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Solid sodium hydroxide has been prepared and investigated
with respect to its transport properties. The proton conductivity
depends significantly on the water content. In NaOH with min-
imum water content (NaOH in phase equilibrium with Na,0)
the proton conductivity is much lower than reported in the
literature. Defect chemistry and transport characteristics are
discussed. For the same dry samples pulsed field gradient NMR
revealed a surprisingly high H-diffusion coefficient and thus
a Haven ratio of 10-10* in the cubic phase. In fact this value is
only the lower limit since the measured conductivity may still be
influenced by residual extrinsic effects or due to Na™ contribu-
tions. A cooperative mechanism is described which is able to
explain this anomaly. © 1999 Academic Press

Key Words: proton conductivity; tracer diffusion; correlations;
sodium hydroxide.

INTRODUCTION

In contrast to the well-known proton conducting oxides,
in which H,O can be dissolved under formation of internal
OH-groups, according to

H,O + O5 + Vo==20H§, [1]
OH™ is the major anionic constituent in hydroxides. In
proton conducting oxides the OH --- O distance is small
enough to easily enable a Grothuss-type of H* migration.
By contrast, the O-O distance in the high-temperature
phase of the alkaline metal hydroxides is too large
(360-460 pm) to support this kind of transport mechanism.
Also the amphoteric nature of OH™ is probability not
marked enough to facilitate a proton donor-acceptor mech-
anism, nor does it—in contrast, e.g., to the high temperature
phase of CsHSO, (1)—favor a pronounced self-dissociation
of OH™ into internal HOH and O?~. However, the high

proton density should lead to the possibility of cooperative
motion. Haas and Schindewolf (2, 3), Stephen and Howe (4)
and ElIk’kin et al. (5, 6) found enormously (but different) high
conductivity values (7, 8). While the former authors explain-
ed this in terms of water and carbonate contaminations, the
latter ones held the above-mentioned autoprotolysis reac-
tion responsible for the significant conductivity. In the fol-
lowing paper we investigate proton transport with two
alternative methods, impedance spectroscopy and pulsed
field gradient NMR (PFG-NMR). Special emphasis is laid
on the preparation of pure, water-free NaOH (see Ref. (7, 8)).
A general report on our measurements of the hydroxides of
the alkaline group (besides NaOH also KOH, RbOH, and
CsOH) has already been given elsewhere (9). This paper
focuses on NaOH and is much more detailed with respect to
defect chemistry and transport.

In the high-temperature cubic phase of NaOH the aniso-
tropic OH ™ ions are fully rotationally disordered, a freezing
of which leads to a symmetry reduction. Besides the cubic
rock salt structured phase (560 K < T < Ty = 592 K),
NaOH exhibits a monoclinic phase (514 K < T < 566 K)
and below 514 K an orthorhombic phase. A detailed de-
scription of the structure can be found in Refs. (7, 10-17)
(see Fig. 1). Before we discuss the experimental results let us
consider the expected defect chemical situation.

DEFECT CHEMISTRY OF HYDROXIDES

In addition to the ionic disorder reactions which we
usually discuss in compounds with elemental cations and
anions (M*X "), e.g,. Frenkel-, Anti-Frenkel-, Schottky-,
and Anti-Schottky-disorder describing spatial displacement
processes of anions and cations, in compounds exhibiting
a “complex” ion, such as the anion OH ™, we face also the
possibility of compositional disorder within a single ion (i.e.,
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FIG. 1. Survey of the modifications occurring in the alkaline metal
hydroxides (18).

02~ or H,O instead of OH 7). In the cases of the hydroxides
this refers to the above-mentioned autoprotolysis reaction

20H,;=H,08: + Oon. [2]
Electronic processes are unlikely to occur in NaOH to

a major extent. A relatively plausible redox reaction might
be the formation of peroxide defects (O~ =0g;)

30, + 20H5,==H,0 + 205, =H,0 + 2h* + 20,,.
(3]

Yet, there are no indications of electronic contributions to
the conductivity nor have we found any traces of paramag-
netic centers by EPR (detection limit 102 spins/cm?, see
below). So in fact, as we shall see, the part usually played by
the electronic carrier in the Kroger—Vink diagrams is “taken
over” by the protonic defects. A water excess over the
intrinsic value (denoted by [H,O]¥) can be incorporated in
the form of interstitial OH ~(OHj;) accompanied by a proto-
nation of regular OH~ (formation of H,O8y or H,O;"):

H,O + OHSy, + Vi=OH; + H,054(=H,O0; + OHSy).
[4]

Thus in the H,O-rich ([H,O] > [H,O]*) branch the hy-
droxide is comparatively acidic.

This will be the decisive mode of incorporation if OH™
can occupy interstices in the structure. In this case we expect
an Anti-Frenkel reaction to be important

OHgy + Vi=Vou + OH;. [5]
The other possibility is Anti-Schottky disorder which also

involves OHj but also the formation of Na;. This is a very
unusual disorder mode but may not be completely excluded
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in view of the loose structure. If only Schottky disorder

OH(, + Nag, =Vou + Vi, + NaOH [6]
were possible, the water solubility would be restricted to the
filling of the OH™ vacancies and thus to small values.
NaOH is, however, known to absorb as much as several
percent of water as will be discussed below (Ref. (19)). In
principle, however, the water solubility may consist of
a formation of a water excess and/or an annihilation of
a water deficiency formed according to

20H;,=H,0 + Véu + Obp. [7]
In this branch the hydroxide is comparatively basic. What
we definitely know is that the equilibrium homogeneity
range is bounded by the phase equilibrium with Na,O on
one side and NaOH - H,O on the other side.

Figure 2 shows the equilibrium partial pressure of water
as a function of the H,O/Na,O ratio at 336 K as calculated
from Ref. (20). The course inside the single phase regimes is
not known.

Figure 3 shows the native disorder in the hydroxides in
form of Kroger-Vink diagrams. We recognize the similiarity
to the usual diagrams for pure oxides if we replace the role
of electrons by the role of protons. Use has been made of the
electroneutrality assumption and of the equilibria for the
reactions described by Egs. [2], [4], and [5] (Eq. [7] is
redundant), i.e., an Anti-Frenkel disorder has been assumed
to dominate the ionic disorder. It can be immediately de-
duced from the diagrams that the proton conductivity is
expected to increase in the H,0O-excess region while it is
expected to decrease in the H,O-deficient region unless the
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FIG. 2. Equilibration partial pressure of water in the relevant section
of the system Na,O-H,O. The course within the phases is schematic (18).
As will be discussed below, the point of inflection within the NaOH phase
will be close to the left-hand side boundary.
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FIG. 3. Defect chemistry in hydroxides sketched as a function of water
partial pressure based on the reactions described by Eqs. [2], [4], and [5]
assuming Ks)» K ).

proton mobilities involving transfer from OH~ to O2?~
are different from H,O to OH™ by many orders of
magnitude.

Below we shall see in detail that the conductivity always
increases with water content leading to the assumption that
water is essentially incorporated via reaction Eq. [4] and
the intrinsic value, [H,O]* corresponding to P;‘}ZO, in
Fig. 2 is close to the NaOH/Na,O boundary. This is in
agreement with the fact that the structure is fairly loose
(7, 10-17).

Of considerable influence are carbonate impurities which
we shall consider to be introduced as (CO3)oy according to

CO, + 20Hou=(CO3)on + H,04n. [8]
The formation of H,Ogy is expected to lead to an increase
in the proton conductivity as observed experimentally. In
line with the above statements an increase of the proton
conductivity upon CO, treatment is observed. Figure 4 dis-
plays the CO, effect. The right-hand side figures refer to
a water excess situation while the left-hand side figures refer
to a composition very close to the intrinsic value. The top
figures are calculated by assuming equilibration with the gas
phase while the bottom figures reflect a doped situation in
which a certain CO3~ content has been introduced during
preparation acting as a constant doping concentration at
the temperatures of measurement. This difference affects the
slopes in the regime of significant CO3~ content.

It is of course expected but worth mentioning that also
the concentration of V¢§y increases steeply (see Fig. 4) as
illustrated by the reaction (coupling with reactions [5] and

[4])
CO, + 20H,=(COs)on + H,0 + V. [9]

The fact that both CO, and H,O introduction lead to an
increase of the conductivity but are antagonistic in terms of
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Vu and OH{ defects rules out that the proton transport is
due to OH™ hopping.

PREPARATION AND CHARACTERIZATION

Several preparation procedures have been employed; see
Ref. (9, 18). The technique used for obtaining essentially
carbonate-free NaOH samples was sublimation in a CO,-
free environment. Owing to the marked hygroscopicity,
high-vacuum treatment was not sufficient to keep the hy-
droxide water free. This was achieved by admixtures of
Na,O (see Fig. 5). For the transport measurements a small
excess of Na,O was deliberately introduced to establish
a minimum water content which was checked by DSC
experiments. Increasing the water content to a solubility
limit of ~2% in the cubic phase depresses the melting point
from 566 K to 561 K as displayed in Fig. 6. The absence of
an impurity peak indicates a CO, content lower than
0.15 mol% (18, 19). Hence CO, effects are not expected to
influence the proton conductivity of “wet NaOH” but may
still be of relevance for the behavior of “dry NaOH.” As
already mentioned EPR analysis proved the absence of
paramagnetic impurities (< 102 spins/cm?).

CONDUCTIVITY AND PFG-NMR EXPERIMENTS:
EXPERIMENTAL

Details of the experimental procedure and the apparatus
are given in Refs. (9, 18) with respect to the impedance and
NMR experiments. A typical impedance spectrum is shown
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FIG.4. The CO, effect on the defect chemistry in hydroxides based on
Egs. [2], [4], [5], and [8]. Upper row calculated for reversible CO,
exchange, lower row for a fixed CO, content (termed C). Left-hand side
columns and right-hand side column refer to different native situations (viz.
center regime of FIG. 3 and right-hand side of Fig. 3, respectively.)
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FIG. 5. Relevant diagrams (a) NaOH-Na,O (21), (b) NaOH-H,0 (22), (c) NaOH-Na,CO3; (22).

in Fig. 7 (the exponent of the constant phase element of
a simple R-Q circuit ~ 0.7-0.9). The typical depression of
the maximum frequency points toward correlation effects.
In any experiment not even an indication of a deconvolu-
tion into separate semicircles was observed. In order to
study the frequency effects more carefully microwave experi-
ments have been performed.

Within a glove box NaOH powder was pressed into
rectangular waveguide sections. To prevent corrosion, the

(2]
o

N W ~ow
o O O o

heat effect / mW
=}

stainless steel waveguide sections had been coated with
a gold layer of 5 um thickness. This sample holder was
flanged to a microwave setup described elsewhere (23, 24).
During the measurements the rectangular waveguide sys-
tem was continuously flooded with dry Ar gas of high purity
(99.999%). The complex conductivity was calculated from
the experimentally determined attenuation of the transmit-
ted and the reflected wave using a simulation method de-
scribed elsewhere (23, 24).

heat effect /mW

FIG.6. Effects of H,O and Na,O on the transition points in NaOH according to DSC experiments (18) (left-hand side reflects the influence of different
water contents; right-hand side: bottom curve shows the reaction of Na,O excess with H,O during heating, top curve corresponds to cooling of the

water-free product. pl: <1% H,0; p2: ~3% H,0).
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FIG. 7. Typical impedance spectra of NaOH sample (top, monoclinic;
bottom, cubic).

CONDUCTIVITY AND NMR EXPERIMENTS: RESULTS
Conductivity Spectroscopy

Figure 8 shows the angular frequency dependence of
a'(v) T obtained by impedance spectroscopy at various tem-
peratures. ¢’ represents the real part of the complex con-
ductivity (complex specific admittance). The low-frequency
plateau reflects the d.c. conductivity values, in the following
denoted by ¢(0) or simply by o. The dashed straight line in
Fig. 8 connects the angular frequencies v,, where the
transition from the d.c. into dispersive regime for each
isotherm occurs, v, is defined by a’'(v,) = 2-¢(0).

The spectra are well-reproduced by forward-backward
correlation effects described in the jump relaxation model
(25). According to this model, all jumps not proven unsuc-
cessful within the time window given by the inverse angular
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FIG.8. Frequency dependence of the real part of the complex conduct-
ivity at different temperatures (filled symbols; monoclinic; open symbols,
cubic NaOH).

FIG. 9. (d.c.) conductivity derived from impedance measurements as
a function of temperature.

frequency do contribute to the conductivity. It is, therefore,
found to increase with frequency.

Figure 9 displays the d.c. conductivity as a function of
temperature for a nominally dry sample and a sample with
a slight Na, O excess. The conductivity decrease is definitely
due to a lower H,O content and not to a potential blocking
by the second phase as studied in detail in Ref. (18). The
values are much lower than reported previously in the
literature. These literature values can be attributed to native
(H,O) and/or impurity effects (CO,). The conductivity data
have been rescaled using a scaling procedure proposed by
Roling et al. (26). The results are shown in Fig. 10. Note that
in contrast to Ref. (26) a semilogarithmic representation has
been chosen. The scaled data of the cubic phase on the one
hand and the data of the monoclinic/orthorhombic phase
on the other hand form a master curve. The shift of the two
master curves on the normalized frequency scale can either
be traced back to different number densities of the mobile
ions, different jump distances, or different Haven ratios
existing in the various phases of NaOH.
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FIG. 10. Master curves according to Ref. (26) (see text).
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FIG. 11. Real part of the complex conductivity for high frequencies.

The fact that master curves can be constructed from the
NaOH conductivity spectra confirms the validity of the
time/temperature superposition principle for these data. It
also indicates that in each phase the number density of the
mobile ions does not significantly depend on temperature.
This is in contrast to other crystalline ion conductors, such
as AgBr (27) and f-Agl (28) for which the above-mentioned
scaling procedure cannot be performed (29).

According to Ref. (30), ¢’(v)/a(0) increases more rapidly
when the normalized frequency is increased. The slope in
a log-log plot of ¢'/a(0) versus v/(¢(0)T) finally attains
unity. A slope of approximately one is clearly visible in the
conductivity data of NaOH obtained by microwave
measurements; see Fig. 11.

In Fig. 12 the real part of the complex conductivity at
33 GHz is shown as a function of temperature. ¢’ is signifi-
cantly higher than ¢(0) since at high frequencies also trans-
lational ionic processes are observed which do not lead to
successful hops; the increase from the monoclinic to the
cubic phase is also noteworthy (not seen in Fig. 9).
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FIG.12. Real part of the complex conductivity at 33 GHz as a function
of temperature.
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FIG. 13. Apparent dielectric constant derived from the maximum
frequency of the impedance plots for various temperatures.

Figure 13 gives the apparent dielectric constant derived
from the maximum frequency of the impedance plots
according to ((R*~"Q)'™ (31, 32) (n, exponent; R, Ohmic
resistance; Q, frequency dependent capacitance). The high-
frequency value of the real part of the complex permittivity
could be reliably determined from the microwave measure-
ments. It is only slightly frequency dependent and increases
significantly at the transition from the monoclinic to the
cube phase which is understandable in view of the dynamic
rotational disorder (Fig. 14). Again such a sharp transition is
not observed in the data at lower frequencies (see Fig. 13).

PFG-NMR

As observed from Fig. 15 diffusion coefficients derived
from PFG-NMR are distinctly higher for dry NaOH than
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FIG. 14. Real part of the complex permittivity (high-frequency value)
as a function of temperature.
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FIG.15. PGF-NMR diffusion coefficients for differently dried NaOH
(cf. Fig. 6). The distinctly lower large diffusion coefficients correspond to
extremely high Haven ratios (Hy).

derived from d.c. conductivity. (No portions of molten
phase could be detected.) The difference between dried
NaOH with and without Na,O excess in the cubic phase is
less significant than for the conductivity. (Interestingly the
molten phase reacts more sensitively with respect to H,O
traces. The monohydrate exhibits also comparatively high
D values. The high values observed for NaOH containing an
excess of NaOH - H,O is due to melting point depression
(18).) The fact that the data is higher than for the molten dry
NaOH reflects again the H,O influence.

DISCUSSION
Charge Transport

As far as the d.c. conductivity data (Fig. 16) is concerned,
the discrepancy to the literature is striking. The values by
Elk’kin et al. and especially by Haas et al. are greater by
orders of magnitude. The disappearance of any jump at the
nominal melting point indicates the formation of a liquid
mixed phase involving a significant fraction of carbonate
and/or water in the literature measurements. In fact Haas et
al. (2) referred to the formation of eutectic OH~/CO3%~
melts, the transition point of which is further depressed by
water. It is noteworthy that their values for the melt are
higher than observed here, again pointing toward the role of
H,0O/CO, with respect to the transport also in the liquid
phase. The low values observed here can be attributed to the
low H,O/CO, content. The much decreased absolute value
suggests transport via H,Ogdy. In the water-rich regime we
expect (u, mobility; K;, refers to Eq. [i]).

[10]

. 12 172
op+ OC”HZOOH'PHZOKM{) R
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while around the intrinsic point (assuming [OH;] ~ [Vu])
On+ OC Um0 - PHZOK(IM. [11]

Exactly at the intrinsic point ([HZO(')H] = [ObH]) we could also
write (assuming U028, > liog,,)

ok ~ FuHZO(-)HK(lz/f. [12]
Adopting a value of K, = 107'mol?/dm® proposed by
(33) the mobility would be ~10"5cm?s~ V™! a not un-
reasonable value.

Also the behavior at the transition from the monoclinic to
the cubic phase is worth being discussed. Since proton
conduction via H,Ogy requires reorientation, the transition
from a rotationally ordered to a rotationally disordered
phase should be reflected in the conductivity. The continu-
ous and curved increase of ¢(0) with temperature (in con-
trast to Fig. 12) may be explained by inhomogeneity or
extrinsic effects (see above). Figure 17 gives diffusion coef-
ficient values derived from impedance and microwave
measurements and PFG-NMR. The dotted curve corres-
ponds to a power law fit using an exponent of 1 which has
been derived from Fig. 11; the dashed curve corresponds to
a master curve constructed from conductivity data of glassy
Agl-AgPOj; (30). Both are adjusted with respect to the
low-frequency data. Note that the low-frequency data do
not well agree with a unity power law in a better resolution
and the curves are only shown for the purpose of a first
orientation.

Even though the decrease in ¢ on decreasing the H,O
content can fairly firmly be ascribed to a lower proton
conduction, it cannot be excluded that the residual value
observed is due to a Na*' conductivity. This might be
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FIG. 16. Comparison of d.c. data with literature (6, 2).
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FIG. 17. Diffusion coefficients (cubic NaOH) derived from impedance
spectroscopy, microwave experiments, and PFG-NMR. The dotted curve
corresponds to a power law fit using an exponent of 1, the dashed curve to
a master curve constructed from conductivity data of glassy Agl-AgPO;;
both adjusted with respect to the low frequency data.

supported by the fact that the activation enthalpy as well as
the frequency behavior is quite comparable to that of NaCl.
In that case the true Haven ratio could even be greater.
These are, however, weak arguments and the fact that we
did not observe electrode polarisation may favor H* con-
ductivity. This is then also in line with the conclusion given
in the previous section that the carrier density is T-indepen-
dent pointing toward extrinsic protonic effects due to resid-
ual H,O and/or CO, contents. Electronic contributions can
be neglected according to the absence of redox-active ions,
according to the EPR results and the fact that Na,O,
admixtures do not influence the electrical conduction (18).

Most striking is the huge discrepancy between NMR
results and the diffusion coefficients converted from d.c.
conductivity values via Nernst-FEinstein equation D,. For
the following discussion we shall neglect correlation effects
of the order of unity. Then diffusion coefficients derived
from PFG-NMR are equivalent to tracer diffusion coeffi-
cients (D*). The values obtained for the cubic phase are as
high as for high temperature phase of CsHSO,, but must
have a different origin (see above). Major differences be-
tween D* and D, arise—generally speaking—if in addition
to charged hydrogen motion also neutral transport is in-
volved. As can be seen in Fig. 15, the ratio D*/D,, com-
monly termed the Haven ratio, amounts at least to 10* while
it falls down to ~ 1 in the liquid phase. If the conductivity in
NaOH (cubic) partly stems from Na* motion, this is only
the lower limit. The following mechanism is able to explain
the giant Haven ratio: It assumes that there is cooperative
proton motion extending to one or more faces of the
Na(OH)g, octahedra. As displayed in Fig. 18, the proton
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attached to Oy is transferred to O¢ while H, “jumps” to Og
and Hc to O,. The back-mechanism may be avoided by the
subsequent rotation of the proton around oxygen
(ko ~ 10'2s~1 (13-15,20)). This correlated circular ex-
change requires a special orientation; all OH groups have to
point to each other as shown in Fig. 18. This “dance event”
can also be continued over a longer range which is detected
by PFG-NMR. The sheer existence of a correlated proton
exchange has already been proposed in Ref. (13, 15) on the
basis of neutron diffraction experiments.
Let us assess the entropy associated with a ring event.

nil=ring event. [13]
Neglecting vibrational entropy changes we have to calculate
the remaining configurational entropy from statistics.
Rather than to do this in a strict manner, it is sufficient for
our purpose to correct the usual combinatorial expression

N*
<N>

which counts the contribution of N* (out of N possible)
protons being in a right configuration, with the probability
that this right configuration is involved in ring-dance. The
latter factor is approximately 2/113 (9). The factor of 2 stems
from the number of possible configurations (clockwise and
anticlockwise transition), the factor (12-1)* stems from the
possibility to find three neighboring protons on a face of the
Na(OH)g/s octahedron in the correct configuration. The
oxygen to which the proton belongs has 12 neighbors. This
number has to be corrected by 1 since two neighboring
OH™ ions cannot point toward each other. Calculating
from this a chemical potential we obtain

u=AH° — TAS° + RT In(N*/N). [14]
AH® and AS° are the standard molar reaction enthalpy
and entropy for the process under consideration (see

FIG. 18. Schematic representation of the model for correlated proton
transport (9).
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Eq. [13]). Since the chemical potential (= AG) has to vanish
in equilibrium (cf. reaction [13]) the concentration of the
events [event] ~ N*/N follows as

[event] = ex —ﬁ ex g
—P\TRT )P\ R )

AS° is in the above approximation given by R In(2/113). The
self-diffusion coefficient is proportional to the diffusivity of
a proton involved in the mechanism and to [event].

Ignoring migration entropies, we may derive AS° from
the pre-factor of D*. Assuming that jump distance ~ 5.1
\/5 A and attempt frequency w, ~10'2/s, we estimate AS®
tobe (—10... —20) Jmol~ ! K~!, which may be compared
toRIn2/11%3 ~ —50 Jmol~* K~ !.Itis important that both
values are distinctly negative. The entropy values for KOH,
RbOH, CsOH are indeed between (—50 and —60)
Jmol ! K~! (9). The discrepancy in the case of NaOH can
be easily explained by the above approximations, in particu-
lar by including ring exchange mechanisms extending over
larger distances (probed by the measurements) and/or
short-lived charge fluctuations. The latter would contribute
to the microwave frequency and could even be able to
explain the similar values of the tracer diffusion coefficient
and the charge diffusion coefficient in the GHz regime. It
would also explain in a natural way that the microwave
data show a sharp effect at the transition from monoclinic to
cubic phase (dance events) while the transition is smeared
out in the d.c. conductivity (premelting of the “true” charge
carriers).

(15)

CONCLUSIONS

The proton conductivity in NaOH is sensitively in-
fluenced by water and CO, content. The conductivity of
very pure NaOH with minimum water content has a d.c.
conductivity much lower than expected from the literature.
The probable charge carrier is HOHgy but also contribu-
tion from Na™ cannot be ruled out in completely “dry”
material. The tracer diffusion coefficient obtained by pulse
field gradient NMR of the same samples are higher by at
least 3 or 4 orders of magnitude than the tracer coefficient
derived from the d.c. conductivity. Cooperative ring ex-
change mechanisms are proposed as an explanation with
no or minor charge separation. Further measurements
(NMR/neutron) are necessary to confirm this hypothesis.
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