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The surface stress f, a capillary force at solid surfaces, has important implications for the behavior
of nanomaterials. Surface stress is known to vary considerably when atoms adsorb on the surface,
yet the underlying mechanisms are poorly understood. Our in-situ dilatometry study of H adsorp-
tion on porous nanocrystalline Pd provides quantitative data for the response of f to changes in the
adsorbate coverage. The porous body is immersed in aqueous electrolyte and H adsorption con-
trolled and measured electrochemically. The surface stress response is quantified by means of the
electrocapillary coupling parameter, ¢, defined as the derivative of f with respect to the superficial
charge density. The results support previous, more indirect findings for ¢. We show that ¢ is pre-
cisely predicted by a model based on the continuum mechanics of superficial layers containing

misfitting solute.

Introduction

The surface stress, f, at the surface of a solid needs to be
balanced by counteracting stresses in the bulk [1]. In materi-
als with a nanoscale microstructure, the ensuing, surface-
induced bulk stresses can be large and they may have impor-
tant ramifications for the material’s behaviour. Among the
consequences are considerable modifications of magnetic [2]
and alloy phase diagrams [3] as well as shear instabilities that
impose lower limits on the size of stable nanoscale objects or
microstructures [4,5,6]. Surface stresses undergo large varia-
tion when the state of the surface is changed, for instance by
adsorption of atoms from gas or of ions from solution, or by
electric charging [7,8]. These phenomena are of practical
importance in cantilever-based sensing schemes [9,10,11]
and in actuators driven by changes of the electrode potential
in electrolyte [12,13,14] or of the chemical potential in gas
[15]. While the response of f to adsorption or to electric
charging can be computed by ab initio density functional
theory in good agreement with experiment [16,17,18], we
still lack a predictive theory connecting the observations from
real-world or computer experiments to simple concepts for
the interaction between adsorbate atoms or electric charging
with the host material. Here, we explore the variation of the
surface stress of Pd during the adsorption of H from electro-
lyte, and we show that the response of f to adsorption can be
quantitatively understood in terms of the known interaction
parameters of H interstitial atoms in bulk Pd.

Electrochemical studies can provide particularly detailed and
precise information on the surface stress variation during
changes of state at the solid surface [7,8]. A key observable
in such experiments is the electrocapillary coupling parame-
ter ¢, defined by ¢ = df/dg|e where q and e denote, respec-
tively, the superficial charge density and the tangential strain
at the surface. The value of ¢ varies with the electrode poten-
tial, and is characteristic for the acting electrode process. For
instance, ¢ values reported for Pt have opposite sign for ad-
sorption of hydrogen and adsorption of oxygen species [19].

A specific example for the significance of the electrocapillary
coupling strength is the catalytic activity of compositionally
graded surfaces, for instance in core-shell catalyst particles.
Here, the catalytically active material is enriched in the sur-
face layer of atoms and so does not, in general, see the same
interatomic spacing as in its elemental crystalline state. Be-
sides changes in the electronic structure of the surface due to
alloying or electron exchange with the substrate material, the
change in interatomic spacing or, in other words, the elastic
strain, at the surface contributes to changing adsorption en-
thalpies and, thereby, the catalytic activity [20,21,22,23]. It
has been pointed out that studies of the electrocapillary cou-
pling allow to isolate the contribution of the mechanics and to
quantify its impact on adsorption [18]. The strategy rests on a
Maxwell equation that equates df/dq|e to the derivative of
electrode potential, E, with respect to € Simple models of
electrosorption then suggest a relation to the molar enthalpy,
h*, of adsorption. The relevant equalities for ¢ can be sum-
marised by [18]
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where z F and T" denote, respectively, valency, Faraday con-
stant, and specific excess of adsorbate.

Because of their many surfaces, nanoporous materials afford
a sensitive measurement of the surface stress. In a previous
study [18], it was shown that df/dq|e for Pd — as measured on
porous nanocrystalline (pnc-) Pd — indeed agrees with the
strain-derivative of the potential for H electrosorption on
pseudomorphic monolayers as reported in Ref. [22]. The
similarity of the experimental ¢-value reported to that for the
deposition of < 1 monolayer of H (underpotential deposition,
UPD) on Pt supported the conclusion. Yet, the confirmation
lacked stringency, because no conclusive separation was
achieved between, on the one hand, the UPD of a H adsorbate
layer on the Pd surface and, on the other hand, H absorption



in the bulk of the Pd nanoparticles. In fact, a recent surface
stress study of H electrosorption on thin films of Pd empha-
sizes that H is absorbed in the bulk at an early stage of the
electrosorption process [24].

The alloying of H into bulk Pd has been studied in great de-
tail [25, 26], and several studies explore H in Pd nanoparti-
cles. Early work pointed out an enhanced solubility of H in
dilute nanoscale Pd-H, along with a narrowed miscibility gap
[27, 28, 29, 30]. This can be traced back to enrichment and
depletion at the surface as well as the elastic interaction of H
in the bulk with stresses originating from the capillary forces
[31]. It was also shown that H adsorbed on nanoclusters is at
least partly incorporated in subsurface sites [28].

Here, we revisit the issue of electrocapillary coupling at Pd
surfaces in the H electrosorption regime. We explore the
surface stress of pnc-Pd electrodes by in-situ dilatometry and
discuss the signatures of H adsorption in terms of the contin-
uum theory of elasticity of alloys. We present a continuum
model of H interaction with the surface and the bulk of Pd
that allows us to identify the distinctive signatures of both
processes in experiment, and to confirm the earlier results for
¢ from Ref. [18].

Experimental details

Pd nanoparticles were produced by the inert gas condensation
(IGC) method [32, 33], using thermal evaporation of Pd in a
ultra-high vacuum environment back-filled with He (6N
purity and 250-300 Pa pressure). Procedures were identical to
those of Ref. [31], except that the die-and-anvil, in Situ con-
solidation of the particles used a low compaction pressure (~1
MPa) so as to create a porous electrode, rather than the nearly
full density compacts that are produced in the more conven-
tional IGC studies. Porous samples were cylindrical, 1.5 mm
in diameter and 1.8 - 2 mm in length.

A commercial Pd foil (Alfa Aesar®, 99.99% purity) of lcm’
area and thickness 25 pm was used for the reference meas-
urements on planar surfaces.

X-ray powder diffraction in Bragg-Brentano geometry was
used to determine the mean crystallite size, L. The Bragg
reflection broadening was evaluated using a modified Wil-
liamson-Hall algorithm and the procedures of Ref. [34] (in-
cluding the software CGSize available as supporting online
material of that reference), assuming Cauchy size and Gauss
strain broadening and correcting for instrumental broadening.

Details of the in-situ dilatometry experiments are reported
elsewhere [19, 35]. In brief, a miniaturized electrochemical
cell, placed in the sample space of a dilatometer [Netzsch®
402C], contains two pnc-Pd samples serving as the working
and counter electrodes as well as a Ag/AgCl/3M KCI refer-
ence electrode (World Precision Instruments, Inc.) with low
leakage (5.7 x 10 mL/hr). A bath thermostat controlled the
temperature at 283 £ 0.1 K. The linear strain, €, is defined as
the length change, Al, normalized to the length, |, in an arbi-
trary but fixed reference sate, € = Al/l,.

Glassware was routinely cleaned with oxidizing acid
(H,S0O4/H,0,) and rinsed with 18.2 MQ cm grade water. The
electrolyte was 0.7 M NaF solution with a pH value of 8.5.
The potential was controlled by a potentiostat (PGSTAT 100,

EcoChemie), and cyclic voltammetry used the linear scan
mode, typically at scan rate 1 mV/s. The net charge trans-
ferred, 6Q to the electrode during cyclic potential scans was
determined by integration of the electrode current.

Prior to the in-situ studies in NaF solution, the Pd electrodes
were immersed in 0.1 M H,SO, and underwent repeated
electrochemical cycling in oxidation/reduction intervals
-0.25 V < E < 0.75 V. The pre-treatment is essential for
reproducible results [19,35].

Results

Figure 1 shows x-ray powder diffraction data of pnc-Pd and a
modified Williamson-Hall graph based on data for the reflec-
tion full width at half maximum. The data exhibits straight-
line behaviour, suggesting that the evaluation provides a valid
separation of grain size and microstrain [34]. The slope of the
straight line of best fit implies the mean crystallite size L =
11.1+0.7 nm. Approximating the particles as spheres we
obtain the mass-specific surface area o, as 6 /L p with p the
mass density of bulk Pd, 12.023 g/cm’. The estimated value
emerges as O, = 43 m?/g.
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Figure 1. X-ray diffraction results for porous nanocrystalline pnc-
Pd. a) Powder diffractogram of intensity vs. scattering angle 26. b)

Modified Williamson-Hall plot. Grain size is determined from slope
of straight line of best fit.

We now inspect in situ dilatometry results for potential scans
in different potential regions, and start out with a region cov-
ering the ad- and absorption of hydrogen as well as oxida-
tion/reduction. Figure 2 displays the electrochemical and
mechanical signatures of six successive cyclic scans. Because
of the excellent agreement, the separate graphs superimpose
and are not resolved in the figure. This supports the sensitiv-
ity and reproducibility of the in-situ dilatometry technique.
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Figure 2. Results of in-situ dilatometry in the potential interval —1.4
to 1.0 V. (a) Cyclic scans of current | vs. electrode potential E. (b)
Strain € vs. E. (¢) € vs. charge 8Q. The arrows in (a) provide a rough
indication of hydrogen adsorption and absorption (HA), hydrogen
desorption (HD), oxidation or adsorption of OH™ (OA) and reduction
or desorption of OH™ (OD) regimes. The potential at which 8Q = 0 is
chosen arbitrary.

Figure 2a) shows cyclic voltammograms (CVs) of current |
versus the electrode potential E during cyclic potential scans.
The potential regions of the dominant electrochemical proc-
esses — namely the electrosorption of H and of OH species —
are indicated in the figure. Figure 2b) shows the correspond-
ing dilatometry data, measured simultaneously with the CV.
It can be seen that the onset of each adsorption or desorption
process is reflected by breaks in the graph of strain, €, versus
E. As in our previous dilatometry study of Pt [19], the onset
of hydrogen electrosorption coincides with the end of OH-
desorption, and similarly, the onset of the OH-adsorption
coincides with the end potential for hydrogen desorption.
These features are supported by signatures in the CV and in
the dilatometry. The hysteresis of both electrosoprtion proc-
esses is noteworthy. The two hysteretic segments overlap
around the centre of the measurement scan, so that no double
layer region is observed in the CV.

Figure 2(c) shows € plotted versus the net charge, 8Q, trans-
ferred to the electrode. The potential at which 8Q = 0 is cho-
sen arbitrarily. Contrary to the graph of strain versus poten-
tial, the plot of strain versus the charge is almost free of hys-
teresis. Furthermore, the graph exhibits roughly linear seg-
ments with differently signed slopes during hydrogen and
oxygen species electrosorption.

In Fig. 2b) it is noteworthy that the graphs are closed, indicat-
ing that the transferred charge — and, thereby, the electro-
sorbed H — can be completely recovered, as in an ideal, pseu-

docapacitive process. Note that the CV of Fig. 2a) near its
cathodic vertex resembles that of a Faraday reaction inas-
much as the negative- and positive-going branches of the I(E)
graph coincide. Yet, the finding of recoverable charge rules
out noticeable Faraday reactions. It is then natural to assume
that the current near the negative potential vertex is the signa-
ture of absorption of H into the bulk of the nanograins. Coin-
ciding cathodic and anodic branches of I(E) are here indica-
tive of transport-limited absorption and a failure to reach
saturation. It is also natural to assume that hydrogen will also
adsorb at the surface. The processes of absorption and ad-
sorption will be considered in more detail in the discussion,
see below.

The hysteresis in the variation of current and strain with po-
tential is partly due to potential gradients in the electrolyte
within the pore space. This is apparent when Figs. 3a) and
3b) are compared. The former displays a CV on the planar Pd
surface of a conventional, massive polycrystalline Pd sheet
electrode, whereas the latter is for pnc-Pd. In the respective
CVs, the analogous electrochemical features are observed at
quite different potentials, with the hysteresis noticeably larger
in the porous sample. However, in relation to the in-situ data
for pnc-Pd it is noted that the dilatometer recorded the strain
simultaneously with the voltammogram. Therefore, the corre-
lation between the respective features is forceful and unam-
biguous.

As compared to Fig. 2, the electrochemical in-situ dilatome-
try experiments of Fig. 3b)-d) have a more positive cathodic
vertex potential (-1.05V), including the first current peak in
the hydrogen electrosorption regime but excluding most of
the presumed H absorption current. The data thereby empha-
sizes the initial part of the H electrosorption regime of Fig. 2
where, upon close inspection of Fig. 2¢), a small region with
lesser slope of € versus Q is perceived. By inspection of the
CV’s it is also seen that the negative-going scan of Fig. 3b)
ends after a peak in the CV at E ~ -950mV. This peak corre-
sponds to a similar feature in the CV of the planar Pd surface.
In view of literature results on Pd (111) surfaces [24, 36] the
aforementioned peak can be attributed to H UPD.

Figure 3c) displays charge transfer, 8Q, versus E. As above,
the graph is closed, supporting that the charge can be recov-
ered. Figure 3d) shows the strain plotted versus Q. Similar
to the results of Fig. 2¢), the plot of € versus 0Q exhibits little
hysteresis, suggesting that the measured strain € is a function

of 8Q.

When Pd is repeatedly cycled in the potential interval be-
tween the onset of oxygen species adsorption during positive-
going scans and of H UPD during negative-going scans, i.e.,
between —0.5 V and —0.2 V, one obtains a featureless CV that
is free of electrosorption features. We focus on this condition
of the electrode as our third potential interval of study. Even
though anion adsorption cannot be ruled out on Pd, the condi-
tions may approximate capacitive double layer charging.

Figure 4a) shows 6 CVs superimposed. The successive CVs
are again practically identical. Their lack of feature is at least
compatible with dominantly capacitive charging. The net
charge transferred 6Q and the simultaneously measured
strain, 4b) and 4c), are also featureless. Figure 4d) shows ¢
versus surface charge 8Q. The variation of strain with charge
is linear and free of hysteresis. It shows the electrode to ex-



pand with positive charging, in agreement with the reported
in-situ strain results of Au [37, 38] and Pt [19] in aqueous
electrolytes.
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Figure 3. Results of cyclic voltammogram for (a) planar Pd and (b)
for pnc-Pd in NaF (0.7 M) electrolyte. Figure (c) displays the
charge 8Q obtained from the cyclic scan of figure 2b. (d) € vs.
charge 8Q. The potential at which 8Q = 0 is chosen arbitrary.

Discussion

The key results of the present study are data for the strain
versus the potential or versus the superficial charge density
for porous nanocrystalline pnc-Pd, with an emphasis on the
variation during H electrosorption. The phenomenology is
closely similar to our findings for electrosorption on Pt, see
Ref. [19]. In relation to hydrogen electrosorption, the data
shows indications of both, hydrogen UPD on the surface and
hydrogen absorption in the bulk of the nanograins. Yet, the
separation of adsorption and absorption is not obvious. As a
prerequisite for discussing the issue we shall start out by
inspecting the surface area and the implications for apparent
hydrogen coverage.

Surface area and H coverage

Near their negative vertex, the CVs in the potential interval -
1.05V - +1.1V, Fig. 3b), focus on the region containing the
supposed UPD peak. Identifying the onset of hydrogen elec-
trosorption and the end of desorption as above, the net charge
transferred during the corresponding H electrosorption proc-
ess is found as 6Qy = 0.7+0.05 C. If this charge is converted
into monolayers of adsorbed H using the value, 15.3 at-
oms/nm’, of dense-packed Pd surfaces and a valency of 1, we
estimate the covered surface area at 0.29+0.02m’. In view of

the sample mass of 27.1mg, this would correspond to o, =
10.6+0.8 mz/g, four times smaller than the o, value estimated
from the x-ray data. Thus, even if we account for the pres-
ence of sinter necks at the contact between adjacent particles
and for the ensuing reduction in area accessible to electrolyte,
we must conclude that the amount of adsorbed H in the cy-
cles of Fig. 3b) is not sufficient to form a full UPD
monolayer.
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Figure 4. Results of in-situ dilatometry studies of pnc-Pd in NaF
(0.7 M) electrolyte measured in the double layer interval —0.55V <
E>-0.2 V. Scan rate: 1 mV/s. (a) Cyclic scans of current | vs.
potential E. (b) Net charge transfer 8Q vs. E. (c) Strain € vs. E. (d) €
vs. the charge transfer 6Q. The potential at which 8Q = 0 is chosen
arbitrary.

The above conclusion can be verified by inspecting the sur-
face area from the point of view of oxygen species adsorp-
tion. Here, the net charge is 2.0+0.07 C, and a lower bound
for the active surface area is obtained by assuming that 1 ML
of neutral oxygen is adsorbed, at 2 electrons per OH" ion. The
result is 15.1+0.5 m%/g, still larger than the maximum area
that can be covered by a full ML of H in view of the voltam-
metric charge in the H electrosorption region.

The above considerations on the net surface area are signifi-
cant inasmuch as they confirm that the amount of H adsorbed
in the scans of Fig. 3 corresponds to less than a full
monolayer on the sample surface. This is consistent with the
identification of the associated peak in the CV with H UPD,
and it supports our discussion, see below, of the strain signal
during the early stages of H electrosorption in terms of the
electrocapillary response of the Pd surface to H adsorption.

Electrocapillary response



Under the assumption that bulk concentration changes are
negligible, the strain in response to potential changes can be
attributed to the action of the surface stress [12]. Changes in
the surface charge density, g, change f and thereby lead to
expansion or contraction of the macroscopic sample. The
relevant materials parameter of the surface is the electrocapil-
lary coupling parameter C.

By using the mass-specific surface area, oy, the variation of
in the mean surface stress relative to an arbitrary reference
state can be determined from the macroscopic strain, €, via
[12]

8¢ . 2)

The symbols have the following meaning: K - bulk modulus
of the solid phase, p — mass density of the solid phase. In
view of Eq (1) we may take, for any given electrode process,
&f = ¢ 8g. Since g = Q/A and A = m o,,, with m the sample
mass, the electrocapillary coupling parameter is then obtained
from the data as

L__9Km & )
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It is seen that electrocapillary coupling can be measured
independent of o, so that the uncertainty in the specific
surface area does not propagate into the computation of ¢
[12].

When rearranged as

9Km

de=¢8Q, 4)

Eq. (3) can be exploited to determine ¢ from the data for
strain versus charge from Figs. 2-4. To this end we plot, in
Fig. 5, the left-hand side of Eq (4) versus 0Q, noting that here
(-9 Km)/(2p) takes on the value -1.90kJ. In the representation
of Fig. 5, the slopes of the graphs provide immediately the
coupling parameter ¢.

The evaluation of ¢ is straightforward for the regime of ca-
pacitive charging (Fig. 4 and Fig. 5a)). The graph in Fig. 5a)
is nearly straight, and the slope of the straight line of best fit
gives g =- 1.07+0.07 V. This is considerably smaller than the
value, -2.0 V, found experimentally for ¢ on clean 111-
textured Au surfaces [37], yet almost identical to the -1.06 V
found for capacitive charging of pnc-Pt [19]. The finding
may also be compared with a recent density functional theory
(DFT) study of electrocapillary coupling of various transition
and noble metals [39]. That study predicts the value of ¢ for
capacitively charged Pd (111) surfaces to agree closely with
Pt and to be about half the value for the corresponding Au
surfaces. The agreement of these findings with the experi-
ment is apparent, and specifically the present value of ¢ = -
1.07£0.07 V is very close to the DFT-result of Ref. [39] for
Pd (111),¢=-0.98 V.

The regime of oxygen species electrosorption is best resolved
in the data of Figs. 3 and their representation in 5b). Fits in
the initial regime (8Q < 1.5 C in Fig. 5b)) yield ¢ = -
0.86+0.15 V for oxygen species electrosorption. Again, this

agrees with experiments on Pt, where the corresponding ¢-
value is 0.8+0.1 V [19].

Before moving on to the discussion of the potential-strain
response during H electrosorption, we investigate the me-
chanics of solute incorporation into the bulk and near the
surface of an elastic nanoparticle.
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Figure 5. True and apparent electrocapillary coupling coefficients,
¢. Motivated by Eq (4), thin lines shows -9Km d¢/2p versus 6Q for
scans in different potential intervals, with data in subfigures a), b),
and ¢) computed from dilatometry data of Figures 4, 3, and 2, re-

spectively. Slope of thick semitransparent straight lines provide

value of ¢, as indicated by values annotating the triangles. In a), ¢ is

obtained from a straight-line fit (red line) to the data. In b) and ¢), ¢
is from theory, Eq. (10) for H adsorption (green lines) and Eq. (7)
for H absorption (blue line). States with zero abscissa and ordinate

values are chosen arbitrarily.

A model for sorption strain

As a simple model (Fig. 6), let us consider the absorption of a
misfitting interstitial solute atom in the bulk, focusing on the
limiting case where the surface processes are rate limiting
and diffusion is sufficiently fast for the solute to be distrib-
uted homogeneously throughout the bulk of each nanoparti-
cle. This is motivated by the almost instantaneous equilibra-
tion of H in nanoparticles: The diffusion coefficient, D, of H
in bulk Pd at T =298 K has been reported as 3.8 x 10" m%/s
[40, 41]. Estimating the diffusion distance at v/Dt, the time
required for diffusing hydrogen from the surface to the centre
of a 10 nm particle is obtained as 3 ps, orders of magnitude
shorter than the experiment.



For uniform hydrogen concentration each grain strains uni-
formly and isotropically, with the lattice parameter, a, related
to that of pure Pd, a,, by

a=a,(1+nx). (5)

Here X denotes the H fraction (H atoms per Pd atoms) and | a
concentration strain coefficient, of magnitude n = 0.063 [42].
In situ diffraction experiments on nanocystalline porous sam-
ples with a granular microstructure similar to the present ones
have shown that the dilatometry signal agrees with the lattice
parameter change [12], in other words, 8¢ = da/ay = 1 dx. It is
therefore straightforward to predict the macroscopic strain
due to a given amount of charge transfer, 8Q, when 1 electron
is transferred per H absorbed. The result is

se=—NPL 56 ©6)
mq,

with Q the atomic volume of Pd and g, the elementary

charge. If the data was used — inappropriately — to determine

an electrocapillary coupling parameter by means of Eq. (3),

then the apparent value of ¢ during H absorption in bulk
would be

apparent __ 9KT]Q 7

gab 2 qO > ( )

as is seen by inserting Eq. (6) into Eq. (3). The numerical
value of the apparent ¢ is obtained as +4.9V. Materials pa-
rameters for Pd are K = 187 GPa, n = 0.063, Q = 0.0147nm’
(see references in [31]).

Next, we consider the case where H is exclusively located in
a thin layer at or near the surface. In the sense of Gibbs phe-
nomenological thermodynamics, the scenario can be dis-
cussed in terms of generalized adsorption of an excess, I, of
H per area. This holds even if the incorporation is not in
surface sites but rather in a subsurface layer, provided that it
represents a net amount of excess H in the solid at equilib-
rium that scales with the area of surface. If such a layer is
thin enough, so that its volume is a negligible fraction of the
net volume of a grain, then the grain acts as a rigid substrate
which, to first approximation in surface area per (total) vol-
ume, suppresses strain in the tangent plane. Lemier and
Weissmiiller [31] have investigated that scenario with refer-
ence to H at grain boundaries in polycrystals and have found
that it leads to an effective surface stress change of magni-
tude

- Y qar, ®
1-v

of

apparent =

with Y the Young modulus and v Poisson’s ratio. By means
of Eq. (2) this is seen to give rise to an isotropic strain of the
grain interior, of magnitude
2 1-2v
e=—
3 1-v

a, NPT, (€))

where it was used that, for isotropic solids, the elastic con-
stants are related via Y = 3K(1-2v). When we finally express
I in terms of the associated charge density via I = -g/qy, we
obtain as the apparent electrocapillary coupling parameter for
H adsorption at the surface

_3KnQ 1-2v
G I-v

(10)

Cad

By comparison to Eq. (7) it is seen that the electrocapillary
response is here less than the apparent value for H incorpora-
tion into the bulk of the solid. The reduction is by the factor
2(1-2v)/(3(1-v)). By using v = 0.34 [43,44] and the materials
parameters introduced above for H in Pd, we find the appar-
ent ¢ as +1.17V, fourfold less than the apparent ¢ for bulk H
absorption, Eq. (7).
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Figure 6 Schematic illustration of mechanical deformation of a
chain of nanoparticles due to hydrogen incorporation into the bulk
(top left) or in a layer near the surface (top right). The external strain
sensed by a dilatometer is only dependent on the displacements that
are propagating along the chain, whereas outward displacement of
sections of the free surface are irrelevant. The former is larger for
absorption in bulk. Bottom graph is a schematic of apparent varia-
tion of surface stress, f, with charge, g, per surface area. The two
processes lead to different (apparent) electrocapillary coupling
parameters, ¢, as indicated in the figure and parameterized by the
slopes of the graph of f(q), green line . The transition occurs when
the surface layers are saturated with hydrogen. Top ordinate indi-
cates relation of  to uptake of hydrogen by electrosorption.

As is illustrated schematically in Fig. 6, the considerations so
far highlight a difference in the macroscopic strain of the
porous solid per charge — and, hence, per H atom — depending
on where the H is dissolved: H in the bulk produces roughly
four times more macroscopic strain than H at the surface.
This was found even though the partial molar volume of H
has the identical value, 31n€2, in each case. In other words, the
net volume change of the metal is independent of the location
of the extra solute. The apparent contradiction is resolved
when it is recognized that incorporating misfitting solute —
such as H — at the surface results in an anisotropic strain field,
with an outward displacement, or “stretch” [31], of the out-
ermost layer of atoms as its dominant effect. Stretch reduces
the pore volume but does not propagate along the network of



solid nanoparticles. By contrast, H in the bulk produces an
isotropic strain field, which is more efficient in elongating the
chains of nanoparticles that make up the backbone of the
porous material. The above-mentioned distinction between
the volume changes of the solid phase and of the macroscopic
porous body had been recognized in earlier work [45] and
confirmed by dedicated atomistic study [46] and experiments
[47].

Comparing model and experiment

The results of Figs. 5b) and c) allow the true and apparent
electrocapillary response for hydrogen electrosorption at the
surface and in the bulk to be examined from an experimental
point of view. For illustration we have included the predic-
tion of the model as solid lines. The slopes of those lines
represent the ¢-values of Eqs (7) and (10), while their dis-
placement along the ordinate is chosen for agreement with
the experiment. It is seen, that the apparent break in the ex-
perimental graphs suggests a transition between adsorption
and absorption at the value of 8Q ~ -0.6 C in the scale of Fig.
5¢). The model graph therefore represents a scenario where H
is initially adsorbed up to a particular maximum value, Ty,
of the specific excess, and then absorbed into the bulk. We
cannot determine I, because of the experimental uncer-
tainty in the specific surface area. Yet, the discussion has
emphasized that 6Q ~ -0.6 C does represent a superficial
excess of less than 1 atomic monolayer of H.

By inspection of Figs. 5b) and c) it is seen that the model
agrees with the essentials of the experiment. Specifically, the
data confirm a marked transition between a small electro-
capillary response in the initial stage of H electrosorption and
a much larger apparent electrocapillary response at the later
stages. In the initial stage of electrosorption, the agreement
between experiment and model is seen to be quite precise,
with the experimental graph in Fig. 5b) reproducing quantita-
tively the slope of the model. The same feature is also ob-
servable in the data, Fig. 5c), for the larger potential interval,
where a small region of weak potential strain response pre-
cedes the entry into the regime of steep variation. In this
steeper region, the experimental graph varies less than the
model. Yet, the qualitative difference between the two re-
gimes is well reproduced.

The agreement in the initial stage of H electrosorption con-
firms the notion that this stage represents H UPD. The model
value of ¢ =+1.17 V is not inconsistent with the data from the
shift of the UPD potential of strained Pd layers, ¢ = +1.4 V,
as reported in Ref. [18]. The present finding for Pd is also
comparable to the experimental data for potential-strain re-
sponse of pnc-Pt during H UPD, ¢ = +1.5 V [19]. Here again
there is at least qualitative agreement with DFT studies, since
data in Ref. [17] imply ¢ = +1.9 V for H adsorption on Pt
(111) [18].

The transition to a much larger apparent electrocapillary
response at the later stages of H electrosorption confirms the
scenario developed in the model.

Conclusion

The results of in this in-situ dilatometry study of the deforma-
tion of porous nanocrystalline (pnc-) Pd in electrolyte can be
summarized as follows:

Changes in the surface stress, f, during the electrosorption of
hydrogen or of oxygen species on pnc-Pd induce large mac-
roscopic strain that is readily measured by dilatometry. The
surface stress response can be quantified by means of the
electrocapillary coupling parameter, ¢, defined as the deriva-
tive of f with respect to the superficial charge density.

By suitable selection of the intervals of electrode potential
one can distinguish four different regimes, each with its own,
characteristic value of ¢. These regimes are oxygen species
adsorption, capacitive charging of the electrochemical dou-
ble-layer, hydrogen adsorption in the surface regions, and
hydrogen absorption in the bulk.

Our results for ¢ during capacitive charging are well consis-
tent with experiment on Pt and with DFT-data for Pd. The
present results for ¢ during H adsorption support previous
findings, derived more indirectly from the variation of the H
electrosorption potential with tangential strain on Pd surfaces
in epitaxy with substrates of different lattice parameters.

The values of ¢ differ strongly between H adsorption and
absorption, and the difference can be quantitatively under-
stood in terms of a model based on the continuum mechanics
of superficial layers containing misfitting solute. The model
considers H within the bulk of a thin layer. Its success might
therefore indicate that adsorbed H here occupies subsurface
sites. Yet, as we have exposed, H adsorption on the surface
(and not in subsurface sites) of Pt gives a similar response to
what is found for Pd. This might indicate a more general
trend, where the elastic interaction of the solute with the
surface is only weakly dependent on whether surface or sub-
surface sites are occupied. Our model might then represent a
more general picture of the impact of adsorption on the capil-
lary forces at solid surfaces.
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