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Abstract

Over the last two years, our understanding of gas-flow total electron-yield (TEY) detection for in situ X-ray absorption
spectroscopy (XAS) has rapidly progressed. A short summary of recent developments is presented with a particular view to
applications in the field of heterogeneous catalysis. For the first time, true in situ TEY data (of Ni- and Cu-based systems)
acquired in reactive gas atmospheres and at pressures up to 40 atm are presented. The salient physical principles underlying
the formation of the TEY signal are briefly introduced. Previously unexplained ‘self-absorption’ distortions in the TEY
signal are explained by photoelectrons excited by fluorescent photons. The possibilities and limitations of in situ TEY XAS

studies are highlighted.
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1. Introduction

Ever since its development between the 1950s
and the early 1970s, X-ray absorption fine-
structure (XAFS) spectroscopy has been an im-
portant technique for fundamental studies of the
morphology and electronic structure of hetero-
geneous catalysts [1-4]. Two modes of X-ray
absorption spectroscopy, transmission and fluo-
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rescence yield (FY) detection, have almost ex-
clusively been applied to probe the structure of
catalytically active materials. The former detec-
tion method determines the absorption coeffi-
cient directly as the logarithmic ratio between
the intensity of the incoming X-ray beam and
the fraction transmitted through the suitably thin
and /or dilute sample. The latter makes use of
the fact that the X-ray absorption edge spectrum
is determined by the cross sections for photoion-
ization of the atomic core levels, so that the
number of characteristic fluorescent photons
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emitted in the decay of the X-ray induced core
holes is proportional to the absorption coeffi-
cient. Both techniques are intrinsically bulk
probes because the detected flux of X-ray pho-
tons penetrates matter typically by distances on
the order of a few micrometers [5]. The lack of
surface sensitivity is not a severe drawback if
the catalytically active phase is dispersed enough
to exhibit a sufficiently high fraction of reactive
surface atoms. Transmission and FY XAFS
spectroscopy have therefore predominantly been
applied to_catalysts with particle sizes well be-
low 100 A. Both techniques are unsuitable for
studies of surface and near-surface processes in
heterogeneous catalysts that are optically too
dense, of low dispersion, or crystalline on a
macroscopic scale. X-ray absorption studies of
catalytic processes on the surface of these mate-
rials require an enhanced surface sensitivity.
Detection of the total electron-yield (TEY) is
the most straightforward method to approach
this objective (for optically flat samples, such as
single crystalline model catalysts, reflectivity
measurements close to the critical angle for total
reflection are a much more surface sensitive
alternative).

In analogy to FY detection, TEY measure-
ments rely on the proportionality between the
X-ray absorption coefficient and the number of
Auger electrons emitted during the core hole
decay. The TEY experiment consists simply in
measuring the total photoinduced (‘drain’) cur-
rent from the sample while maintaining a mod-
erate electric field (potential differences of 60—
100 V are sufficient) over the sample using a
biased counterelectrode. In the past, TEY detec-
tion has almost exclusively been applied under
vacuum conditions, most commonly in studies
of surface adsorbates, but also for investigations
of thin films and of the near-surface properties
of bulk samples. Surprisingly little attention was
devoted to TEY measurements in gaseous envi-
ronments, despite the fact that the collection of
TEY data in a He-filled detector was described
as long ago as 1979 [6]. Only over the last few
years has gas-flow TEY detection (sometimes

also called ‘conversion electron-yield’ or CEY
detection [7,8]) been adopted more routinely at
synchrotron laboratories [9-14].

All gas-flow TEY studies reported in the
literature have employed pure He as the detector
gas. Experiments with catalytically relevant
gases, moist environments and gas mixtures (in-
cluding air) have not been reported. We have
therefore carried out a programme of explo-
rative work to assess whether such measure-
ments are possible, and under which conditions
the collected X-ray absorption information is
reliable. From these studies, gas-flow TEY de-
tection emerged as a versatile, simple and inex-
pensive method for the study of solid-state
structures in reactive gas environments. The
main aim of this paper is to attract the attention
of researchers in the field of heterogeneous
catalysis to this new in situ XAS technique, and
to provide an entry point from which the current
state-of-the-art is accessible to those who are
not specialists in the field of XAFS. We will
present spectra which cover a wide range of
reaction conditions under which in situ TEY
spectra have been successfully acquired. In their
selection we have included several unusual cases
where artificial distortions intrinsic to TEY de-
tection are visible in the X-ray absorption spec-
trum. This particular selection was made be-
cause the underlying causes have so far re-
mained unexplained in the literature [9] and, as
with transmission and FY detection, knowledge
of potentially complicating factors is an indis-
pensable ingredient for meaningful interpreta-
tions of the acquired XAFS data. We will show
that the distortions which are sometimes ob-
served in TEY data are generally much less
severe than those expected for FY- and trans-
mission detection under comparable conditions.
Gas-flow TEY detection thus opens up new
possibilities for XAS investigations of a class of
samples which was hitherto difficult, if not im-
possible, to study by other detection methods:
namely specimens containing X-ray absorbers
in high concentration and /or in an undispersed
form.
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2. Experimental

All experimental data were collected on sta-
tions 7.1, 8.1 and 9.2 at the synchrotron of the
CCLRC Daresbury Laboratory (Warrington,
UK) operating at an energy of 2 GeV with
storage ring currents between 120 mA and 240
mA. Monochromatic beams (energy resolution
approximately 1.4 eV-2 eV) were obtained with
double Si(111) and Si(220) crystal monochro-
mators with the crystals kept detuned at 50% of
maximum reflectivity throughout each spectrum
to suppress the transmission of higher harmon-
ics. If not indicated otherwise, all spectra were
collected at room temperature. The designs of
the in situ TEY detectors used for this work
have previously been published [15], except for
a high-pressure (accessible range up to 80 atm)
TEY cell which is described elsewhere [16,17].

3. Formation of the TEY and surface sensi-
tivity of the gas-flow signal

The absorption of X-ray photons induces
atomic core holes which decay in a cascade of
radiationless and radiative transitions, leading to
the emission of Auger electrons, secondary elec-
trons (here defined as electrons with energy
below 40 eV) and a comparatively small num-
ber of low-energy photoelectrons from the sam-
ple [8,9,18]. The formation of the TEY signal in
a K-edge experiment is schematically illustrated
in Fig. 1. Most kinetic energy is carried by the
KLL Auger electrons, while LMM, MVV and
other Auger electrons have energies which are
approximately one (LMM), two (MVV, not
shown in Fig. 1) or more (higher shells, also
omitted from Fig. 1) orders of magnitude lower.
In addition, fluorescent photons emitted in the
radiative decay of the primary core holes can
excite an additional contribution of energetic
photoelectrons from less tightly bound core lev-
els (the special role of these photoelectrons will
be considered in Section 4 below). The KLL
Auger electrons, which have the largest kinetic

KLL Auger electron

L-shelf photoelectron
fluorescent

near-surface region of typical
thickness d = 10 A - 100 A

LMM Auger electron

Fig. 1. Schematic illustration of the of the channels contributing to
the TEY signal.

energy, travel the longest distance through the
sample and thus dominate the depth information
contained in the TEY [8,9,18]. The signal con-
tributions due to secondary and higher order
Auger decay events (LMM, MVV, etc.) are, for
vacuum TEY detection, usually non-negligible
[8,9]. For gas-flow detection they are insignifi-
cant, because charge multiplication in the ambi-
ent gas via impact ionization (‘pair formation’)
weights the signal strongly towards the more
energetic TEY contributions [8,18]. It should be
noted that the average energy loss per pair
formation event is almost independent of the
energy of the impacting electron and varies little
as a function of gas species [19]. Helium marks
the upper end of the scale of pair formation
losses (42.3 eV), while most other gases exhibit
values in the range between 10 eV and 32 eV
[19,20]. The insensitivity of the pair formation
losses to both the gas species and the electron
energy ensures a linear gas-flow TEY response
to the X-ray absorption coefficient over a wide
range of edge energies and gas compositions.
Energetic electrons created in the sample
generate, through inelastic interactions, sec-
ondary electrons along their trajectories (Fig. 1).
The low-energy secondary electrons escape only
from a shallow region below the surface, the
thickness of which being typically less than
some 100 A (note, however, that it can be
significantly higher for some exceptional mate-
rials [21-23]). The magnitude of the secondary
electron fraction in the TEY depends critically
on the number of energetic electrons which
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Fig. 2. He gas-flow signal attenuation function for the Cu K-edge
TEY of metallic Cu (full line) calculated with the ‘universal
curve’ derived in Ref. [18] compared to experimental signal
attenuation results for Cu films deposited on guartz (data taken
from [13]).

traverse the near-surface region [18,24—-26]. The
depth information carried by the secondary yield
does therefore closely follow that carried by the
energetic electrons escaping from the sample.
However, because secondary electrons do not
carry enough energy to undergo charge multipli-
cation in the gas phase, they are not amplified
under gas-flow conditions and can, in a good
first approximation, be entirely neglected in
treatments of the depth information carried by
the TEY.

Because the depth information in the gas-flow
TEY should simply be determined by the most
energetic Auger electrons, attenuation functions
for these electrons have recently been calculated
for a wide range of materials (including com-
pounds) as a function of energy. Fast Monte-
Carlo algorithms [18,27] for the simulation of
the electron trajectories yielded results that are
in good agreement with available experimental
TEY attenuation data for absorption edges in
the keV range [18]. A simple analytical expres-
sion was derived which describes the depth
information in the TEY signal solely in terms of
the maximum Auger electron penetration range,
a quantity which can be readily calculated for
any electron energy if composition and mass
density of the sample are known [18]. The
resulting ‘universal curve’ achieves at least
semi-quantitative agreement with all gas-flow
TEY attenuation data reported in the literature.

A representative example is given in Fig. 2 for
the case of Cu metal K-edge (8.98 keV) data.

4. TEY contributions excited by fluorescent
photons

If the absorber atoms are highly concentrated
in the sample and characterized by a sufficiently
high probability (> 30%) for fluorescent decay,
then the information in the FY signal becomes
visible in the TEY via excitation of energetic
photoelectrons from the sample (cf. Fig. 1) and
in the detector gas (provided the latter is suffi-
ciently absorbing). Tabulations of relevant ra-
diative and non-radiative decay rates and X-ray
mass absorption coefficients are given in Refs.
[28] and [5], respectively. The ensuing cross-
coupling between the FY and the TEY channels
is an unwanted effect because the FY signal
from non-dilute samples carries inaccurate X-ray
absorption information. These spectral distor-
tions in FY spectra are commonly termed ‘self-
absorption’ effects [29-31]. Their presence is
most readily identified after normalization of
the spectrum to the edge step height. When
‘self-absorption’ distortions are present, then the
amplitude of pre-edge features appears en-
hanced, while all XAFS amplitudes in the post-
edge region are artificially reduced. The depen-
dence of the ‘self-absorption’ effect on experi-
mental parameters is quite well understood so
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Fig. 3. Pd K-edge absorption spectra of a 125 pm Pd foil
measured via its FY and TEY compared to the transmission
spectrum of a 8 pm Pd foil.
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that distortions in FY spectra can in principle be
corrected for if the sample composition and the
angles of X-ray incidence and fluorescence de-
tection with respect to the sample during data
collection are known [29,30]. However, an in-
corrigible side effect is that the counting statis-
tics for the FY signal do also deteriorate so that
the signal-to-noise ratio of the spectrum wors-
ens considerably. A particularly drastic example
for ‘self-adsorption’ distortions is given in Fig.
3, which compares an accurate K-edge spectrum
of Pd metal to the FY- and TEY-spectra of an
unsuitably thick Pd metal specimen. The charac-
teristic ‘self-absorption’ distortions in the FY
spectrum are immediately visible. Similar, albeit
weaker, deviations from the transmission spec-
trum are also evident in the TEY data. This
result is not unexpected because 82% of the Pd
K-holes decay radiatively by emission of a fluo-
rescent photon. As shown elsewhere, the TEY
fraction due to fluorescence-excited L-shell pho-
toelectrons can be calculated quite accurately,
allowing the prediction (and correction) of the
amplitude distortions in TEY spectra to within a
few % accuracy.

Figs. 4 and 5 illustrate two further cases of
coupling between the FY and the TEY signal.
In Fig. 4, several near-edge spectra of a Ni
wafer covered by 220 A of NiO are presented.
The spectra were collected sequentially under
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Fig. 4. Ni K near-edge spectra of a Ni wafer covered by 220 A of
NiO as a function of gas composition. The lower group of
superimposed spectra represents data taken in 100% H,, 100%
He, 5% CO in He and 10% CO in He. The somewhat offset, upper
line corresponds to the X-ray absorption spectrum measured in air.
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Fig. 5. Comparative near-edge spectra of a reduced
Cu/ZnO/Al,O; methanol synthesis catalyst as a function of gas
composition, pressure and temperature. See caption in the inset of
the figure for assignment of measurement conditions.

strictly identical conditions — with the excep-
tion of the detector gas composition. Only the
spectrum collected in air exhibits a ‘self-adsorp-
tion’ distortion, while the spectra collected in
H,, He and CO/He mixtures are indistinguish-
able. The reason for the deviation between the
TEY response in air and the other gases is the
higher absorption coefficient for the Ni K-fluo-
rescence in air [5]. Similarly, Fig. 5 contains Cu
K-edge absorption spectra of a commercial
Cu/ZnO/Al,O; methanol synthesis catalyst
[11] as a function of gas composition, tempera-
ture and pressure. The dotted spectrum was
taken at room temperature in 100% H, after
reduction of the catalyst at 250°C. The other
three spectra were collected under methanol
synthesis conditions in a gas mixture containing
1% CO, 1% CO,, 8% H, and 90% He at 250°C
and at 10 atm, 20 atm and 40 atm total pressure.
Closer inspection of the spectra reveals that a
small, but significant ‘self-absorption’ distortion
develops with increasing pressure which is
caused by fluorescence-induced ionization
events in the gas phase. The small spectral
changes observed as a function of synthesis gas
pressure are therefore not an indication for gen-
uine changes of the catalyst, which remains
entirely in a metallic state under synthesis con-
ditions.
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5. Possibilities and limitations

The spectra in Figs. 4 and 5 illustrate a wide
range of in situ conditions compatible with TEY
detection and of direct relevance to catalytic
studies. In addition to the gas compositions
referred to in these figures we have also per-
formed measurements in He-based mixtures
containing N, O, CO, and alkanes, as well as in
moist environments such as a methanol satu-
rated stream of He (Fig. 6). Given the variety of
gas compositions investigated, it appears un-
likely that there are gas environments which are
entirely unsuitable to TEY detection. In moist
gas environments the possibility exists that con-
densation occurs in the vicinity of the TEY
detection electrodes. We observed repeatedly
that moisture from a methanol saturated atmo-
sphere at room temperature caused a fluctuating
DC current between sample and biased collector
which was approximately two orders of magni-
tude larger (10”7 A) than typical TEY sample
currents. This short-circuit current disappeared
entirely upon heating the detector to tempera-
tures above the evaporation point of the conden-
sate.

The work summarised in Section 3 shows
that the depth probed by TEY detection is a
strong function of absorption edge energy, sam-
ple composition and density. The probing depth
varies between a few 10 A at sub-keV energies

in CH30OH-saturated 100% He at 300°C
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Fig. 6. Near-edge spectra of pure, dispersed Cu in H, and in a
methanol-saturated He atmosphere at 300°C.
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Fig. 7. Comparison between a transmission spectrum of CuO
which is severely distorted by ‘thickness’ effects and the TEY
spectrum of the same sample.

and several 1000 A for X-ray energies above 10
keV. Gas-flow TEY detection is therefore best
categorized as a bulk probe with enhanced
near-surface sensitivity. For gas-solid reactions
which involve changes in the subsurface region
of the sample, the TEY technique could yield
information on the structural changes in the
near-surface region. An alternative way to ob-
tain true surface information by gas-flow TEY
detection is to study thin and ultrathin films of
X-ray absorbers adsorbed on a support contain-
ing different atomic species — in analogy to
traditional SEXAFS experiments [32-34].

Its near-surface sensitivity makes the TEY
technique much less susceptible, albeit not en-
tirely immune (vide supra), to spectral distor-
tions, due to the ‘self-absorption’ and ‘thick-
ness’ effects, than FY and transmission detec-
tion of data from non-dispersed, concentrated
and /or macroscopically heterogeneous samples
[35]. All spectra in Figs. 4—6 could not have
been acquired by FY or transmission detection
without destroying the integrity of the original
samples by grinding or milling, and dilution in a
matrix (usually boron nitride) to achieve the
required low absorber concentrations. More-
over, even if transmission and FY samples are
carefully prepared, the successful collection of
accurate data is not guaranteed. This is illus-
trated for a particularly severe case in Fig. 7
which contains the near-edge transmission spec-
trum of CuO (99.9% pure, JM Chemicals, UK)
which had been carefully ground in a mortar
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Fig. 8. Raw TEY data for the calcined precursor to an unsup-
ported Cu/Ni catalyst containing 95 at% Ni and 5 at% Cu.

and dispersed in boron nitride to achieve an
edge step height of Au(E,) - x =0.5. The dis-
torted transmission spectrum shows that the het-
erogeneity of the diluted sample was still large
enough to result in a strong ‘thickness’ effect
(Fig. 7). We encountered similar problems with
samples of NiO, Cu,O and pure transition metal
powders. TEY detection circumvents these
problems readily, as the pure sample is simply
placed on the conducting sample support. Indi-
cations for small ‘self-absorption’ distortions, as
observed in the TEY spectra of the metallic
samples in Figs. 3-5, have so far not been
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identified in any TEY spectrum of a compound.
Note also that conductivity of the sample is not
essential for TEY measurements because charge
neutrality can be maintained by the secondary
gas phase charges excited by energetic elec-
trons. Thus, we have measured the TEY spectra
of macroscopically thick coatings of insulators
such as Cr,0, without any charging problems.
Likewise, we measured the TEY signal from the
front surface of a 0.5 cm thick sample of pure
ZnO supported on a Ta foil.

A remarkable feature of gas-flow TEY detec-
tion is the high signal-to-noise quality of the
spectra which is routinely achieved when care is
taken to shield detector and connections to the
signal preamplifier from environmental electro-
magnetic noise. The most common problem is
electromagnetic interference from resistive
heaters in the in situ cell. Their effect is seen
particularly in the spectra of Fig. 5 which were
acquired at elevated pressures. In the absence of
electromagnetic noise, data collection times with
a stepper motor driven monochromator are of
the order of 30 min or less if the absorber
concentration in the sample is higher than ap-
proximately 20 at%—30 at%.

Generally, for X-ray fluxes of the order of
10" photons/s the noise level in the data is
limited by spectrometer- or detector circuit
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Fig. 9. Left diagram: transmission of Be (0.01 mm, 0.1 mm, 1 mm) and quariz (0.1 pwm, 1 pwm, 10 wm) as a function of photon energy.
Right diagram: transmission of a pathlength of 1 cm filled with H,, He, air, CO and Ar as a function of photon energy. Absorption

coefficients taken from Ref. [5].
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noise, but not by the counting statistics. How-
ever, the signal quality deteriorates rapidly when
the concentration of the element of interest de-
creases below 5 at%-10 at%, especially when
the absorption edge of the minor component
‘rides’ on the absorption edge spectrum of the
major sample constituent. This is illustrated in
Fig. 8 which contains raw TEY data for the
calcined precursor of an unsupported Cu/Ni
alloy steam reforming catalyst containing 95
at% Ni and 5 at% Cu. The strong background
absorption due to the Ni K-edge on the pre-edge
region of the Cu K-edge amplifies all spectrom-
eter noise considerably. Particularly pronounced
are Bragg diffraction glitches (indicated by black
arrows) in the monochromator transmission
function, which are sustainably small relative to
the intensity of the Ni XAFS features, but large
compared to the small Cu edge step (see inset of
Fig. 8). However, even when a second absorp-
tion edge is absent from the pre-edge region of
a small edge of interest, the background signal
due to ionization events in loosely bound or-
bitals of the sample can be substantial. For
small concentrations of absorbers, FY detection
is the preferred detection mode because of its
better counting statistics [36].

Finally, the spectral region accessible by in
situ TEY XAS is limited only at lower energies,
mostly by the transmission of the X-ray window
materials and the lengths of the gas paths which
the incident X-ray beam has to traverse to reach
the sample. How such design choices determine
the performance of the cell is illustrated in Fig.
9. In the left diagram, the transmission charac-
teristics of two window materials used in our
own work are compared as a function of mate-
rial thickness. It is seen that quartz window
thicknesses well below 0.01 mm and Be win-
dows below 0.1 mm thickness are required to
allow experiments with even moderately (E =
1-2 keV) soft X-ray energies. Similarly, assum-
ing a pressure of 1 atm and a gas path between
window and sample of 1 cm, CO, Ar, and air
would all be too absorbing to permit measure-
ments at absorption edges below 1.5 keV. Con-

siderable dilution of these gases with He or
severe shortening of the gas path between win-
dow and sample to well below 1 mm would be
necessary to achieve a good gas transmission.
These considerations demonstrate how difficult
the construction of an in situ TEY XAS cell for
measurements in the soft and ultra-soft X-ray
region would be. However, the development of
such equipment is nevertheless desirable be-
cause it would permit the study of adsorbed
low-Z atoms under reaction conditions. The FY
setup developed at Brookhaven over the last
decade has been a first step in this direction
[37-39]. In the meantime, the practical low-en-
ergy limit to the application of gas-flow detec-
tion is mainly determined by the availability of
XAFS beamlines to which an in situ gas-flow
TEY cell can be attached: in most cases, this
limit is close to photon energies in the range
between 2 keV and 4 keV.
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