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Abstract

The chemical composition of metal/oxide (M/O)-interfaces was studied for an internally oxidized Ag—lat.%Mg-alloy with small
MgO nanoprecipitates in a dilute Ag matrix. This composition was varied by exposing the sample to oxygen (p(0,) = 2 x 10* Pa),
hydrogen (p(H;) = 10° Pa) or vacuum (p < 10~* Pa). By means of small angle neutron scattering (SANS) we were able to show that
hydrogen segregates at the internal Ag/MgO-interfaces. The average hydrogen occupancy at the Ag/MgO-phase boundary can be
determined to be @y = (7.1 £ 0.5)x 10'* H/cm?. In addition it could be shown that for each segregated hydrogen atom one Ag atom
is displaced from the M/O-interface. The amount of hydrogen at the interfaces is in agreement with a model of structural vacancies
at densely packed interface planes. To the best of our knowledge these are the first SANS-measurements that provide information
about the segregation of hydrogen and deuterium at internal interfaces.
© 2004 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Metal-ceramic (M/C) interfaces are of great techno-
logical interest within the fields of dispersion hardening,
nanostructured materials, coatings and microelectron-
ics. For the technical application of M/C-composites,
the mechanical properties of the interfaces are especially
important. A sufficient understanding of the mechanical
properties of the M/C-interface becomes essential for the
welding of M/C-components or applying ceramic pro-
tective coatings on metals. The segregation of gases, e.g.
oxygen or hydrogen, at these interfaces may influence
their chemical structure and hence result in a modifica-
tion of the material properties. It is well known for in-
stance that the hydrogen embrittlement of high strength
steels with small carbide precipitates is due to the seg-
regation of hydrogen at the internal iron/carbide-inter-
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faces with concomitant formation of microcracks [1]. In
a different context, the segregation of gases at internal
interfaces is interesting and auspicious concerning a
possible application of such systems as hydrogen storage
media. Therefore, it is necessary to understand the
atomic structure of M/C-interfaces and their segregation
behavior for hydrogen. Using high resolution electron
microscopy (HREM) and analytical field ion micros-
copy (FIM), metal/oxide (M/O)-interfaces produced by
internal oxidation have been investigated during the last
decade [2,3]. The internal oxidation of a homogeneous
binary alloy can be considered from a thermodynamic
point of view as a phase decomposition in a ternary
A-B-O-system. If a binary alloy AB, consisting of a
noble metal A with small additions of less noble metal B,
is annealed under oxygen at high temperature, then only
metal B will be oxidized. In addition, for cg - Do >
cg - Dg, where co is the solubility of oxygen, cg the
concentration of B, and Do, Dy are the diffusion coef-
ficients of oxygen and solute B, respectively, an oxide
BO,, precipitates within the A-matrix, which becomes
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diluted in B [4]. This case is termed internal oxidation.
At low temperatures nanosize BO,, precipitates may be
formed and, therefore, a large amount of M/O-interfa-
cial area can be produced within a small sample volume.

Various systems of oxide particles within a noble
metal matrix, produced by internal oxidation, e.g. Ag/
CdO and Nb/Al,Oj3 [2], were investigated using HREM.
By means of HREM imaging of the interfaces the au-
thors concluded, that the terminating (1 1 1)-interface of
the investigated oxide consists of oxygen only (and not
Cd or Al). Using electrochemical methods, it could be
shown for the Pd/MgO-system that, after internal oxi-
dation at high oxygen pressures, both reversible and
irreversible trapping of hydrogen were found after
H-charging of the samples [5]. After ultra high vacuum
(UHV)-annealing of the samples, only a reversible
trapping behavior of hydrogen was found. To describe
these results the following structural model has been
developed by Huang et al. [5]: assuming the oxide (e.g.
MgO) has a perfect stoichiometry and the interface has
no additional (image) charge, the (11 1)-interface of the
oxide consists of 50% structural vacancies within the
terminating oxygen layer (Fig. 1(a)). The authors sug-
gest that if the system is annealed under high oxygen
pressure, additional so-called excess-oxygen is able to
segregate into the vacancies of the (11 1)-interface
(Fig. 1(b)). According to Huang et al. [5] the segregated
excess-O has the same bonding state as the terminating
oxygen corresponding to the stoichiometric interface.
The excess-O can be treated as the amount of oxygen
which segregates above the stoichiometry of MgO at the
M/O- interface. However, it should be noticed that the
terminating oxygen atoms of the oxide are indistin-
guishable from the excess-oxygen atoms. In order to
become an O’ -ion, a charge transfer occurs between
the terminating oxygen and the adjacent more noble Ag-
atoms resulting in an Ag-O bond. The terminating ox-
ygen atoms then form a weak bond to the matrix atoms
and do not only belong to the oxide precipitate. This
simplified picture is supported by analytical transmis-
sion electron microscopy (TEM)-studies [6-8] revealing
the presence of Ag—O or Cu-O (for MgO precipitates in
Cu) at the interface after annealing treatments at high
oxygen partial pressures (p(0;) =2 x 10* Pa). In addi-
tion, the presence of excess-O enables hydrogen to be
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bound at the interface, if the system is doped with hy-
drogen (Fig. 1(b)). The interfacial hydrogen leads ef-
fectively to a change in the interfacial bond-pattern
and implies the formation of strong O-H bonds at
the interface, while the electron density between O
and Ag interfacial atoms strongly decreases or even
vanishes.

Since this structural model should be valid for all M/
O-interfaces produced by internal oxidation we expect a
similar trapping of H by excess-O for the Ag/MgO-
system. For larger MgO-precipitates within the grain
boundaries the evidence of this excess-O has been
proved recently by Pippel et al. [8] using electron energy
loss spectroscopy (EELS). The occupancy of this excess-
O at (11 1)-particle interfaces was determined by means
of gas volumetry to be 2.2 x 10" cm~2 [9]. Since MgO is
a very stable oxide and silver is a noble metal with the
highest oxygen diffusivity, the internal oxidation of a
binary Ag-lat.%Mg-alloy can be performed at low
temperatures leading to smaller oxide precipitates pro-
viding a larger amount of M/O-interfacial area than in
any other internally oxidized system. For instance the
amount of the total M/O-interfacial area for the system
Pd/MgO is by a factor 10-100 smaller than for the sys-
tem Ag/MgO for the same sample dimensions. MgO-
precipitates in Ag produced by internal oxidation were
already analyzed by 3D-atom probe (3DAP) [10].
A detailed investigation of this system indicates that
nearly mono-dispersal distribution of MgO-precipitates
are produced, with a mean radius ranging from 0.5 up to
2.5 nm depending on the preparation parameters (oxi-
dation temperature and annealing time) [11]. The width
of the size distribution decreases from ¢/R = 0.3 for the
early stages to a/R = 0.2 for the later stages, where R is
the mean particle radius and ¢ is the standard deviation
of the size distribution.

Up to now the segregation of solute atoms in a dilute
matrix has been investigated using indirect methods, e.g.
where the effect of a reduced diffusivity or activity was
studied [11]. In cases, where strong segregation takes
place a direct observation of segregation by TEM/EELS
is possible [12,13]. With the exceptional spatial resolu-
tion and high elemental sensibility of the 3D-atom probe
(3DAP), segregation of B to an edge dislocation has
been revealed in three dimensions [14]. With the same

Fig. 1. Structural Model of the M/O-interface according to Huang et al. [5]. (a) Stoichiometric (1 1 1)-interface exhibiting structural vacancies after
annealing in UHV, zone axis [110]. (b) Interfacial excess-O occupies the structural vacancies upon annealing under high oxygen pressures
(p(02) =2 x 10* Pa). Hydrogen can form a strong bond to this excess-O, if the system is doped with hydrogen.
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method, the segregation of Ag at MgO- and Sb at CdO-
precipitates in Cu- and Ag-matrix, respectively, have
been investigated [15,16].

A somewhat different approach to determine segre-
gation of hydrogen and deuterium to MgO-particle in-
terfaces in Ag is small angle neutron scattering (SANYS).
This method has been applied successfully to the seg-
regation of hydrogen and deuterium at dislocations in
palladium and vanadium [17-19]. In contrast to the
microscopic technique, SANS averages over a large
volume. Analytical tools such as EDX and EELS are
not applicable for a solute like hydrogen. In addition, it
is very difficult to study solute segregation by TEM in a
region less than 1 nm. Depending on the decomposition
pressure of the system, the hydrogen may also escape
into the vacuum. In 3DAP-analysis, hydrogen may be
detected if the analysis is done at very low temperatures
less than 50 K and a homogeneous field evaporation of
the specimen is achieved. Otherwise, residual gases
(mainly hydrogen) will be adsorbed at the specimen and
theses gases appear in the 3DAP-analysis. Unfortu-
nately, the field evaporation of MgO-precipitates in sil-
ver is not homogeneous [20]. As a result, hydrogen is
detected in the mass spectra of the analysis, although the
specimens were not charged with hydrogen [20].

The advantage of SANS is the large scattering cross-
section of hydrogen and deuterium for neutrons. The
different sign of the coherent scattering length of H and
D enables the observation of the segregation at the M/
O-interface and rules out other scattering contributions
by contrast variation experiments.

2. Expected scattering laws

The scattered intensity is usually expressed by the

macroscopic scattering cross-section dX/dQ(Q) as
2

G5(@ =] [ apexp(~ign v )
dQ
where N is the number of the scattering objects, Ap the
difference of the scattering length densities, i.e. number
of scattered atoms times their coherent scattering length
b, per unit volume and Q as scattering vector. An
evaluation of Eq. (1) for the special case of a normalized
Macroscopic scattering cross-section d.x/ dQ|gayer(Q) ofa
segregated layer around a particle is given in Appendix
A. For the Guinier-regime, the following approximation
for d2/ dQ|gayer(Q) is obtained:
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Fig. 2. Schematic illustration of a spherical particle P of radius R
covered with a spherical shell L of thickness 0R. The scattering length
densities of the different components are py; for the matrix, p; for the
shell and pp for the particle.

where R is the particle radius and JR the thickness of the
layer (see Fig. 2). Appy, Apy are the differences of the
scattering length densities of the particle to matrix and
segregated layer to vacuum. The normalized net cross-
section dX /dQ|OL(Q) of the layer is the ratio of the dif-
ference between the cross-section dX/dQ|,,,(Q) of a
sample loaded with hydrogen (deuterium) and the
scattering cross-section d2/dQ|,(Q) of an uncharged
sample divided by the latter.

Two unknown parameters appear in Eq. (2), the layer
thickness 0R and the scattering contrast Ap; of the
layer. Assuming that hydrogen segregates at the particle
interfaces without affecting the density of the interface
atoms in its vicinity, the scattering contrast Ap; is given
according to its definition by
Ny-bu Nu-bu On-by 3

V. A4-6R SR’ G)
where Ny is the number of segregated H-atoms in vol-
ume V' with corresponding coherent scattering length
by. Oy is the occupancy of hydrogen at the interface
given in cm~2. Then the product Ap, R in Eq. (2) with
its two unknowns is replaced by the product @yby with
only one unknown, i.e. the hydrogen coverage @y.

During the interpretation of the experiments, it
turned out that the results for H- and D-doped samples
were not consistent with the developed model, because
the ratio of normalized cross-sections of hydrogen and
deuterium did not yield the ratio of the correspondinng
scattering length (i.e. by/bp) as predicted by Egs. (2)
and (3). A similar inconsistency was discovered for
H- and D-segregation at dislocations in Pd [19], where it
was overcome by assuming a change of the Pd-density as
a consequence of H-enrichment and associated lattice
expansion. Presuming that hydrogen affects the matrix
density in the vicinity of the interface by displacing Ag-
atoms, an additional contribution has to be taken into
account

Ap. =

(4)

where @4, is the amount of Ag-atoms displaced per cm?
interface and b, the coherent scattering length of Ag.
Hence, if a displacement of Ag-atoms takes place due
to the segregation of H, the layer contrast Ap, is
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diminished by the second term in Eq. (4). Due to the
negative sign of the coherent scattering length of H
(bg = —3.74 fm, bp = +6.67 fm), segregation of hy-
drogen increases the absolute contrast, whereas the
scattering contrast is diminished by deuterium. The
stronger coherent scattering of D compared to H is re-
duced, if the segregation of H (D) at the M/O-interface
is accompanied by a dilution of Ag-atoms.

To calculate the change of the Ag-density, at first, the
H-occupancy density @y has to be determined. Other-
wise, Eq. (4) consists of two unknown parameters. To
calculate @y it is possible to use the different signs of bp
and by in a contrast variation experiment. In addition, it
is reasonable to assume that @y = @p, because H and
D are chemically identical. A subtraction of the nor-
malized net cross-section of H and D under use of Egs.
(2) and (4) leads to

ax | ax |’ az |’
10 D7H(Q) =10 D(Q) ~ 40 H(Q)
_ 60x(bp — bn)

xp(—%) 5

The particle size R can be evaluated from SANS-mea-
surements of the uncharged samples. Hence, the H-oc-
cupancy is the only unknown parameter in Eq. (5) and
can be easily calculated from the axis intercept in a
modified Guinier-plot of In R-dX/dQ|}, ,(Q) versus

(OR)*.

AppmR

3. Experimental

The Vacuumschmelze GmbH Hanau kindly provided
the Ag—lat.%Mg-alloy. This alloy was cold rolled to
thin foils of 150 pm thickness. The samples were re-
crystallized in order to suppress the formation of larger
MgO-precipitates within grain boundaries. The forma-
tion of the oxide particles is enhanced at grain bound-
aries, owing to the even faster diffusion of oxygen at
these boundaries. After annealing at a temperature of
923 K for 4 days under argon atmosphere (p(O,) < 0.2
Pa, p(H,0) < 1072 Pa) an average grain size of 100 um
was attained. The samples were then etched in a dilute
solution of H,O, and NHj3 to remove any oxide layers
and to ensure a homogeneous oxidation. The internal
oxidation was performed in dry air at temperatures of
1023-1123 K and between 3 and 21 days. Precipitates of
1-5 nm diameter are formed within the Ag matrix under
these conditions [10]. The size distribution of the oxide
particles was characterized by means of the 3DAP. After
internal oxidation, the samples were slowly cooled down
in the furnace to avoid quenching of oxygen in the Ag-
matrix. Finally, the surface of the samples was electro-
polished using a mixture of perchloric and acetic acid
(1:10) at 8 V DC. A platinum electrode was used as a

cathode. Doping the SANS samples was done from the
gas phase under 1 bar H, or D;, respectively, at 663 K
for 7 h. Afterwards the samples were slowly cooled
down to room temperature with constant pressure.
Under these conditions we expect the maximum amount
of hydrogen at the M/O-interfaces within the samples.

Prior SANS measurements on the systems Cu/MgO
and Ag/MgO were performed at the Forschungszentrum
Julich, Germany, using the small angle diffractometer
KWSI1. Most of the SANS measurements, which are
presented in this paper, were performed at the National
Institute of Standards and Technology, Gaitersburgh,
MD, at the NG-7 30 m small angle scattering instru-
ment. The distance between sample and detector was
chosen to be 1 and 3.45 m in order to cover the range of
0 =0.012-0.66 A~'. A sample aperture of 19 mm was
used. The 2D-data of the detector was radially averaged
and the incoherent background contribution mainly
arising from hydrogen was subtracted.

4. Results

Fig. 3 shows a typical scattering curve of an un-
charged, internally oxidized Ag-lat.%oMg-sample. A
O~“4-dependence is observed for all samples at lowest
Q-values. According to Porod [21], this scattering is
stemming from particles with sharp interfaces and a
total interfacial area S per unit sample volume. It is
described by the following approximation:
dxr 21 S - Ap3
0 Q=""g""" O
Assuming that the observed particles are MgO, the total
M/O-interfacial area S = 10>-10° cm?/cm? is calculated
using the corresponding contrast Appy, (Table 1). As the

dx/dQ [em™ sr']

001 01

-1
Q[A"]
Fig. 3. SANS-scattering curve of an internally oxidized Ag—lat.%Mg-

sample. The particle radius of the MgO-precipitates is
R = (1.82£0.06) nm.
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Table 1

Values of MgO-particles inside the Ag-grains evaluated from SANS data

Tio/to v (1072) RGuinier (nm) Ryogul. (nm) S (10° em™) Sce (10> cm™)
923 K/1d 0.834+0.01 0.884+0.01 0.914+0.07 7.814+0.05 -

1023 K/1 d 0.85+0.01 1.06+0.01 1.09 +0.06 5.66 £0.05 -

1023 K/14 d 0.654+0.01 1.274+0.01 1.27£0.08 4.934+0.05 -

1023 K/21 d 0.76 +0.07 1.61+0.05 1.594+0.14 3.744+0.04 10.1+0.8

1073 K/ 21 d 0.71 +£0.07 1.824+0.06 1.78 +0.12 3.11£0.04 8.6+0.2

1123 K/ 3 d 0.76 +0.07 2.174+0.08 2.154+0.19 2.824+0.04 9.8+0.7

1098 K/ 21 d 0.70 £0.06 2.28 £0.08 2.28£0.15 2.2440.03 34402

Sca is the M/O-interface of the oxide particles within the grain boundaries. Tjo is the oxidation temperature and #o the annealing time.

Porod law is valid for Q < 0.01 A~', the particles have
to be larger than 60 nm. According to TEM-investiga-
tions, the MgO-particles in the grain boundaries have a
mean diameter of ~100 nm [8,22]. Results from TAP-
investigations of this system show that the mean diam-
eter of the MgO-particles inside the Ag-grains is 1-5 nm.
Therefore, the Porod-scattering at small Q is most
probably stemming from larger MgO-particles located
at grain boundaries. At larger O-values, first a plateau is
observed, which is followed by a Q *-dependence
(Fig. 3). These are the Guinier and the Porod-regime of
the smaller MgO-precipitates located inside the Ag-
grains. For particles with spherical symmetry, the fol-
lowing approximation is fulfilled for the Guinier-regime:
2 2
g—é(Q)zgn.v.R3Ap%M.exp(—Q5R ) (7
The volume fraction v and the particle radius R of the
MgO precipitates could be determined from the Guinier
scattering by plotting IndX/dQ(Q) versus O (see
Fig. 4).

0.14
B 005
- _
S, ]
8 002 ]
I~ 1
° ]
001 ]
0.01 0.02 0.03
Q2 [Az]

Fig. 4. Gunier plots of the macroscopic scattering cross-section for
Ag-lat.%Mg-samples after internal oxidation. The radii compiled in
the inset were obtained from the slope of the straight lines via Eq. (7)
and are presented in Table 1. The slopes are obtained by least square
fits of the data points within the linear region.

In addition, all scattering curves of the uncharged
samples show modulations at larger Q-values due to a
rather narrow size distribution of the MgO-particles
within the Ag-grains. The modulations come from the
scattering of a sphere (see Eq. (A.5)). Therefore, the
particle size could also be evaluated from the modula-
tions and could be compared with the one calculated
from the Guinier-regime. The total M/O-interfacial area
S of these smaller precipitates can be calculated from the
Porod-scattering at larger Q-values. All values deter-
mined by these different evaluation procedures for the
uncharged samples are shown in Table 1.

As can be seen in Table 1, the internal oxidation of a
binary Ag-lat.%Mg-alloy leads to nano-precipitates of
MgO with a mean particle radius of 0.88-2.28 nm de-
pending on the oxidation parameters. The size of the
precipitates increases with the oxidation temperature
Tio and the time of the internal oxidation treatment.
The values for the particle size calculated by the Guinier
approximation and from the modulation of the sphere
form factor are nearly identical. Moreover, the values
determined by SANS are in agreement with previous
TAP-investigations of this system. For further evalua-
tion of the data, the particle size obtained from Guinier-
scattering were used, due to their smaller error bars. The
volume fraction v of small MgO-precipitates in Table 1
is smaller than the expected value of 0.011 due to the
large precipitates at grain boundaries. Though the larger
MgO-precipitates within the grain boundaries possess a
volume fraction of ~30-40% of all MgO within the
sample, their contribution to the total M/O-interfacial
area can be neglected. The fraction of the smaller MgO-
precipitates of the total M/O-interfacial area is more
than 99%.

The values of the interfacial area S obtained from the
Porod-regime should obey the following relation:

S — Nanr> = 2. (8)
R

As can be seen in a plot of S versus R~!, the data are in
good agreement with the relationship expected by
Eq. (8) (Fig. 5).

Fig. 6 shows the scattering cross-section of samples
charged with H, D and of the uncharged sample in a
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Fig. 5. Plot of total interfacial area S versus R~'. The straight line
represents the expected line through the origin.
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Fig. 6. Double logarithmic plot of the scattering cross-section of un-
charged, H- and D-charged internally oxidized Ag-lat.%Mg-samples
with a mean particle radius of R = (2.17 + 0.08) nm.

double logarithmic plot of dX/dQ(Q) versus Q. All
samples had an identical size distribution with a mean
particle radius of R = (2.17+£0.08) nm. Within the
Guinier-regime the sample charged with D has a higher
intensity (~15%) compared to the uncharged sample,
whereas the intensity decreases (~70%) after H-charging
a sample of the same stock. The changes of dZ/dQ due
to H (D)-charging can be more clearly seen in a semi
logarithmic plot (see Fig. 7) with R = (1.61 £ 0.05) nm.
As will be shown in the following, this strong effect on
dX/dQ(Q) due to H (D)-charging can only be explained
by a segregation of hydrogen (deuterium) to the M/O-
interfaces of the sample. These changes due to H (D)-
charging did not disappear, even after an annealing of
the samples in high vacuum (~10~* Pa) at 773 K. This

Fig. 7. Semi-logarithmic plots of d¥/dQ(Q) of an uncharged, H- and
D-charged internally oxidized Ag—lat.%Mg-sample with a mean par-
ticle radius of R = (1.61 £ 0.05) nm.

indicates that hydrogen is irreversibly trapped within the
sample at this temperature and pressure.

All scattering curves of samples charged with hy-
drogen had a higher background compared to the un-
charged samples due to the strong incoherent scattering
of hydrogen. From this incoherent background at larger
QO-values, the H-concentration could be determined ac-

cording to
dx 4r - VAg
= -_— . 9
o dQ inc.H O-i];llc ’ ( )

where cy is the fraction of sites occupied by hydrogen,
dX/dQ|,,.;; is the incoherent scattering cross-section of
the H-charged sample, Va, the atomic volume of Ag and
ofl. = 80.27 barn the incoherent cross section of H
(62 =2.05 barn, ¢ = 0.58 barn, o = 0.035 barn).

The normalized net cross-section (after Eq. (2))
is shown in Fig. 8. The decrease in dX/dQ(Q) due to

1.0 '
v
057 s 7
Uo -.
o 00- -
E vOD ..
3 vo
v e
'[/C\; '05_ '00.'.. ’ﬁ e R=16 nm |
'%ﬁ / e R=1.8nm
L o R=2.2nm
-1.0 v R=23nm
10° 10" 10"
QA"

Fig. 8. Normalized scattering net cross-section of an H-doped sample
in a semi-logarithmic plot. The net cross-section d2/dQly ., ;1(Q) in-
creases in absolute value within the Guinier-regime (Q ~ 0.1 A=) with
decreasing size of the MgO-particles.
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H-charging becomes more distinct for smaller MgO-
particles. This is consistent, because smaller oxide par-
ticles represent a larger amount of total M/O-interfacial
area than larger particles (see Fig. 5). In Fig. 9, the
normalized scattering cross-section is presented in a
modified Guinier plot. According to Eq. (2), straight
lines can be fitted to the data points within the Guinier-
regime and the product (Ap; 6R); of the shell contrast
Apy and shell thickness 0R of a segregated layer of H
can be evaluated from the intercept with the ordinate.
According to Eq. (2), the mean value of this contrast
product is calculated as (Ap;dR)y = —640 £ 73 cm™!.
In an analogous manner (Ap;SR)p =80+ 15 cm™! is
calculated for deuterium. Thus the contrast product of
hydrogen is significantly higher than in the case of
deuterium. Since the shell thickness and the occupancy
should be identical for H and D, this result must be
explained in terms of an additional contribution to the
shell contrast according to Eq. (4). This additional
contribution decreases the contrast for deuterium, but
increases the contrast for H (in absolute magnitude).

It is possible to determine the hydrogen occupancy
density ©y by contrast variation. An H/D-contrast
variation can be performed for samples with equal size
distributions of their MgO-particles. Because H and
D are chemically identical, @y = @p is fulfilled. The
contrast variation experiments were performed for two
samples with two different mean MgO-particle sizes.
According to Eq. (5), the occupancy density @y could
be evaluated from the axis intercept of a modified
Guinier-plot (Fig. 10). The mean value of the occupancy
density of hydrogen (and deuterium) is

Ou = (7.1 £0.5) x 10" cm™.

OI
(o
Lod
|
© A R=23nm
o o R=22nm
P = R=18nm
10" | x R=16nm 1

0 2 4 6 8 10 12 14
(QR)’

Fig. 9. Modified Guinier-Plot of In R -d>/d@|, (Q) versus (QR)* ac-
cording to Eq. (2) of H-charged Ag/MgO-samples. The straight lines
with a slope —1/15 correspond to fits according to Eq. (2) within the
Guinier-regime. The contrast of the segregated layer is obtained from
their axis intercepts.
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Fig. 10. Modified Guinier-plot of the difference of the normalized net
cross-sections of D and H after Eq. (5). The straight lines correspond

to fits within the Guinier-regime according to Eq. (5). The hydrogen
occupancy density @y is received from the axis intercept.

1
o

This amount is equal to half a monolayer of hydrogen at
the Ag/MgO-particle interface. With knowledge of the
hydrogen occupancy @y and the contrast product
(Ap oR) for H and D, it is possible to calculate
the change of the matrix density (due to segregation) via
Eq. (4)

Opg = (6.4 £1.3) x 10" cm ™.

When comparing the calculated value of @4, with Oy it
is obvious that for about each segregated H-atom one
Ag-atom is displaced from the M/O-interface.

5. Discussion

Since the hydrogen solubility in pure silver
(cu(Ag) ~ 10714 H/Ag at 296 K) and MgO is negligible
[24], a certain solubility of an internally oxidized Ag—
lat.%Mg-system, which means pure MgO precipitates in
a pure Ag-matrix, can only be explained by the segre-
gation of hydrogen at the Ag/MgO-particle interfaces.
This presumption can be verified by comparing the
H-concentration with the total number of hydrogen
traps at the M/O-interface. The total number of hy-
drogen atoms trapped can be determined from the co-
herent scattering (Eq. (10))

Oy - Smeo

Interf. g

C = 10
H N . ( )

with Na, = 5.846 x 10® Ag/m’ and @y = 7.1 x 10" H/
m?. Sueo is the total M/O-interface of the sample
(Table 1). Assuming that the matrix solubility is negli-
gible and all hydrogen of the sample is located at
the M/O-interfaces, the value evaluated according to
Eq. (10) has to be equal to the H-concentration of the
sample. The hydrogen concentration can be determined
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from the incoherent scattering at large Q-values
(Eq. (9)). As can be seen in Table 2, both values are
about the same within their error bars. In addition, the
hydrogen concentration increases for smaller particles
due to their larger total interfacial area. Therefore, all
hydrogen of the sample has to be located at the M/O-
interfaces.

As stated above, the scattering behavior of a
H-doped sample remains the same even after annealing
at 773 K for 1 h in high vacuum (HV) (~10~* Pa).
Since the scattering behavior cannot be reversibly
transformed into the scattering behavior of an un-
charged sample, hydrogen has to be bound irreversibly
within the sample at this temperature and pressure. As
will be shown in the following, this irreversible trapping
of H is due to chemical bonding to excess-O at the M/
O-interface. This H-O-bond is so strong that hydrogen
remains within the sample even after an HV-annealing
treatment.

To determine the bonding state of hydrogen to ex-
cess-oxygen at the interface, it is important to know that
MgO-particles in Ag have a cube octahedral morphol-
ogy [22,23]. An ideal cube octahedral consists of (11 1)-
and (100)-facets in the ratio of 1:1. Assuming an
oxygen-terminated (11 1)-oriented M/O-interface of the
MgO, the corresponding theoretical occupancy of oxy-
gen can be calculated to be ©5 ' = 1.3 x 10'5 cm2 for
this interface. According to the structural model of
Huang et al. [5] (see Fig. 1), the occupancy of the excess
O should be half of this value, thus: OL ) =0.5.
@8 ") —6.5% 10 cm™2 for the (I11)-interface. In
contrast to the (11 1)-interface, a terminating (10 0)-
oriented interface consists of both, Mg-and O-ions.
Therefore, there should be no excess-oxygen at these
interfaces (6\.%” = 0). Finally, the (111):(100)-facet-
ratio of 1:1 of the MgO-particles in Ag has to be taken
into account. Hence, for the entire MgO-particle the
theoretical occupancy density of excess oxygen is

Oro =0.5-000 405009 =325 10" cm™2.

This value is in reasonable agreement with 2.2 x 10"
cm~? as determined by gas volumetry [9]. The latter may
be subject to larger error bars because the interfacial
area was calculated using radii values determined from
TEM micrographs revealing coffee bean contrast only

Table 2

Comparison of the H-concentration ¢! determined via Eq. (4) from
the incoherent scattering and the total number of H-traps at the M/O-
interface according to Eq. (5)

R (nm) cpe (at.%) epert (at.%)
1.06+0.01 0.58 +0.02 0.58+0.03
1.61 +£0.05 0.48£0.03 0.44+0.05
1.824+0.06 0.48+0.03 0.394+0.04
2.174+0.08 0.324£0.03 0.334+0.03
2.28+0.08 0.324+0.03 0.26+0.03

and allowing to evaluate a small fraction of particles
only.

Comparing this theoretical value of @gxo with the
hydrogen occupancy density of @y = (7.1 +£0.5) x 10
cm™2  determined by SANS-experiments shows
Oy = 20gx0o. This means that two hydrogen atoms were
bound by one excess-oxygen atom at the M/O-interface.
Since the SANS experiments show that one Ag-atom is
displaced per one segregated H atom, it is straight for-
ward to assume, that the excess-O, which undergoes
significant charge transfer with Ag. Thus it can be
considered as Ag,O within the uncharged samples, and
it forms an O-H-bond to H (or D) rather than main-
taining the Ag-O-bond after hydrogen charging, be-
cause of the stronger chemical bond with hydrogen. The
interface reaction could than proceed according to the
following equation:

Alternatively, a formation of magnesium hydroxide is
possible according to the reaction (cf. Fig. 1)

MgO + Ag,0 + H, — Mg(OH), + 2Ag (12)

which explains the ratio of 2 H-atoms and 1 excess
O-atom (bound as Ag,0).

6. Summary

It has been proved by means of SANS that hydrogen
segregates irreversibly at the internal metal/oxide-inter-
faces of the analyzed system. The absolute change of the
macroscopic scattering cross-section dX/dQ(Q) due to
hydrogen charging increases with the total M/O-inter-
facial area and, therefore, increases with decreasing
MgO-precipitate size. The H-occupancy density at the
Ag/MgO-phase boundary has been determined to be
Oy = (7.1 £0.5) x 10" H/cm?. This amount is equal to
half a monolayer of hydrogen around every MgO-par-
ticle. In addition, it could be shown that for each seg-
regated hydrogen atom one silver atom is displaced
from the M/O-interface. By comparing the hydrogen
concentration with the number of hydrogen traps at the
M/O-interface, it has been proved that nearly all hy-
drogen is located at the M/O-interfaces of the sample. In
addition, hydrogen is trapped irreversibly at the M/O-
particle interfaces. We explain these results by a reaction
of hydrogen with excess-oxygen at the (111) M/O-in-
terfaces of the MgO-particles. This excess-O, which has
a weak bond to silver, bonds to hydrogen after H,-
loading and forms stronger OH-bonds. To the best of
our knowledge, these are the first measurements that
directly prove solute segregation at nano-size oxide
particles by means of SANS. SANS allows to detect
hydrogen which cannot easily be detected with other
methods, and it provides the opportunity of performing
powerful contrast experiments.
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Appendix A

A short derivation of the macroscopic scattering
cross-section of a segregated layer is given. In general
(e.g. in [21]) the scattering cross-section is expressed by

dx : ’
E(Q):N‘/Apexp(—lQr) d’r

= 16m°N|P(Q)[’, (A1)

where N is the number of the scattering objects, Ap the
difference of the scattering length densities, e¢.g. number

dr

[O”R sin OR][sin OR — OR cos OR] + Apgy[sin OR — OR cos OR)”

with Ap, as scattering length density of a shell of seg-
regated atoms. Expanding f(R 4+ JR) in a Taylor series
and neglecting quadratic contributions of oR leads to

d 0
POl = Ao ok VEER L rm)

Therefore, dX/dQ(Q) becomes

dx

S| @=1wnpor

S+L

= 16m°N|Apy - /'(R) - R + Apsy - f(R)|*.
Neglecting quadratic terms with 6R? leads to

dx

KTs) (Q) = 16m°N[2Ap ApsyoR - f'f + Apgyy - /7]
S+L

with

df  O’Rsin(QR)

I

and

F(R) = sin(QOR) — OR cos(QOR)

o |

the following equation is obtained:

(Q) = 16m*NApgy26RAp;.

S+L

do

of scattered atoms times their coherent scattering length
b, per unit volume and Q is the scattering vector. It is
possible to express the macroscopic scattering cross-
section by the form factor of the scattered objects P(Q)
as defined via Eq. (A.1). In the following the form factor
for spheres and spheres with an additional shell will be
presented. The form factor of spheres P(Q)|g is

P(O)|s = Apsm - f(R),
_sin(QR) — QR cos(QR)
f(R) - Q3 ’

(A.2)

Appy 1s the difference of scattering length density of
sphere and matrix and R the sphere- or particle-
radius. By using this form factor for low Q-values, the
following approximation is calculated according to
Guinier:

dx 16 ’R?
N

5

For a sphere with an additional outer shell the form
factor becomes

P(Q)ls,p = App - f(R+OR) — Apy - f(R) + Apsy - f(R)
(A4)

o (A.5)

The net cross-section of a segregated layer is then
calculated from the difference of Egs. (A.5) and (A.3)

dx dx
10, @~ 40| (@) = 16V N 20RAp,
. [O°Rsin(QR)][sin(OR) — QR cos(QR)] (A.6)

Q6

The first term decreases with O~* and the second term is
oscillating around zero. For low Q-values, the following
approximation is calculated for the Guinier-regime of
the net cross-section of an outer shell:

dx
dQ

dx

0= =

0)-55| (©

S

L S+L

2 P2
=~ %nzNApSMRséRApL - exp ( - 4Q15R )

(A7)

Finally, a normalized net cross-section dX /dQ|g(Q) is
given as the ratio of Eqgs. (A.7) and (A.3)

dZ 0 6ApLayer5R Q2R2
G|, (0 = pefen (45, (A8)
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