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This report is the first describing a study quantitatively analysing
aspects of oxide surface protonics in a dry H, atmosphere. Eluci-
dating surface protonics is important for electrochemical and
catalytic applications. In this study, AC impedance spectroscopy
was used to investigate surface conduction properties of porous
CeO, at low temperatures (423—-573 K) and in a dry H, atmosphere.
Results demonstrated that the conductivity increased by several
orders of magnitude when H;, was supplied. Dissociative adsorption
of H, contributes to conduction by forming proton—electron pairs.
Also, H/D isotope exchange studies confirmed protons as the
dominant conduction carriers. Furthermore, H, adsorption equili-
brium modelling based on the Langmuir mechanism was applied to
explain the H; partial pressure dependence of conductivity. For the
first time, the obtained model explains the experimentally obtained
results both qualitatively and quantitatively. These findings repre-
sent new insights into surface protonics in H, atmosphere.

The phenomenon of surface protonics has potential applications
in proton-conducting fuel cells,’ proton exchange membranes®
and electrochemical gas sensors.’ This phenomenon is defined
as proton transfer at oxide surfaces. Moreover, surface protonics
plays an important role in heterogeneous catalysis.*” Surface
proton conduction is observed in the presence of H,O or H, at
temperatures of room temperature to 773 K.'*' Because adsorp-
tion plays an important role, porous samples at low temperatures
are preferred; for H,O adsorption, multilayers are formed. It is
noteworthy that no multilayer is formed in the adsorption of H,,
thereby leading to a difference in surface proton transport
behaviour: in an H,O atmosphere, free protons and mainly
hydronium ions move through the chemisorbed and physisorbed
water layers on the oxide, respectively according to the Grotthuss
and vehicle mechanisms.** Which mechanism prevails depends
on the water layer thickness in relation to temperature and
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relative humidity.>® However, in an H, atmosphere, dissociative
adsorption of H, produces proton-electron pairs. The produced
protons are transferred on the surface lattice oxygen by a hopping
mechanism.?" The presence of a metal (e.g. Pt) is regarded as
necessary for H, dissociation and spillover.

The evaluation of surface proton conduction is of great
importance. For that evaluation, AC impedance spectroscopy
is a promising technique because it allows separation of the
electrical properties into components (e.g. bulk and grain
boundaries), and facilitates their subsequent quantified. To
date, many reports have described studies using AC impedance
measurements to characterise surface proton conduction
properties in an H,0 atmosphere.'®° Earlier reports described
that surface proton conductivity under an H,O atmosphere can
be quantified using an equivalent circuit suitable for the
analysis.>®**® The equivalent circuit included surface compo-
nents parallel to the bulk and grain boundary components,
thereby allowing direct assessment of surface proton transport
in the adsorbed water layer.

However, the evaluation of surface proton conduction under
a dry H, atmosphere has been reported only qualitatively.>' It
has not yet reached the stage of quantitative evaluation. There-
fore, a more general theory of surface proton conduction under
a dry H, atmosphere must be found.

This study investigated surface proton conduction proper-
ties induced by dry H, supply on porous CeO, by AC impedance
measurements. Then a model was proposed to interpret those
properties in terms of H, partial pressure dependence. This
study provides new insights into surface proton conduction in
H, atmosphere on an oxide surface. As the sample to be
measured, we selected CeO, (JRC-CEO-1), because surface pro-
tonic transport on CeO, has been widely studied**>® and CeO,
as a surface proton-conducting oxide is important for catalysis
and fuel cell applications.**?” Experimental procedures are
described in ESL.f

First, the H, supply effects on conductivity for porous CeO,
were investigated at various temperatures by AC impedance
measurement. The obtained data were analysed using a parallel
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Fig. 1 Temperature dependence of conductivity for CeO, under Ar and
5%H,/Ar atmospheres.

RQ equivalent circuit presented in Fig. S1 (ESI{). The tempera-
ture dependence of the CeO, conductivity with and without H,
supply is presented in Fig. 1. From these data, we inferred that
the H, supply increased the conductivity by several orders of
magnitude. The marked increase in conductivity is not attribu-
table to oxygen vacancy formation, as explained in the discus-
sion of ESIT (see Fig. S2 and S3). A change in the activation
energy was also observed before and after H, supply, as shown
in Table 1, suggesting a change in the conduction mechanism
or conductive carriers. According to earlier reports, porous
samples with relative density of around 60% provide informa-
tion related to conduction with adsorbed species.”®' As shown
in Fig. S4 in ESI,} SEM observations confirmed the presence of
numerous pores in samples with relative density of
approximately 60%.

The increase in conductivity can therefore be attributed to
the dissociative adsorption of H, and the formation of con-
ducting species, as presented in eqn (1)-(3).

H; + 2Zlectr0de < 2I_Ie*lectrode (1)
2HZlectrode + 26302 A ZH*CEOZ + 2;lectr0de (2)
2H*Ceoz — 2Hée02* + 2e” (3)

Therein, * denotes adsorption site. Hydrogen spillover has
been reported earlier.’*3?

Dissociative adsorption of H, is thought to have occurred on
the Pt electrode. It then spilled over onto CeO,, giving rise to
proton and electron pairs. On various reducible oxides (e.g.
CeO,, TiO,, WO3), protons are said to bind to surface lattice
oxygen; electrons reduce metal cations near O-H bonds.*
Protons move over the oxide surface, whereas electrons move
via the conduction band.

Table 1 Apparent activation energy of conduction for each condition

Condition (—) Activation energy (eV)

Ar only (>573 K) 1.33
Ar only (<573 K) 0.18
5%H,/Ar (>500 K) 1.48
5%H,/Ar (<500 K) 0.24
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Table 2 H/D isotope effects on conductivity at each temperature

Temp (K) oplou (—)
573 0.79
548 0.67
523 0.59
498 0.72
473 0.69
448 0.68
423 0.69

Next, the H/D isotope effect was investigated to identify the
dominant conducting carrier in the H, atmosphere. As a result,
the H/D isotope effect was identified at each measured tem-
perature, as shown in Table 2 and in Fig. S5 in ESL{ Those
findings are explainable by the different barriers posed by the
hopping mechanism against the transfer of protons and deu-
terons. The deuteron transfer barrier is well known to be higher
than the proton transfer barrier because of the different ener-
gies of the O-H and O-D ground states. According to classical
theory, the theoretical value of the H/D isotope effect on the
hopping proton/deuteron conductivity op+/ay+ is expected to be
— (=0.71),**¢ as calculated using the following equation.®’

V2

0D+ DD* - VMy+ L (4)
OH+ DH+ \/Mp+ a \/j

In that equation, D denotes diffusivity; m stands for the
mass of the diffusing species. As Table 2 shows, the theoretical
value closely approximates the experimentally obtained values.
It can therefore be inferred that protons are the dominant
conduction carrier in the H, atmosphere and that they are
transferred via the hopping mechanism. The possibility of
proton conduction in the bulk was ruled out; in general, the
diffusivity of hydrogen in CeO, is low,*® and considerably high
temperatures (above 1050 K) are required for CeO, to exhibit
the bulk proton conduction.?® So we attributed the measured
proton conductivity only to the oxide surface and not to
the bulk.

Next, to elucidate the surface protonics in an H, atmosphere
further, the effects of the H, partial pressure dependence were
investigated. As Fig. 2 shows, the conductivity increased
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Fig. 2 H, partial pressure dependence of conductivity for CeO, at 473 K.
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concomitantly with increasing H, partial pressure. At the low H,
partial pressure region, the slope was 0.13. It then saturated
gradually with increasing H, partial pressure, indicating a rela-
tion between conductivity and H, coverage. Based on these
results, an H, adsorption equilibrium model was proposed to
interpret the H, partial pressure dependence of conductivity.

As explained in the preceding section, dissociative adsorp-
tion of H, and spillover lead to the formation of protons on the
CeO, surface, as shown particularly by eqn (1)—(3). For simpli-
city, eqn (1) and (2) were combined. The reaction on the Pt
electrode was omitted.

H; + 2Ee02 A 2HE€OZ (5)

The total equation for eqn (3) and (5) and the equilibrium
constant K., can be written as

H + 2¢e0, < 2H 0, + 267 (6)
_ HPEP
Ktolal - P]-[z(l — 9)2 (7)

where 0 denotes the coverage over CeO,. Considering charge
neutrality (([H'] = [e]), the following equation is obtainable.
[H]*

Kiotal = m (8)

Then, rearranging eqn (8) yields the following equation.

i 11
H'] =K} (1 —0)2Py,4 9

This equation represents the H, partial pressure depen-
dence of proton concentration. However, the relation between
H, partial pressure and coverage is not considered. The H,
partial pressure dependence is explainable by the Langmuir
adsorption model. The Langmuir adsorption model includes
the assumption that the adsorption sites are homogeneous
without interactions and that no interaction exists between
neighbouring adsorbed molecules. The model also describes
the adsorption of molecules on a solid surface as a function of
gas pressure at a constant temperature. Applying the Langmuir
adsorption model to eqn (5) gives the following equation.

1
(KHz PHz )2

Oy = T
1+ (KHZPHZ)2

(10)

Therein, Ky, denotes the Langmuir adsorption constant.
The H, atom coverage represented in the eqn (10) can be
assumed to be similar to 6. Then, substituting the coverage in
the eqn (9) yields the following equation.

=

Ky, P
[Hﬂ :KH#»% ( Hy Hz)

<1 . (KHIPH2)£>% (11)

In that equation, Ky- is the equilibrium constant for eqn (5).
The carrier concentration such as that of protons is related to
the conductivity.
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o = zFcu (12)

Therein, z, F, ¢, and u respectively denote the charge num-
ber, Faraday’s constant, carrier concentration, and mobility.

Substituting the proton concentration expressed in eqn (11)
into eqn (12) yields the following equation.

1
(KHZ PH2)4

(1 + (KHZPHZ)%)

O’H+:A

(13)

D=

1
In this equation, 4 = Fuy+ Ky+4
Therefore, the following can be inferred from eqn (13); (1) At

1
low H, partial pressures, (Kp,Pp,)2< 1. Then the proton
conductivity is proportional to the power of 1/4 of the H,

pressure. (2) At high H, partial pressures, (KHZPHZ)%>> 1. Then
the proton conductivity is independent of the H, partial pres-
sure. These conclusions show close agreement with the experi-
mentally obtained results. Furthermore, to explain the
dependence of conductivity on H, partial pressure quantita-
tively rather than qualitatively, eqn (13) can be rearranged as
shown below.

1 1 1

2= T 1
THt AZKH22PH22

1
+ Z (14)

The values of A and Ky, are obtainable by the slope and

1 . 1 1
ys.——. The relation between ——vs

I 27T
= [0} + =
Py,?2 H Py,2

intercept of 3 is

OH+

shown in Fig. 3.

As expected, a linear relation was confirmed. The values of A
and Ky, were calculated respectively as 2.5 X 107°Scem ' and
4.8 x 10” atm . Substituting these values in the eqn (13)
enables calculation of the value of oy+ at the H, partial
pressure. A comparison of the experimentally obtained data
with the calculated data is presented in Fig. 4. The calculated
on+ showed good correspondence with the experimentally
obtained results, thereby proving the model validity.

In summary, AC impedance measurements were taken to
characterise the electrical properties of porous CeO, in a dry H,
atmosphere. A marked increase in conductivity with H, supply
was observed, suggesting the formation of conductive carriers
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Fig. 3 Relation between Py, % and oy 2.
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Fig. 4 H; partial pressure dependence of conductivity for CeO, at 473 K:
experimentally obtained data and calculated data.
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Fig. 5 Schematic image of the surface proton conduction in a dry H;
condition on CeO,.

(protons and electrons) by dissociative adsorption of H, as
shown in Fig. 5. The H/D isotope effect was also observed,
indicating protons as the dominant conductive carriers.
Furthermore, the proposed H, adsorption equilibrium model
quantitatively describes the H, partial pressure dependence of
the conductivity. The model presented herein provides new
insights into surface protonics in a dry H, atmosphere. The
development of surface protonics in a dry H, atmosphere and
the establishment of a method for measuring and evaluating
such protonics are expected to be applied to various catalytic
reactions such as ammonia synthesis in a dry H, atmosphere in
the future.
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