulk oxidation upon O,-pas-
sivation of Cu in the TGA (table 1) is, however, slightly
higher than the one obtained for Ni with XAS. The
stability of the metal phase might depend on particle size
and co-additives in the catalytic material, as can be seen
from the comparison of the three copper catalysts, thus
making interrelationships more complex than comprised
in a mere discussion of thermodynamic trends. As pre-
viously mentioned, a practical aspect with regard to hot
spots is for example the choice of equipment used during
passivation [27]. The Cu catalysts were passivated in a
TGA sample pan with small dimensions, i.e., each
sample was concentrated in a small volume implying a

certain risk for local temperature increase. In contrast,
the Ni-Fe catalyst was passivated in a conventional
calcination reactor with large dimensions, the sample
being distributed over a larger area compared with the
TGA pan and a lower risk for hot spots.

4.4. Cobalt catalyst

XRD was used to qualitatively identify the main
phases present in the samples after passivation (fig-
ure 7). The oxidation of cobalt is similar to the oxida-
tion of nickel from an energetic point of view (table 3).
Not taking into account kinetics, it should therefore be
possible to passivate cobalt in the same manner as
nickel. The XRD profile of the O,-passivated sample in
figure 7 confirms the presence of metallic cobalt encap-
sulated in a CoO shell. The reduction of Co304 to
metallic cobalt proceeds via CoO [3,4]. Under mild
conditions (low temperature and low oxygen concen-
tration) the re-oxidation may only proceed to the
intermediate CoO (in analogy with the behaviour of
copper), since CoO is stable under certain conditions [2].
Yet, the existence of a Co304 phase (a mixture of
Co®10 and Co®",0; [2]) in the passivated samples
cannot be ruled out. The CoO detected by XRD may
originate either from the passivation process or from
CoO not reduced during the reduction step. Cobalt
oxide supported on silica is easily reduced from Cos04
to CoO independent of particle size, morphology and
support properties, but the reduction of CoO to Co is
more difficult and depends on particle size and support
properties [4]. According to Storsater et al. [34], about
two-thirds of the silica-supported cobalt is reducible
(determined by oxygen titration) upon reduction in
hydrogen at 350 °C for 16 h. About one-third remains
unreduced even upon a subsequent TPR up to 900 °C,
and might be assigned to cobalt silicate or cobalt oxide
encapsulated in silica [4,21]. An in situ XAS analysis
suggested that the degree of reduction is around 80%
which is somewhat higher than determined by oxygen
titration [3].

4.5. Encapsulation in carbon

Encapsulation of reduced metals in carbon appears to
be an efficient way to protect metallic phases against re-
oxidation in air. The encapsulation in CNF is, however,
not a generally applicable technique, since it applies only
to catalysts active for carbon formation. Jacobs et al.
[17] used the solidified, paraffinic Fischer—Tropsch wax
product as an encapsulation matrix to preserve the
reduced state of cobalt in a used Fischer—Tropsch cat-
alyst. A more generally applicable encapsulation pro-
cedure mentioned in literature is the deposition of
polyethylene [11-13] or 1-butene [14] films at the catalyst
surface, in analogy with the protection of bulk metals
against electrochemical corrosion by coating with
polymer films.
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4.6. Methods combining carbon and oxide formation

The treatment in a mixture of CO and H, to form a
layer of carbonaceous species on the catalyst surface was
reported to be superior to passivation with oxygen for
reduced cobalt particles [32]. However, a measured
temperature increase upon air exposure (lower than for
passivation with oxygen [32]) can be interpreted as an
indication for the formation of an oxide layer. The
conditioning of reduced catalysts with CO, at elevated
temperature (e.g., 200 °C) has been applied to the pas-
sivation of Ni—Cr/Al,O; steam-reforming-methanation
catalysts [51]. Furthermore, the XPS and XRD data of
Cu-based [52] and Cu—Co-based [53] catalysts that had
been exposed to CO/CO,-containing gas mixtures dur-
ing the synthesis of alcohols are relevant also to pas-
sivation. Metallic copper and Cu,O were identified by
XRD for a Cu—Zn0O-Al,O; catalyst after use in meth-
anol synthesis [52]. However, we suggest to assign the
corresponding XPS spectra to Cu(l+) rather than to
Cu(0) or a mixture of both species, in agreement with
literature [48,54] and the well-known instability of Cu(0)
in oxidizing atmosphere (i.e., air). For the Cu—Co-based
catalysts used in the synthesis of higher alcohols,
metallic Co as well as oxidized Co species were identified
by XPS [53].

Passivation strategies that involve CO and/or CO,
without the formation of significant amounts of coke or
wax around the metal particles may comprise both
formation of carbonaceous species and an oxide layer
(at the latest when exposed to air), depending on the
conditions used and the metal to be passivated. Deac-
tivation studies carried out on ceria-supported precious
metal catalysts indicate that CO and CO, can adsorb at
catalyst surfaces during reactor shutdown forming sta-
ble surface carbonates [55]. Vissokov [29] claims that the
rate of oxidation could be lowered, hence the passiv-
ation improved, by the ability of certain metals to form
surface complexes (e.g., metal carbonyl), but oxidation
could not be prevented completely under the conditions
used. These findings are in line with the results shown in
figure 3. Pre-treatment with CO instead of H, resulted in
a slower oxidation kinetics and a lower oxygen uptake
during N,O titration, which might be related to the
formation of carbonaceous surface species limiting the
access of N>O. Such methods may therefore be consid-
ered intermediate between encapsulation with carbon
and formation of a protective oxide layer, with the
carbonaceous surface layer suppressing the extent of
bulk oxidation.

5. Conclusions

Studies of reduced metal catalysts based on Cu, Ni, Fe
and Co show that the result of passivation procedures
should be monitored, in order to quantify the extent of
bulk oxidation. Heat released during exothermic oxida-
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tion reactions appear to be a critical parameter, since the
local temperature and hence bulk diffusion and the final
extent of bulk oxidation may be increased. Furthermore,
the (oxidic) passivation layer requires a certain thickness
in order to be stable and prevent further bulk oxidation
in ambient air atmosphere.

Passivation of reduced catalysts is not an ideal
strategy for characterization of reduced systems that are
unstable in air. In situ measurements are prefered, but
passivated samples can be used to some extent, e.g., for
estimating particle size with XRD [20,33], keeping in
mind the limited relevance and accuracy of data derived
from this approach. The use of passivated samples for a
detailed X-ray line broadening analysis, in correlation
with catalytic activity, distinguishing between particle
size and strain effects is questionable and requires
evaluation by a parallel in situ approach. Through the
passivation procedure, strain may be introduced into the
crystal lattice by the oxidation of the outer metal layers.
Possible morphological changes depending on the
reduction/oxidation potential of the surrounding atmo-
sphere may also complicate the interpretation of the
characterization results. Finally, the discussion of active
reaction sites based on the characterization of passivated
samples is disputable.

Encapsulation of reduced metal particles by a pro-
tective layer of carbon is found to efficiently protect Ni
particles. For certain catalysts, CNF encapsulation
could be preferred instead of passivation by a protective
oxide layer. Provided that the carbon layer is imper-
meable to oxygen when exposed to air, the reduced
metal particles may be preserved in their metallic, hence
active, state. Possible morphological changes as a result
of a change in the reduction/oxidation potential of the
surrounding atmosphere should be of less concern than
for passivation with oxygen. However, the particle
morphology might be affected by the CNF growth
process [56].

With this paper, we want to call more attention to the
passivation procedure, its effect and limited usability as
sample treatment prior to characterization.
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