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Summary. In situ information on nanoparticle surface
chemistry and modes of particle growth is obtained in gas
suspension by the technique ol photoclectric charging of
particles (PCP) which depends on the surface chemical
compositon as well as the electronic structure of the particles
via the spectral dependence ol the photoclectric yield. With
CuCl particies, photoclectric charging is about 100 times
more efficient compared to other divalent transition metal
compounds. Thercfore, particles containing monovalent Cu
can be detected with extremely high sensitivity of below
10 ng/m?. In atmospheric acrosols cmilted from volcanocs,
the relation  of solid state  oxidation/reduction  in
ey - ,Cu,Cl, resulting in monovalent Cu for x < 0.4 is im-
portant. As an example of the PCP Lechnique this relation
is monitored 1n laboratory generaled acrosols. The
nanoparticles arc also precipitated onlo a substrate where
their surface chemical composition is analyzed by XIS which
is important for the interpretation of the results obtained by
photoclectric charging,

1 Introduction

Natural and anthropogenic sources emit about 30000 tons
ol particulate copper per year into the atmosphere [1]. Aboul
70% arc emitted as ultrafine acrosol particles in volcanic
gases {2]. Ficld studies al dilferent volcanocs have shown the
fractionation of magmatic copper in volcanic gases [3] and
ils imporlance for volcano moniloring purposes [4]. Copper
is cmilted as a monovalent copper chloride and is embedded
with aniron oxide in alkali chloride crystlals in the nanomeler
size range. In long term exposurce Lo the atmosphere ol a
volcanic plume containing SO, and H;SO,, the conversion
of the chlorides into sulphales must be taken into account
to understand the behaviour of copper conlaining acrosols
in the atmosphere.

Ultraline acrosol sampling in the ficld as well as in the
laboratory requires cxtremely long sampling times Lo gel
enough malterial for standard chemical analysis. In addition
sophisticated filters must be designed for the filtration of
very small particles. Very often further chemical reactlions on
the filters cannol be excluded. Therefore in situ measurcment
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tcchniques arc highly needed, offering the additional
advantage of online analysis, which is not only fruitful in
acrosol measurements in an atmospheric environment but
also in controlling of nanoparticle processing in the ficld of
material technology.

Up (o now pholoclectric charging of particles (PCP),
also known as acrosol photoemission is the only in situ
acrosol analysis technique beeing capable of both sensing
the surface and the internal chemical structure of ultrafine
particles [5]. The analytical potential of acrosol photo-
cmission has previously been used to investigate oxygen
adsorption on clean metal particles [6], coating of soot
particles with organics [7] and the detection of heavy metal
acrosols [8].

In this work, PCP is applicd Lo some simple inorganic
compounds of alkali and transition metal clements in view
of applications with complex chemical structures of acrosol
particles. Special emphasis will be on the detection of mono-
valenl copper compounds. This will be applicd to the
moniloring of an relation of oxidation/reduction between
Fe(11)/Cu(11) and Fe(11)/Cu(l) in small particles.

2 Acrosol generation

In order to produce aerosol particles of known chemical
composition lwo common acrosol generation techniques
hiuve been applied [9]: 1) the gas evaporation technique in a
tube furnace for volatile compounds beeing stable as gascous
molecules at clevaled temperatures and 2) atomization in a
solution nebulizer for water soluble malerials.

2.1 Tube furnace

A carrier gas (Nltered air of N,) is led over a sample of
the desired malterial within a ceramic lube furnace. The
temperature in the furnace can be adjusted beltween 100
and 1000°C. According to the lemperature and the vapour
pressurc of the malerial, particles arc formed in the carrier
gas afler the sample by homogencous nucleation and
condensation leading to a lognormal size distribution be-
tween 2 and 20 nm in radius. For this study acrosol particles
of NaCl, KCl, MgCl,, CuCl, ZnCl,, FeCl;, PbBr; have been
produced by this method. To avoid particle agglomeration
the lemperature wis adjusted Lo give concentralions smaller
than 10° particles per cm?,
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Fig. 1. Experimental sctup for measurement of the photoeleetric
yicld as function of particle size and photon cnerpy. AG Acrosol
generator; DM A Differential mobility analyzer; M Llectrometer;
PA Photodetector; PC Photoemission chamber; A C Prism mono-
chromator; I Electrostatic precipitator; CNC Condensation Nu-
cleus Counter; PU Pump
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Fig. 2. Photoclectric yield (emilted clectrons per incident photon) as
function of the photon encrgy for acrosols consisting of CuCl,
FeCuCly, CuSOy, FeCl,. Equivalent mobility radii of the particles
are 9.5 nm, 17 nm, 21 nm, 21 nm, respectively

2.2 Solution nebulizer

A solution containing a chloride or sulphate as solute is
dispersed in a carricer gas into small droplets of some microns
in diameter by a simple spray technique. In a diffusion dryer
filled with silicagel the water evaporales lcaving solid
particles of the solute with radii between 5 and 50 nm. By
this technique acrosols of Na;SOQ,, K,50,, CuSO,, CuCly;
eSOy, MgSO,, ZnSO, have been generaled. Again the
amount of solute is low enough (o produce not more than
10° particles per cm?.

3 Acrosol analysis
3.1 Photoelectric charging of particles (PCP)

In PCP particles suspended in the carrier gas are irradiated
with UV light of energy close to the photoelectric threshold.
If the energy of the light is higher than the photoclectric
threshold, electrons may be emitted from the particles, thus
ncutralizing particles with one initial negative charge or
charging initially ncutral particles positively. The photo-
clectric yield for light of energy E is defined as

Y = i./dn R (L)

where i, denotes the flux of emitled clectrons per second, 47
R? (he emitting surface area assuming a spherical particle of
radius R, and j(E) the photon flux density at energy [
Within the light energy range of 4 to 10 ¢V and for particle
radii below 50 nm the yield of photoclectrons is mainly deter-
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Fig. 3. Schemalic diagram of the PCP probe. The pholoclectric
activity is delermined by (he quotient of the signals from
clectromelers 1 and 2. The flow rale is 66.7 cm?/s in each channel

mined by the escape probability of the excited clectrons,
juslifying the use of 4 R? in the definition of the yield. The
apparatus shown in Fig. 1 has been used Lo measure the
photoelectric yicld as function of the photon energy and the
particle size. The differential mobility analyzer (DMA) [9]
selects negalively charged particles of one electrical mobility
from the polydisperse size spectrum produced by the acrosol
generators  described above. The so-called equivalent
mobility radius R can be calculated from the clectrical
mobility [9]. The total gas flow rate of 66.7 cm?/s through
the apparatus is provided by a pump. An clectrometer meas-
ures the concentration of particles leaving the DMA. The
intensity of the parallef UV light beam from a high pressure
Xe/Hg tlamp followed by a prism monochromator is mea-
sured with a photometer at the end of the photoemission
chamber, There part of the initially negatively charged
particles arc ncutralized by emission of photoclectrons. The
highly mobile emitted electrons are removed by an
alternating cleetric field in the photoemission chamber to
prevent them from attachment to other particles. After clec-
trostatic precipitation of the remaining negative particles in
a cylindrical condensor, the neutral particles arce counted
with a condensation nucleus counter (CNC, TSI Model
3025) [9]. As long as the fraction of ncutralized particles
remains small (usually up o 1%), the signal of the CNC
cquals the amount of photoclectrons cmitted in the
photoemission chamber when neglecting particle losses (o
the wall within the apparatus. The photocelectric yield can
be determined by dividing the CNC signal through the light
intensity, the particle concentration and 4z R?. As an cx-
ample, Fig. 2 shows the photoclectric yield of acrosols of
sonmie transition metal compounds as function of the incident
light energy.

Much higher sensitivity ata fixed light energy is obtained
with an cven simpler apparatus. Designed as a compacl
probe, it can be used in the laboratory as well as in the field
[10] (J<ig. 3). The increase in sensitivily is achieved by giving
up the size selectivity and by using a low pressure mercury
lamp with an intense line al 6.7 ¢V without a mono-
chromator. In this case initially ncutral particles are charged
in the photocmission chamber due to electron emission upon
UV irradiation, To obtain a measure for the surface arca 4n
R? of the particles, the [fow of neutral particles is split into
two parls, one passing the photoemission chamber, the other
going through an ion attachment unit, where positive ions
are produced by an clectric corona discharge. For spherical




Table 1. Photoclectric activily & (measured at 6.7 ¢V) for acrosols off
various inorganic salts

Compound £ Exp.
(NI11,),80, 0 S
NaCl 0 f,s
N, SO, 0 S.
MgCl, 0 s
KCl 0 f,s
K,S0, 0 s
Ca(l, 0 S
FeCl, 0.05 f,s
FeSO, 0.02 S
CuCl 0.9 f
CuCl, 0.02 S
CuSO, 0.02 s
ZnCl, 0 f,s
ZnS0, 0 s
SnCl, 0.04 S
PbBr, 0.02 )

> and ‘s’ denote particle generation with tube Murnace and solution
ncbulizer, respectively

particles with radii below 100 nm the charge acquired in
the lalter is proportional to the surface arca 4n R? but is
independent of the material. After removal of remaining
ions in the gas by a weak clectric ficld, the {lux of charged
particles is measured with clectrometers, The ratio of the
charges in the two channels is called photoelectric activity ¢.
As the photloclectric charge depends on the light intensity of
the lamp, the intensity is monitored in all experiments o
offer the possiblity of new calibration in case of changes.
This cnsures reproducible operating conditions. Thus,
dividing the photoelectric charges by the surface area gives
photoclectric activity ¢ as a normalized quantity which is
proportional to the photoclectric yicld at 6.7 ¢V. On the one
hand, ¢ is dependent on the shape of the photoelectric yield
curve which is more or less a material constant. On the other
hand, ¢ depends on the photoclectric threshold, which is a
function of the clectronic structure of the material and of the
surface of the acrosol particles as well (geometry, adsorbed
surlace layers). Assuming thal in most transition metal com-
pounds the density of states close to the vacuum level is
largely constant so that light absorption in the range of 4 (o
10 ¢V is not a strong function of the photon encergy, the yield
curve for a material (sce for example Fig. 2) shifls parallel
along the cnergy axis, when the threshold is shifted by
changes on the particle surface.

With the deseribed experimental setup, the values of &
range from 10™% up to 10. Limilations are imposed by small
ion allachment cocfficients for very small particles, the
sensilivity of the electrometer (107'° A) and multiple
photocmission charging effects for particles with very high
pholoclectric activity.

3.2 X-ray photoelectron spectroscopy (XPS-IESCA)

In order to get more complete chemical information on the
surface of the particles, acrosol samples are further investi-
gated by XPS. '

Sampling is achieved as follows: neutral particles are
charged by ion attachment and then precipitated electro-
statically on a HOPG surface (highly oriented pyrolytic

493

graphile). A monolayer of particles (enough lor analysis) on
the substrate requires sampling times of the order of 1 h for
particles 10 nm in radius and 10% cm ™ concentration. To
prevent the samples [rom oxidation they are kept in a noble
gas environment until transfer into the XPS apparatus,

In XPS the surface under investigation is irradiated
by monoenergetic X-rays (Mg-Ko radiation at hy =
1253.6 ¢V). The encrgy spectrum of the emitted photo-
clectrons provides an image of the binding encrgies of the
core electrons from the clements present at the surface. The
small deviations of the peak positions namely the chemical
shilts, reveal the valence state or the chemical environment
of the different elements involved. The analyzed depth is
determined by the inclastic mean free path of the excited
clectrons and ranges from 1 (o 3 nm,

XPS measurements were carricd out on a Perkin Elmer
PHI 5400 ESCA system. The clectron energy analyzer was
operated al a conslant pass energy of 35.36 ¢V, the tolal
encrgy resolution being 0.89 ¢V (Ag 3dy.2), analyzing an
arca of 1.1 mm in diamcter. The binding encrgy scale was
calibrated for the Au 4f;;; signal at 83.8 4 0.1 ¢V. The base
pressure was 4 x 107! mbar. Further details concerning
surface analysis by XPS-ESCA can be found in the book of
Briggs and Seah [11].

4 Resulls and discussion
4.1 Photoclectric activity of CuCl

As stated above the photoclectric activity ¢ provides a gen-
cral parameter sensing the surface of the particles as well as
the chemical composition. To get an overall picture of the
possible analytical capability of this method ¢ was measured
for a number of alkali, alkali carth and transition metal
compounds as acrosol particles suspended in air. The results
arc summarized in Table 1. As the ionizalion potential of
alkali chlorides is higher than 8 ¢V [12], the pholoelectric
activity of KCI, NaCl, K,S04, Na,SO, measured at 6.7 ¢V
is zero. For the same reason ¢ is zero for MgCl, and CaCl,
as well as for ZnCl,, which has an ionization cnergy of
12.9 ¢V [13]. & values of the order of 1072 arc found for
the group IV dihalides ol Pb and Sn. The same order of
magnilude has been oblained from the transition metal
dihalides and sulphates of Cu and Fe, whercas the
photoclectric activily of the monovalent CuCl is by orders of
magnitudes higher which may also be infered from Fig. 2.
This figure shows that the photoclectric threshold (i.e. the
onsel of photoemission) for the investigated iron and copper
compounds lies below 5 eV. This relatively low threshold (a
clean CuCl surface has a photoelectric threshold of 6.8 ¢V
[14]) is due Lo the Tormation of an oxide layer on the surface
of the particles afler exposure o ambicenl air. A similar
behaviour of the photoclectric threshold after oxygen cx-
posure is also observed in Ni metal particles [15] when the
oxide forms on the surface. Figurc 4 shows the XPS
spectrum of CuCl particles with the fourfold splitted 2 p line
indicating the presence of Cu(l1) ions on the particle surface
(monovalent Cu(l) reveals only a twofold splitted 2 p line).
The large difference in photoclectric activity ¢ between the
monovalent and the divalent copper compounds is mainly
due to the difference in the photoclectric yield. This effect
can be used to detect monovalent copper tons among olher
compounds within small acrosol particles with high
sensitivily. The detection limit of the electrometers used in
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Fig. 4. XPS-speetrum of CuCl acrosols precipitated on HOPG sub-
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Fig. 5. Pholoclectric activily ¢ as function of Cu mole fraction in
mixed sodium-iron chloride (¢) and sulphate (b) acrosols. 'e/Na =
0.099 in (¢) and Fe/Na = 0.18 in ()

the instrument (Fig. 3) is below 1071 AL When working
with NNow rales of 66.7 ci?/s this corresponds to a charge
concentration of 10% charges per cm®. The ion attachment
efficiencies are of the order of 20% for particles with radii
ol 10 nm [9], « beeing close to 1. A CuCl particle concentra-
tion of less than 10* cm ™ can produce still measurable
currents in both clectrometers. The sensitivity for an in situ

measurement of CuCl as acrosols is thus of the order of

10 ng/m* corresponding o a mass [Tux of 0.04 ng per minute.

The relationship between the CuCl mass concentration
ol u pure CuCl ucrosol and the photoemission charging
rate has not been investigated systematically, but in all the
experiments the photoclectric activity of CuCl for different
sizes and concentrations was the same (deviations have never
been farger than 5%). Thus the photocmission charging rale
increases lincarly with increasing particle surface arca.

PCP may be used when monovalent copper must be
detected among other divalent transition metal compounds
in similar amounts. In mixtures with malterials with very
high photoclectric thresholds, for example when CuCl is
cmbedded in NaCl crystals, part of the photoclectrons may
be absorbed by the NaCl, and probably the photoelectric

threshold of the particles is a function of the relative CuCl
content, thus giving rise (o an underestimation of the CuCl
content.

The high photoclectric yield of CuClis in agreement with
the work of Krolikowski [16], where normalized yield data
are available for bulk Cul, and with the yicld of Culdr re-
poried by Lin et al. [17]. Goldmann [14] discussed the
clectronic structure of the tetrahedrally coordinated cuprous
halides. The key feature seems (o be the partial ligand p
admixture Lo the copper 3 d bands. The partial p and d
densities of states ncar the top of the valence band, from
where clectrons in UV photoemission are excited, could be
determined only with limited accuracy in the work of
Goldmann [18].

The only PCP mcasurement of a monovalent copper

compound is reported by Niessner et al. [8], where Cu,O .

particles were “analyzed with an aerosol photoemission
sensor array with different UV irradiation wavelengths (185,
214, 229, 254 nm). The Cu,O particles could be charged
photoclectrically at all light energies, whereas nonce of the
cnergies was high cnough (o ionize particles of CuQ, in
agreement with our findings of the dilference in photocelectric
aclivity between the monovalent and the divalent copper
compound.

4.2 Copper valence in mixed iron copper chiloride aerosols

In experiments with different salt mixtures from the solution
nebulizer an enhancement ol photoclectric activity & has
been observed when divalent iron and copper salts are used
together. Referring (o the measurements summarized in
Table 1 this enhancement is supposed to be due Lo a reduc-
tion of the divalent copper ions. In the experiment
summarized in Fig. 5 the initial solution in the solution
nebulizer contained 91% Na™ and 9% Fe?* as calions and
Cl17 as anion (Fig. 5a) before different amounts ol CuCl,
have been added. In the same way sulphate solutions have
been prepared starting with 85% Nat and 15% Fe? "™ and
adding CuSO, (Fig. 5b). The photoclectric activity « of the
resulting particles is plotted against the relative fraction of
Cu ions in the acrosols. In both cases a distinet maximum is
observed when the Cu [raction is in the order of the Fe(i)
fraction, the height of the maximum indicating almost
complete reduction of Cu(ll) to Cu(l).

To get more defined conditions, the experiment has been
repeated without using a sodium chloride matrix and by
working with the experimental setup shown in Fig. 1. As
discussed in the previous scction, ¢ is related to the
photoclectric yicld at 6.7 ¢V. Figure 6 shows the relative
photoclectric yield at 5.4 ¢V of Cu,Fe, _,Cl, particles with
radii of 17 nm measured as function of x in fillered air as
carrier gas, Again a marked maximum in the yield is mea-
sured for x = 0.4, The yield for x = 1 lics below the detection
limit of the apparatus which is identical with the lower Limit
of the sealein Fig. 6. In order to get evidence of the supposed
reduction of the divalent copper due to the presence ol
divalent iron, samples of acrosols with x =0, x =03, x =
0.9 and x = I have been analysed by XPS. The relevant Cu,,
and le,, lines of the XPS spectrum are presented in Fig. 7a
and b, respectively. Up to Cu fractions corresponding to the
maximum ol Fig. 6 the only (wofold splitted line (Fig. 7a,
x = 0.3) indicales complete reduction to Cu(l)y whereas lor
larger [ractions (Fig. 7a, x =0.9 and x = 1) the fourfold
splitted part of the line increases showing the partial oxida-
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Fig, 6. Relative photocleetric yield at 5.39 ¢V as function of the Cu
fraction x in Cu, e, _,Cly particles suspended in air

tion, according to the relative amount ol Fe(ll) in the
particles. In the same time the ey, line shifts from the
Fe(Il) position (710.4 ¢V) for x =0 (o the Fe(Il) position
(711.2 ¢V) for complete oxidation at x = 0.9. Clearly partial
oxidation can be seen for x = 0.3, Thus the PCP measure-
ment contains already the complete information on the dis-
tribution of Cu(l) and Cu(ll) in the aerosol particles.

The standard reduction potentials [West et al. 1984] do
nol aflow such a redox process to occur in aqucous solulions.
A solid state reaction within the acrosol particles is assumed
similar (o that described by D’Huysser ¢t al. [19] for bulk
copper ferrites. The maximum in Fig. 6 ncar x = 0.4 indicales
reduction of Cu(1l) by two thirds of the Fe(ll) ions present
in the particles, pointing probably to different coordination
sites of the fons in analogy to the copper ferrites.

Being sensitive to the sample surface only, XPS shows
that Cu(l) is not oxidized on the particle surface by exposure
to ambient air as it occurs in pure CuCl particles (Fig. 4).
Thus the reduction oxidation equilibrium between iron and
copper ions has an important implication for the measure-

ment of atmospheric acrosol particles in the vicinity of

volcanoes: in the volcanic gas copper is condensing as a
monovalent compound which is not oxidized in ambient wir
due Lo the presence of iron oxides within the particles.

5 Conclusions

Photoclectric charging of particles (PCP), an extremely
sensitive in situ acrosol analytic tool, has been applied (o
afkal and transition metal chlorides and sulphates. The most

striking feature 18 the very high photoclectric yield of

particles consisting of monovalent copper compounds,
compared to the divalent compounds ol copper and iron,
With pure CuCl particles, XPS on precipitated particles
reveals the oxidized surface layer lowering the photoclectric
threshold. This lowering of the photoclectric threshold
combined with the sharp increase of the intrinsic
photocleetric yield of CuCl explains the high photoclectric
aclivity, which is proportional to the yiceld at 6.7 ¢V. PCP
therefore allows the in situ detection of fine CuCl acrosol
particles in the nanometer size runge in concentrations below
10 ngm ™. As an application a solid state redox reaction of
Cu(ID)/Fe(d1) has been monitored in lie, - ,Cu,Cl, particles
as well as in alkali salt particles containing traces of Fe and
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Fig. 7. Cu 2p (a) and Fe 2p (b) fines from XPS spectra as deposited
ol sumples of Cu, e, _ Cl, particles for various Cu [ractions x

Cuions. Forx < 0.4, Cu is only present as Cu(l), even at the
surluce of the particles, as shown by the XPS spectra.

This redox equilibrium preserves the monovalent copper
ions in the acrosol particles from oxidalion in ambient air
under the condition that enough iron is present. PCP is now
successfully applied in ficld measurcments at a volcano for
moniloring the particulate copper emissions in the volcanic
pas.

In conclusion, quantitative determination of copper
valence in complex nanoparticle systems is not out of sight.
Beside its relevance in volcanic acrosols, possible appli-
cations in the ficld of superconducting materials should be
discussed, where the valence of copper plays a crucial role.
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