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Abstract— X-ray photoelectron spectroscopy (XPS) has been used to characterize the bonding state of
Cuz*, Si**, Al**, and O* ions in structural (octahedral and interlamellar) or adsorbed position in phyl-
losilicates. Five smectites, 5 kaolinites, and 1 chrysocolla with Cu(Il) in known positions (octahedral,
interlamellar, or surface adsorbed) have been investigated. Their spectra were compared with those of
pure Cu metal and of pure Cu(l) and Cu(ll) oxides.

The line for Cu 2p,,, (binding energy of 935.4 eV) and well-defined shake-up lines (binding energy of
about 943 eV) observed after 1 hr of X-ray irradiation are characteristic of Cu(Il) in phyllosilicate
octahedral sites. But due to the photoreduction effect, they show Cu(l) oxidation states (Cu 2p,,,, binding
energy of 933.2 eV and near absence of shake-up lines) for the phyllosilicates with adsorbed Cu or in
interlamellar positions. The kinetics of photoreduction distinguishes octahedral from interlamellar po-
sitions, and the latter from a surface adsorbed position. The enlargement of the FWHM (full width at
half maximum) of XPS lines has been used to describe crystallochemical parameters linked to local
ordering around the probe cations. Crystallization produces decreasing O 1s and Cu 2p (octahedral cation)
line widths but has no effect on the Si 2p (tetrahedral cation) line width. The enlargement of FWHM for
all ion lines of the lattice is linked to the nature (Cu > Mg > Al) and the number and amount of structural

cations in the phyllosilicates.
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INTRODUCTION

X-ray photoelectron spectroscopy (XPS) is a useful
spectroscopic tool for near-surface regions. A recent
reassessment of electron escape depths in silica (Ho-
chella and Carim, 1988) indicates that 95% of 1 keV
electrons (the approximate kinetic energy of O 1s elec-
trons excited with AlKa X-rays) comes from approx-
imately the top 60 A of the sample. Since the c-axis of
phyllosilicates in an air-dry state is a maximum of 14
A, XPS analysis of such material is a study of the bulk
structure when the emitted electrons are collected per-
pendicular to the ab plane of these minerals.

It has been known since the early work of Siegbahn
et al. (1967) that the exact position of photoelectron
peaks can be indicative of the chemical and/or the
structural environment of the analysed element, as well
as its oxidation state. So the bonding state of elements
can be characterised by XPS spectroscopy. Moreover,
the chemical shift in the photoelectron binding energy
depends on the electron density of an atom. Generally,
the photoelectron binding energy decreases with in-
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creasing electron density (Huntress and Wilson, 1972;
Stucki et al., 1976; Seyama and Soma, 1985, 1988).

Hochella and Brown (1988) pointed out that the
FWHM of the O 1s photopeak is proportional to the
number of chemically distinct oxygen bonding envi-
ronments in each silicate structure they studied. Peak
position and FWHM seem then to be the two most
interesting parameters giving information about the
bonding of elements.

XPS was used here to study the localisation of Cu(IT)
in different synthetic and natural phyllosilicates.
Therefore smectites, kaolinites, and chrysocolla with
Cu(Il) in known positions (surface adsorbed, octahe-
dral, and interlamellar) were studied. Investigations
were also undertaken to characterize the bonding state
of Cu?*, Si**, Al**, and O?" ions in structural or ad-
sorbed positions in phyllosilicates.

MATERIALS AND METHODS

Five smectites, 5 kaolinites, and 1 chrysocolla were
studied and parts of their XPS spectra were compared
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Table 1. Chemical composition of the studied phyllosili-
cates.

Si0, ALO, MgO Fe.0, CuO SO LOI
SMBF 52.6 237 0.7 34 29 26 114
SMCB 60.8 200 3.7 29 - - 122
SMCUI 590 194 36 2.8 36 — 8.6
SMR3 548 — 247 — 55 — 150
SMMG 578 -~ 275 — - — 150
KPA3 49.3 335 2.1 1.0 13.9
KMRX 449 393 - 0.4 — - 139
KCUAD 449 393 — 04 <01 — 139
KCUIO 355 150 — — 355 — 140
KCU7 45.5 375 3.0 14.0
CHYSN 364 13 02 0.7 394 — 207

SMBF = natural aluminous smectite from Burkina Faso with
Cu in octahedral position.

SMCB = natural aluminous smectite from Camp Berteau,
Morocco.

SMCUI = Camp Berteau smectite with Cu in interlamellar
position.

SMR3 = synthetic Cu smectite with Cu in octahedral po-
sition.

SMMG = synthetic Mg smectite with only Mg in octahedral
position.

KPA3 = natural kaolinite from weathering profiles near
Chapada Grande, Brazil with Cu in octahedral position.

KMRX = natural kaolinite from Montroux, Charentes
Maritimes, France.

KCUAD = Cu-saturated kaolinite from Charentes Mari-
times.

KCUIO = synthetic Cu kaolinite with Cu in octahedral po-
sition.

KCU?7 = synthetic Cu kaolinite with Cu in octahedral po-
sition.

CHYSN = natural chrysocolla from Santia-Blandina, Bra-
zil, with Cu in octahedral position.

CUIOD (not listed above) is the gel obtained by precipi-
tation of Al and Cu nitrates and Na metasilicate. By hydro-
thermal treatment this gel is transformed into kaolinite.
CUIOD has the same chemical composition as KCUIO.

with those of pure Cu metal and of pure Cu(l) and
Cu(Il) oxides, namely Cu,O and CuO. The identities
and chemical compositions of the phyllosilicates are
given in Table 1. Reference data for typical XPS line
positions are summarized in Table 2.

Smectite with Cu(Il) in the interlamellar position
and kaolinite with Cu(I1) adsorbed on the surface were
prepared in the following way. Montmorillonite from
Camp Berteau (Morocco) and kaolinite from Mon-
troux (France) were washed three times in 0.1 N CuCl,
solution at pH 3.6, then repeatedly rinsed with water
until the supernatant gave a negative AgNO, test for
chloride.

Smectite and kaolinite with Cu(II) in octahedral po-
sitions and Mg-smectite were synthesized according to
the procedures described by Decarreau (1985) and Petit
(1990). The Cu(Il) crystallographic positions in the dif-
ferent clays were determined by ESR and EXAFS spec-
troscopies, and by X-ray microanalysis (Creach, 1989;
Mosser et af., 1990a, 1990b).

XPS spectra were recorded on a CAMECA-RIBER
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NANOSCAN 50 apparatus equipped with an AlK«
source and a MAC 2 analyser which was set at 1 eV
energy resolution. The phyllosilicates were dispersed
in distilled water by ultrasonic treatment. A drop of
that dispersion was placed on a 2-cm disk of refractory
vitreous carbon, air-dried, and analysed by XPS spec-
troscopy. Compensation for sample charging was made
by setting the binding energies relative to the C 1s line
at 284.6 eV. This carbon was present due to hydro-
carbon contamination.

RESULTS AND DISCUSSION

XPS spectra of the minerals (smectite, kaolinite,
chrysocolla) were compared with those of Cu metal,
Cu,O, and CuO (Figure 1). The charge-corrected Cu
2p;,,, O 1s and Si 2p peak positions and their FWHM
are given in Table 2.

Structural and oxidation state effects

The Cu 2p,;,, binding energy differs between CuQO
(933.5 eV) and phyllosilicates (about 935.4 €V) be-
cause, even though Cu is in the same (II) oxidation
state, the geometrical diposition of O around the Cu
is not the same. In the phyllosilicates, Cu is in the center
of a distorted octahedron (Creach, 1988; Mosser ef al.,
1990a, 1990b), with the same interatomic distance of
1.95 A between Cu and the 4 planar O, and a greater
distance between Cu and the 2 apical O (2.41 A for
chrysocolla and 2.32 A for synthetic Cu-smectite). For
CuO the coordination of oxygen and copper is more
properly described as 4-planar rather than as 4 + 2
distorted octahedral coordination, with Cu-O bond
length of 1.95 A to 1.96 A for the four planar oxygens
and 2.78 A for the two distant O atoms (Asbrink and
Norrby, 1970). An increase in binding energy with in-
creasing interatomic bond lengths was also pointed out
by Urch and Murphy (1974) and can be described as
a structural effect.

Copper ions in CuO and Cu,O are in similar chem-
ical (Cu and O) environments with Cu-O bond lengths
of 1.95 A (Asbrink and Norrby, 1970) and 1.85 A
(Wyckoff, 1963}, respectively; but they are in different
oxidation states. As expected, the Cu 2p;,, binding en-
ergy in Cu,O is lower (932.5 eV) than in CuO (933.5
eV). Also, Figure la shows no shake-up lines for Cu
in an oxidation state lower than 2 (Mosser et al., 1991).

The different phyllosilicates (Table 2), as previously
mentioned by other authors (Canesson, 1982), have
the same Si 2p line position with a binding energy of
102.2-102.5 eV. This means that only one Si-O bond-
ing type exists for all the studied phyllosilicates (Car-
riere and Deville, 1977), and the Si 2p line falls at the
position of tetravalent silicon in the tetrahedral struc-
tural site of silica or silicates (Huntress and Wilson,
1972).
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Figure 1. Cu 2p,,, and Cu 2p,,, XPS charge corrected spectra. SMCUI = smectite: Cu in interlamellar position; KCUAD
= kaolinite: Cu on surface adsorbed position; SMR3 = synthetic smectite: Cu in octahedral position; CHYSN = chrysocolla:
Cu in octahedral position; KCUOQOIO = synthetic kaolinite: Cu in octahedral position.
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Table 2. Positions and widths for Cu 2p,,,, O Is and Si 2p photoemission peaks.

Cu 2p;s,» Ols Si 2p
BE(eV) FWHM BE(eV) FWHM BE(eV) FWHM
Compounds (0.2 eV) (£0.05 eV) (x0.2eV) (£0.05 eV) (20.2¢V) (£0.05eV)
Cu metal 932.5 2.04
Cu,O 932.5 2.20 530.1 2.54
CuO 933.5 3.23
Natural smectites
SMBEF (Si, Al, Fe, Cu, Sr) 935.3 2.69 532.2 2.46 102.5 2.20
SMCB (8i, Al, Mg, Fe) 531.8 2.57 102.2 2.36
SMCUI (Si, Al, Mg, Fe, Cu) 933.2 2.90 531.8 2,71 102.3 2.46
Synthetic smectites
SMR3 (Si, Mg, Cu) 933.6 4.47 531.6 3.12 102.2 2.74
SMMG (Si, Mg) 532.1 2.82 102.5 2.45
Natural kaolinites
KPA3 (Si, Al, Fe, Cu) 934.5 3.77 532.0 2.46 102.5 2.30
KMRX (Si, Al) 532.0 2.36 102.5 2.23
KCUAD (Si, Al, Cu) 933.4 2.90 531.9 2.46 102.5 2.31
Synthetic kaolinites
KCUIO (S, Al, Cu) 935.4 3.98 531.6 3.09 102.3 2.85
KCU7 (Si, Al, Cu) 935.1 —_ 531.7 2.80 102.3 2.60
Chrysocolla
CHYSN (Si, Cu) 935.4 4.19 531.9 2.68 102.4 2.65

Gel for synthetic kaolinite
CUIOCD (Si, Al, Cu) 935.7 4.62 531.7 3.32 102.2 2.83
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Figure 2. Photoreduction effects on Cu 2p;,, XPS (uncor-

rected spectra) collected after varying lengths of exposure to
X-ray beam.

B

Photoreduction effect

After 1 hr of X-ray irradiation of the samples, the
Cu 2p photopeaks, by comparison with the oxide ref-
erence spectra, divide the phyllosilicate samples into
two sets. In the first set (Figure la) are the minerals
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with adsorbed or interlamellar Cu whose spectra lack
shake-up lines and are similar to that of the Cu(I) state
in Cu,O. The second set (Figure 1b) is comprised of
the minerals with Cu in octahedral sites whose spectra
contain shake-up lines as observed in CuO. The bind-
ing energy of the Cu 2p,, line for Cu in octahedral
sites is higher (935.4 to 935.1 eV) than in adsorbed
and interlamellar positions (933.2 and 933.4 eV).

Nevertheless, Cu in all phyllosilicates studied here
was in the (II) oxidation state, as checked by ESR spec-
tra (Creach, 1988; Mosser et al., 1990a, 1990b). Kop-
pelman and Dillard (1977) mentioned the reduction
of Cu(I) adsorbed on chlorite by the photoreduction
effect; this effect increased with exposure time to the
X-ray beam. This phenomenon was also observed in
other Cu(1l) systems by Rosencwaig et al. (1971), Frost
et al. (1972), and Wallbank et al. (1973).

The similarity of the photoelectron Cu 2p spectra of
the phyllosilicates containing adsorbed or interlamellar
Cu(II) with that of Cu,O can be explained by the pho-
toreduction effect. Synthetic Cu smectite SMR 3 (Figure
1b) shows an asymmetric Cu 2p,,, line with a shoulder
at 935.1 eV, nearly the same position as in chrysocolla
and the synthetic kaolinite with Cu in octahedral sites,
however, the main Cu 2p,,, position is at a lower energy
(933.6 eV). The lower peak position is probably also
due to the photoreduction effect.

The photoreduction effect has been evaluated on our
samples by measuring XPS spectra at the very begin-
ning of the X-ray exposure, then at various intervals
during the 4-hr exposure. Each measurement lasted 6
minutes. These photoreduction experiments were per-
formed on Cu(1l}) in the adsorbed position on kaolinite
(KCUAD) (Figure 2a), on Cu(Il) in the interlayer po-
sition of smectite (SMCUT) (Figure 2b), and on Cu(II)
in the octahedral position of synthetic Cu smectite
(SMR3) (Figure 2c¢). The C 1s line was not measured
during the photoreduction experiment so the spectra
are presented without charge correction. Binding en-
ergies for the Cu 2p,,, peaks from some samples are
also given (Table 3) without charge correction. The
difference in binding energy between the Cu 2p,,, and
O 1s peaks, denoted ABE (Cu 2p,, — O 1s) in Table
3, was calculated to eliminate charge effects. Measure-
ments on natural smectite (SMBF) and kaolinite (KPA3)
samples with Cu in octahedral positions are also given
in Table 3. All of these results show that when pho-
toreduction occurs in the different samples it takes place
at varying rates.

Adsorbed Cu. After 6 min of X-ray irradiation of the
Cu-adsorbed kaolinite, we observed an asymmetric Cu
2p;,, peak (940.9-937.5 eV charge not corrected). The
higher binding-energy contribution is interpreted as the
non-photoreduced part of the peak. After 12 min, the
whole peak was displaced towards lower binding en-
ergy (ABE becomes smaller; Table 3) and the shake-
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up peak corresponding to the Cu 2p,,, peak was nearly
absent (Figure 2a). All of these peaks remain stable
when photoreduction occurs. Photoreduction appar-
ently was achieved within 50 minutes, after which time
the shake-up peak was no longer visible (Figure 2a).

Interlamellar Cu. After 6 min of X-ray irradiation of
the smectite with Cu in the interlamellar position
(SMCUI), we observed (Figure 2b) a broad Cu 2p,;,,
peak (940.5-939.1 eV charge not corrected). After 96
min, the peak shifted towards lower binding energy
where it seemed to stabilize. At the same time, the
FWHM of the peak (Table 3) diminished from 5.3 eV
to 3.7 eV and the Cu 2p,,, shake-up peak nearly dis-
appeared. Photoreduction apparently was complete af-
ter 96 min of irradiation (Figure 2).

Octahedral Cu. The natural smectite (SMBF) and ka-
olinite (KPA3), with Cu in octahedral positions, re-
vealed no shift of the Cu 2p,,, peak after 3 hrirradiation
and thus no photoreduction effect.

On the other hand, sample SMR3 (a synthetic smec-
tite) with Cu also in octahedral positions, presented a
shift of part of the Cu 2p,,, peak towards lower binding
energy after 96 min of X-ray irradiation (Figure 2c).
After 4 hr, the peak still remained asymmetric; the
main peak was displaced to 941.3 eV (charge not cor-
rected) with a shoulder remaining at higher energy
(942.7 eV charge not corrected). The Cu 2p,,, corre-
sponding shake-up peak seemed to be stable or only
slightly weakened (Figure 2c¢). Some photoreduction
happened but it was much less than for Cu in inter-
lamellar or adsorbed positions. The difference between
natural and synthetic minerals can be explained by the
fact that the natural smectites are better crystallized
than the synthetic one. The crystal size, or coherency
domain, in the ab-plane (using the Scherrer equation
applied to the (060) X-ray reflection) is about 40 A for
the synthetic Cu smectite SMR3, about 150 A for the
natural smectite SMBF, and 400 A for the natural ka-
olinite KPA3. The small size of the coherency domains
and probable defects in the octahedral sheet of the
synthetic Cu-smectite (Mosser et al., 1990a) make Cu
in the octahedral position sensitive to photoreduction,
whereas octahedral Cu in well-crystallized phyllosili-
cates is insensitive to photoreduction.

These tests show that photoreduction takes place
very quickly (less than 10 min), and is achieved within
50 min when Cu is adsorbed on the surface of the
phyllosilicates. Almost twice that time is required for
completed photoreduction in the interlamellar posi-
tions; it does not take place with Cu in octahedral sites
of the natural phyllosilicates. Some photoreduction was
observed in the synthetic Cu smectite.

Influence of crystallization

The synthetic Cu-kaolinite (KCUIO) and the gel
(CUIOD) utilised for its synthesis are of the same
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Table 3. Photoreduction effects on Cu 2p,,, spectra.

Time of

spectra

acquisi-
tion (min)

Cu 2p;..

vV FWHM eV

ABE eV
BEe
(0.2 eV) (+0.05 eV)

(Cu 2p-O 1s)

Natural smectite with Cu in octahedral positions (SMBF)

6! 935.5 3.07 402.9
191! 935.3 2.69 403.1
Natural kaolinite with Cu in octahedral positions (KPA3)
6! 935.0 4.28 402.6
191! 934.5 3.77 402.5
Synthetic Cu smectite with Cu in octahedral positions (SMR3)
6 942.7 3.73 403.2
12 9429 3.73 403.4
62! 933.6 4.47 402.0
92 942.0 4.00 402.5
252 941.3 3.87 401.8
Interlamellar Cu smectite (SMCUI)
6 940.5-939.1 5.33 403.9-402.5
12 939.5 5.33 403.2
62! 933.2 2.90 401.4
96 937.6 3.73 401.9
114 937.4 3.73 401.7
Kaolinite Cu adsorbed (KCUAD)
6 940.9-937.5 3.90 404.6—401.2
12 937.9 3.20 401.6
50 937.8 3.10 401.1
66 937.8 4.00 401.1
192! 933.4 2.90 401.5

' Cls charge corrected spectra.

chemical composition. CUIOD is amorphous and
KCUIO is the crystallized product. The binding en-
ergies for Cu 2p, O 1s, and Si 2p are the same for the
two products (Table 2), thus these three elements are
in the same oxidation state and the same structural site
in the gel and in the kaolinite. On the other hand, the
Cu 2p and O 1s line widths (Table 2) of the crystallized
product (3.98 eV and 3.09 eV, respectively) are smaller
than for the gel (4.62 eV and 3.32 eV, respectively),
whereas those of Si 2p are the same (2.85 and 2.83 eV,
respectively).

Several authors (Onorato et al., 1985; Hochella and
Brown, 1988) pointed out, for glass systems and silicate
minerals, that the O 1s FWHM depends on the pro-
portion of bridging to non-bridging oxygens. This means
that FWHM is sensitive to the geometrical arrange-
ment of the (O, Si) tetrahedra in a silicate structure.
Consequently, this parameter is also expected to be
sensitive to the geometrical arrangement of the (O,
cation) octahedra containing Cu cations.

Our experimental results can, therefore, be inter-
preted as follows. The geometrical arrangement of Cu
octahedra is different in the crystallized and amor-
phous products, whereas it is the same for the Si tet-
rahedra. Thus, the relative proportions of bridging and
non-bridging oxygens must be different between the
crystallized and amorphous products. This is consis-
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Table 4. Position and width of photoemission peaks.

Ols Si 2p Al 2p
BE(eV) FWHM BE(eV) FWHM BE(eV) FWHM
Compounds (£0.2¢V) (£0.05 eV) {+0.2 eV) (£0.05 eV) (£0.2eV) (£0.05eV)

KMRX (Si, Al) 532.0 2.36 102.5 2.23 74.1 2.08
KCUAD (Si, Al, Cu) 531.9 2.46 102.5 2.31 74.2 2.15
SMCB (Si, Al, Mg, Fe) 531.8 2.57 102.2 2.36 74.2 2.29
SMCUI (Si, Al, Mg, Fe, Cu) 531.8 2.71 102.3 2.46 74.4 2.39
SMMG (Si, Mg) 532.1 2.82 102.5 2.45 50.0 2.46
SMR3 (Si, Mg, Cu) 531.6 3.12 102.2 2.74 49.6 2.80
CHYSN (Si, Cu) 531.9 2.68 102.4 2.65

KCUIO (Si, Cu, Al) 531.6 3.09 102.3 2.85

tent with the observed difference between the two O
Is FWHM. Also, the geometrical arrangement of the
(Si,O) tetrahedra is a bi-dimensional arrangement of
Si tetrahedra in the gel as in the clay structure, whereas
Cu is in independent, non-bi-dimensionally arranged
octahedra.

Influence of the chemical environment

Nature of cations. Three phyllosilicates with only Si in
the tetrahedral sheet and containing different octahe-
dral cations—Al in KMRX, Cu in CHYSN, and Mg
in SMMG —were analysed. After synthesis about 10—
20% amorphous product remained in the SMMG sam-
ple.

The binding energies of O 1s and Si 2p are about
the same for the three phyllosilicates (Table 2), but the
FWHM of Si 2p decreases in the order CHYSN >
SMMG > KMRX. Cu broadens the Si 2p line (2.65
eV) more than does Mg (2.45 eV), which broadens the
line more than Al (2.23 eV). FWHM of O 1s differs
also with the nature of the octahedral cations, but de-
creases from SMMG > CHYSN > KMRX.

These observations indicate that O 1s FWHM is
enlarged in amorphous material, whereas Si 2p FWHM
is unaffected. Thus, part of the broadening of the SMMG
O 1s line attributed to the presence of 10-20% gel.
Taking this into account we can conclude that octa-
hedral cations broaden the Si 2p and O 1s lines in the
order Cu > Mg > Al

Number and amount of cations. Table 4 lists the XPS
peak parameters for samples paired according to like
chemical composition. The second member of each
pair (Table 4) differs from the first by only one cation.
The binding energies of the several peaks are constant
within experimental error of 0.2 eV. However the
widths of the O 1s, Si 2p, Al 2p, and Mg 2p lines are
larger for the samples with the additional cation.

A positive correlation also exists between the broad-
ening of the Si 2p, O ls, and Al 2p peaks and the
amount of additional cation present (Table 4). Three
of the pairs differ by the presence of variable quantities
of Cu: 1% in KMRX and KCUAD, 3.6% in SMBC

and SMCUI, and 6% in SMMG and SMR3. The broad-
enings of their Si 2p lines are, respectively, 0.10, 0.14,
and 0.30 eV; of their O 1s lines, 0.08, 0.10, and 0.29
eV; and of their Al 2p lines, 0.07, 0.10, and 0.34 eV.

CONCLUSIONS

In a previous paper, Mosser et al. (1990a) showed
that ESR spectroscopy can distinguish Cu in octahedral
sites from either interlamellar or adsorbed positions,
but it is unable to differentiate interlamellar from sur-
face adsorbed species. Results from the present study
clearly demonstrate that, because of the photoreduc-
tion effect, XPS spectroscopy can distinguish octahe-
dral from interlamellar, and interlamellar from ad-
sorbed positions of Cu in clay minerals,

The different measurements which have been made
show that XPS signals are sensitive to numerous crys-
tallochemical parameters linked to local ordering
around the probe cations. These parameters concern
the nature, number, and amounts of cations, as well
as the crystallinity of the analysed material. The “‘crys-
tallinity” of phyllosilicates has no effect on the width
(FWHM) of the Si 2p line (tetrahedral cation); only the
O 1s and Cu 2p (octahedral cation) lines are affected.
The chemical environment (nature, number, and
amount of cations), however, affects the widths of all
lines, including those of both the tetrahedral and oc-
tahedral sheets.

This type of analytical approach is indispensable for
obtaining complete information on Cu geochemistry
and metallogeny, particularly as it relates to Cu mo-
bility. Cu is unleachable when located in octahedral
positions, but is susceptible to mobilization when in
the interlamellar position, and even more so in surface
adsorbed positions.
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