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CuMo0.9W0.1O4 oxide is known to exhibit two allotropic forms (R and γ forms) linked by a first-
order phase transition that can be induced by pressure and/or temperature. In this work, we show
that this Rf γ phase transition (with a chromic effect from green to brown color) can also take place
at 25 �C by a simple immersion of the powder in an aqueous solution with acidic pH. This chromic
phase transition from the high-temperature/low pressure form into the low-temperature/high-
pressure form is shown to be induced by surface protonation, whereas the copper-molybdate powder
is dispersed in acidic solutions.Wettability measurements on both phases were performed in order to
confirm the affinity of the R-form for protons in comparison with the γ-form. Then pH metric
titration (addition step by step of an acid solution on the powder, controlling at each step the pH
evolution) has allowed describing the kinetic aspects of the surface protonation (kinetic laws were
approached and discussed). Finally, an interpretative model of the “halochromic” phenomenon
based on themodification of the cations environment at the liquid-solid interface was proposed. For
the first time, a superficial interaction between a solid oxide and a liquidmedium, for which no partial
dissolution-recrystallization sequence is occurring, is shown to be sufficient for producing a phase
transition of the whole oxide bulk.

Introduction

A thermochromic substance changes its color when
subjected to a temperature variation in a certain range;
a piezochromic substance changes its color under pre-
ssure.1-3 The CuMo0.9W0.1O4 oxide is one of the rare
materials that exhibits these two properties. It crystal-
lizes in two polymorphs, i.e., a high temperature-low
pressure form (R-form with green coloration) and a low
temperature-high pressure one (γ-form with reddish
brown coloration). At ambient pressure, the γ f R
phase transition occurs by heating at 85 �C, whereas the
reverse one (Rf γ) occurs by cooling at about -20 �C.

Hence, the two polymorphic forms are stable at room
temperature.4-11

In the present work, we show that this R f γ phase
transition (with a chromic effect from green to red color)
can also take place at 25 �C by a simple immersion of the
powder in an aqueous solution with acidic pH.
In a first part, the wettability of the R-form was shown

to slightly increase with decreasing the pH, and a solution
in which the R-form is dispersed gets a pH increasing
higher than the same solution in which the γ-form is
dispersed. These experiments show a particular affinity of
the R-form for protons. In a second part, the pH metric
titration (step-by-step addition of an acid solution on the
powder, controlling the pH evolution at each step) was
found to be a key experiment for describing the phenom-
enon. The variation of the R f γ phase transition was
shown to be directly controlled by the pH solution.
Hence, the CuMo0.9W0.1O4 oxide exhibits halochromic-
like properties. Even if in literature, numerous organic
dyes exhibit halochromic behavior (color controlled via
solution pH),12-18 such a property has never been re-
ported before for inorganic oxides. Kinetic behavior of
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the protonation reaction was also characterized and
interpreted. Finally, an explicative model of the new phe-
nomenon is proposed.

Experimental Section

The starting γ-CuMo0.9W0.1O4 powder is produced by a

conventional solid-state route at 700 �C under air followed by

a mechanical grinding.8-11

According to preliminary studies, the IEP isoelectric point of

the R and γ phases is about 5. The starting pH of the aqueous

solution for the surface titration of the two allotropic forms was

chosen to be adjusted at 5. For all the titration experiments, 1 g

of powder was immerged in pH 5 aqueous solutions in which

about 1� 10-5 MHCl was added in order to adjust the starting

pH. The surface titrationwasmade only for the acidic branch by

adding step by step a 0.1 M HCl aqueous solution. Special care

was taken to make sure of the stabilization of the pH of the

mixture in between two successive additions of 1 mL of 0.1 M

HCl aqueous solution. For extraction of the kinetic parameters,

the pH variation was recorded until it stabilized after each 0.1M

HCl aqueous solution addition. The titration allows the access

to the powder surface charge versus the solution pH according

to the equation

σ ¼ F=AV solð½OH- �solution - ½OH- �initial -COH- þCHþ

- ½Hþ�solution þ ½Hþ�initialÞ ð1Þ

where σ is powder surface charge density (C m-2), F is Faraday

constant (C mol-1), A is powder surface area (m2), [OH-]initial
and [Hþ]initial are the respective concentrations in the starting

solution, [OH-]solution and [Hþ]solution are concentrations

measured during the titration,COH
- andCH

þ are the theoretical

hydroxide/proton concentrations in the solution considering no

interaction with the powder surface, and Vsol is the suspension

volume. The apparatus used after calibration for these experi-

ments is a Eutech Instruments pH 510 pH-meter equipped with

Mettler Toledo InLabRoutine electrodes.

For wettability measurements, the powder was fixed at the

bottom of a quartz capillary (L = 1.3 cm) equipped with a

liquid-permeable film for sustaining the powder. The capillary is

fixed so that the permeable film is placed just in contact with the

aqueous solution. The capillary increase of the solution inside

the sustained powder versus time inside the powder volume is

determined with a 1 � 10-4 g balance. The penetration velocity

into the powder,m2/t (kg2 s-1), the liquid viscosity, μ (Pa s), the

liquid density, FL (kg m-3), the liquid superficial tension, γL
(N m-1), and the contact angle between the powder and the

liquid, θ (�), characteristic of thewettability of the powder by the
solution are linked by the Washburn law, where c is a negative

constant linked to the powder morphology

m2t- 1 ¼ cγLFLcos θ=μ ð2Þ

Hence, for a liquid with positive wettability (θ>90�), them2 =

f(t) function is a linear law with a positive slope proportional to

the affinity of the powder for the liquid solution.

Powder X-ray diffraction patterns were recorded on a Philips

PW 1820 apparatus equipped with a KR1/KR2 source and a

copper anticathode. Diffraction patterns were collected with a

2θ step of 0.02� with a counting time of 10s per step in routine

mode or, for more advanced investigations, with a 2θ step of

0.008�with a counting time over 200 s per step. The powder was

carefully prepared (only deposited on aluminum substrate) in

order to not modify the alpha-gamma ratio. The quantification

of the alpha-gamma ratio was estimated from the main peak

intensity of each form.

Transmission electronic microscopy (TEM) was performed

on TECNAI F20 equipment with a field emissive gun, operating

at 200 kV and with a point resolution of 0.24 nm. Diffuse re-

flectance spectra R(λ) were recorded at room temperature from

350 to 850 nmwith a step of 1 nm and a bandwidth of 2 nm on a

Cary 17 spectrophotometer using an integration sphere. Halon

was used as white reference for the blank.

Semiquantitative analyses can be performed from the area

integration of theXPS pattern peaks. The spectrometer used is a

VG/ESCALAB 220-iXL working with a MgKR X-ray source.

The XPS chamber gets a 1 � 10-10 mbar pressure. The angle

between theX-ray source and the analyzed sample is 45� in order
the analyzed depth is 3-5 nm.

Results and Discussion

Halochromism Phenomenon Investigation. The effect of
an addition of an acidic solution droplet (1 � 10-1 M
HCl) on the CuMo0.9W0.1O4R-form powder is illustrated
in Figure 1. The impressive effect comes from the colored
marking of the solution flow before its evaporation.
Indeed, such acidic solution transforms the green R-form
into the reddish brown γ-one in a few tens of seconds, and
dissolution of the powder starts to occur at longer times.

Figure 1. Effect of the addition of anHCl droplet on theCuMo0.9W0.1O4

R-form. On the spot of maximum concentration of the acid, the powder
dissolution can be seen. The dissolution seems to be preceded by a
R-formf γ-form phase transition.

Figure 2. Wettabilitymeasurements of aqueous solutionwith various pH
solutions on R-form and γ-form.



Article Chem. Mater., Vol. 22, No. 21, 2010 5907

Thus, Figure 1 immediately supports the occurrence of
a double effect of a proton-rich aqueous solution of the
green R-powder: first the phase transition occurs then
followed by powder dissolution. The interaction between
protons and the R-form leading to the Rf γ phase tran-
sition can be shown by wettability measurements. Two
extreme pH solutions (pH 2 and pH 10) were tested on
both allotropic forms. The results of the wettability
experiments are reported in Figure 2.
One can see from the reported m2 = f(t) curves that the

acidic pH solutions get a largely higher dampening than the
basic ones. Moreover, for a same pH, the R-form is more
dampened than the γ-form, showingmoreHþ or OH- ions
interactions with the R-surface than with the γ-form. This
assessment can be confirmed bymeasuring the pHvariation
of an aqueous solution with starting pH 3, in which 250 mg
of either allotropic forms are immerged. The results ob-
tainedon the twoallotropic formsare compared inFigure 3.

The pH variation is larger (the amplitude between the
asymptotic pH and the starting pH is wider) and the
kinetic is faster (the pH asymptotic value is more quickly
reached) for theR-form than for theγ-form. In brief, from
these three experiments, it can be concluded that proton-
rich solutions induce the R f γ solid phase transition
consequently to a large surface protonation of the R-form
powder. When increasing the solution-powder contact
time and/or decreasing the solution pH, i.e., increasing
the acid attack conditions, the solid phase transition ends
up in powder dissolution. The aimof the following studies
is to determine whether the phase transition is a conse-
quence of charge surface protonation only or results from
a superficial dissolution of the powder occurring before
the observed “macroscopic” dissolution.
In Figure 4 are compared the variations in the powder

charge densities with the pH of aqueous solutions of
starting pH 5 (100 mL) in which 250 mg of CuMo0.9-
W0.1O4 powder of eitherR- or γ-forms are dispersed and an
acidic solution (pH 1) is added step by step, 1 mL per 1mL.
The charge density does not depend on the stirring nor

on the presence of a supporting electrolyte such as NaCl.
It seems to be only correlated to the suspension pH, and
to increase while the pH increases. The isoelectric point
being very close to 5 for both R- and γ-forms, the charge
density increases are significant of the bonding of proton
to free surface sites or of the substitution of hydroxyl
groups present on the oxide surface. The charge density
reaches a maximal value before a sharp decrease on only
one pH unit. This decrease in the charge density can be
explained by the superficial dissolution of the powder.
The γ-form has a charge density maximal value about
three times smaller than that of the R-form, showing that
its surface is significantly less easily protonated than in
the case of the R-form.
The introduction of NaCl as a supporting electrolyte

clearly advantages the powder surface protonation.
When the surface charge density increases, the presence of

Figure 3. pHvariationwith time of aqueous solutions of starting pH 3 in
which 250 mg of CuMo0.9W0.1O4 powder (R- or γ-form) are dispersed.

Figure 4. (a) Powder charge density evolution versus pHof an aqueous solution of starting pH5 inwhich 250mgofCuMo0.9W0.1O4 powder (R- orγ-form)
are dispersed and an acidic solution (pH 1) is added step by step. During the titration, the suspension can be highly stirred (), O) or slightly stirred (9, b),
NaCl as electrolyte support can beadded (b,O,)) ornot (9). (b)Focus on the powder charge density evolutionversus pHof anaqueous solutionof starting
pH5 inwhich 250mgofCuMo0.9W0.1O4 powder (R-form) is dispersed (with high stirring andNaCl addition conditions). Four addition steps are hereafter
exploited and noted: step 1 (pH 4.8), step 2 (pH 4.2), step 3 (pH 3.2), and step 4 (pH 2.0).
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a high density of positive charge clearly induces a screening

effect and acts to the detriment of new protonation, due to

the creation of a charge gradient from the powder surface

to the solution. The stirring favors solution-powder con-

tact and interactions: the charge density increases more

abruptly, the maximal value is higher by 18% and takes

place earlier for high stirring procedure than with a slow

stirring one. As a consequence, the dissolution effect

causing the decrease of the charge density also appears

more quickly (for higher pH) with higher stirring rate. In

Figure 4b, a focus on the powder charge density variation

with the pH of the suspension, in which 250 mg of the

powder green form is dispersed (using high stirring and

NaCl addition conditions), is presented.
Four addition steps have been isolated and are here-

after exploited. Their X-ray powder diffraction patterns s
are reported in Figure 5. From step 1 to step 4, i.e., when
increasing the volume of acid solution, the peak intensi-
ties corresponding to the R-form decrease, whereas those
of the peaks corresponding to the γ-one increase. Even for
less than a unit pH variation (corresponding to step 2), far
before the point of maximal charge density (correspond-
ing roughly to step 3), the obtaining of a large amount of
the γ-phase shows that the phase transition precedes the
powder dissolution; definitively, the two phenomena are
not convoluted. Actually, amixture of about 50%of each
allotropic form is already reached after step 2. This also
can be shown by the colorimetric analyses reported in
Figure 6. Comparing the reflection spectra of R-form,
γ-form, and the mixture obtained at step 2, one can see
that this mixture exhibits a reflectance roughly intermedi-
ate between the two pure forms. One canmoreover notice
that the powder obtained at step 4, after a partial dissolu-
tion, is darker than the γ-form: the reflective window
centered at about 600 nm is less intense for the fourth step
powder than for the pure γ-form.
Figure 7 presents the X-ray diffraction patterns of a

pure γ-powder and the powder extracted on step 4 in
which an internal NaCl standard for peaks intensity

calibration was added. This Figure shows after normal-
ization of the NaCl main peak intensity that the fourth
step powder exhibits a high quantity of an amorphous
phase besides the crystallized γ-phase. Indeed, the γ-phase
peaks of themixtures are significantly reduced in intensity
in comparison to the pure γ-powder.
The powder amorphization consecutive to its partial

dissolution was found to come from a more selective
attack on the surface copper cations than on the molyb-
denum/tungsten surface cations. Indeed, XPS spectra of a
pure γ-powder and the fourth step powder (Figure 8)
show a strong increase in the Mo6þ/Cu2þ peaks ratio
between the two samples.
Hence, from the above results, it canbe concluded that the

powder phase transition occurs in slightly acidic conditions

Figure 5. X-ray patterns of the powders extracted from the titration
experiments at the steps 1, 2, 3 and 4, respectivel,y and comparison with
R-and γ-pure allotropic form patterns.

Figure 6. UV-vis diffuse reflection spectra performed on powders ex-
tracted from the titration experiments at the steps 2 and 4, and from pure
R and γ forms.

Figure 7. (a) X-ray diffraction of mixtures of the pure γ-form with NaCl
and (b) the powder extracted from step 4 of titration; both mixtures
contain 50 wt % NaCl.
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which do not allow partial dissolution. The increase in the
charge surface density is the only phenomenon respon-
sible for the “halochromism” phenomenon observed
here. For lower pH, a partial dissolution occurs and the
solid powder then extracted is largely amorphous.
Grain Size Influence. The next experiments deal with

the influence of the starting R-powder morphology on
the phase transition advancement on step 2 (before any
superficial dissolution is observed). To vary the starting
morphology, we ground the powder in mechanosynthesis
mortars. Three average crystallite sizes are compared: the
raw powder synthesized at 700 �C (which is overmicro-
metric), the ground powder (submicrometric), and with
an intermediate crystallite size, the ground powder post-
annealed at 600 �C (the sintering advancement degree
being significantly lower at 600 �C than for 700 �C).
The compounds exhibiting piezochromic phenomena,
the grinding produces the transition from the green to
the brown form. In order to recover the green high tem-
perature form, before its immersion into acidic solution,
the ground powder was heat up to 200 �C. Figure 9 shows
the three X-ray diffraction patterns of the three powder
samples after their immersion in a solution with a pH
equivalent to the one reached at step 2. After normal-
ization of the X-ray pattern intensities in order to get the
same R-phase peak intensities, it can be observed that
the γ-phase peak intensity, on which the illustration is
focused, decreases drastically with the powder grain size
reduction.
Hence, the cooperative phase transition that is favored

for large grain sizes is now much more difficult to obtain
as also observed by Ito et al; when they compared this
phase transition for CuMoO4 single crystals and pow-
dered materials.19 On the one hand, the last experiment
definitively proves without any doubt that the particles
partial dissolution is not at the origin of the phase
transition, because such a decrease in the grain size would
support a partial dissolution effect and thus, the R f γ
phase transformation which is not the case. However, the
surface/volume ratio increasing while the grain size de-
creases, it is getting difficult to explain why a phase
transition occurring from a surface protonation of the
particles is disadvantaged by a grain size reduction. It has
to be here referred to another series of experiments

performed on the CuMo1-xWxO4 powder. Indeed, as

already shown in literature in some of our previous
studies,8,10 the copper molybdate powder exhibits a

piezochromic transition from green to red phase ; for a
same composition, i.e. a same tungsten concentration, the

pressure to apply on the powder in order to achieve the
phase transition increases with the particle size reduction.

Furthermore, a size reduction below a critical value of the
crystallite diameter definitively stabilizes the R-form, i.e.,

it prevents the high-temperature form from the thermo-
chromic Rf γ phase transition via a temperature cooling

down. This piezochromism phenomenon dependence
versus particle size and the definitive stabilization of the

R-form below a critical particle size can also be directly
correlated to the halochromism phenomenon.
Kinetic Study. The last part of the study concerns the

determination of the protonation kinetic laws and their
variation with time at different steps of the acid addi-
tion. Figure 10 presents the pH variation curves in %
(considering 100% of pH variation is reached in first
approximation after 40 min.) versus the postaddition
time for steps 1, 2, 3 as identified previously of the acid
titration.
The kinetic of protonation is strongly shifted down-

ward with the advancement degree of the titration. The
stabilization of the pH is faster in slightly acidic conditions
than in more acid solutions. The protonation reaction of a

Figure 8. XPS spectra of (a) the freshγ-formpowder before acid titration
and (b) the powder obtained after step 4.

Figure 9. X-raypatternsperformedonpowder extracted fromthe titration
experiments at step 2 on (a) rawpowder (synthesized at 700 �C), (b) ground
powder postannealed at 600 �C, (c) ground powder, respectively.

(19) Ito, T.; Takagi, H.; Asano, T. Chem. Mater. 2009, 21, 3376.
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powder dispersed in an acid solution (in which the pre-
sence of OH- hydroxyl ion has been taken into account,
this presence should be neglected in comparison to theHþ

ions quantity) is schematized in Figure 11
For the protonation reaction, one goal of the kinetic

study is to know if the surface powder sites susceptible to
be protonated are in large excess or not in comparison to
the effective number of sites protonated after each addi-
tion. The kinetic variation at different solution pHs was
performed on the same powder quantity (powder area).
The quantity of proton reacting at each step can be easily
evaluated from the pH variation occurring for each acid
solution addition. One can notice that the proton can
occupy a new surface site or substitute one hydroxyl group.
As shown in Figure 11, the substitution of one hydroxyl
consumes two protons in solution, whereas the surface
absorption on a new site consumes only one proton in
solution. Considering that the total variation of the pH
only leads to the whole quantity of protons (ΔHþ) dis-
appearing during the protonation reaction, in first approx-
imation, the ΔHþ was taken as the reactant quantity. The
protonation rate can be obtained from the equation

vt ¼ d½ΔHþ�=dt ¼ k½ΔHþ�R

with [ΔHþ] = 10-pHt - 10-pHa, where pHt is the pH at a
time t during the pH variation produced by the acid solu-
tion addition and pHa is the pH asymptotically reached
after the addition. First, the [ΔHþ] curve versus time after
addition was plotted and fitted with the most appropriate
function: the chosen function is an exponential decay of
second order

½ΔHþ� ¼ A1expð- t=t1ÞþA2expð- t=t2ÞþΔH0

with three free parameters, t1, t2, and ΔH0, this latter
representing the whole quantity of proton reacting at each
acid addition step. An illustration for the dependence
obtained after step 2 is reported in Figure 12a.
To get the kinetic law, we differentiated this reac-

tion such as the characteristic kinetic velocity can be
expressed as

vt ¼ d½ΔHþ�=dt
¼ - t1A1expð- t=t1Þ- t2A2expð- t=t2ÞþΔH0

The simulated velocity variation versus theΔHþ reactant
concentration was then fitted by the equation vt = k-
[ΔHþ]R, where R represents the partial reaction order on
the considered reactant and k is a pseudoconstant involv-
ing possible other limiting reactants as powder surface
sites. An illustration for the dependence of the velocity
versus obtained ΔHþ for step 2 is reported in Figure 12b.

Figure 10. pH variation versus post addition time for titration step1 (pH
4.8), step2 (pH 4.2), step3 (pH 3.2).

Figure 11. Representation of the powder surface protonation produced
by an additional addition of theHCl (1� 10-1M) solution on the powder
dispersion.

Figure 12. (a) Variation inΔHþ=[H]þ at time t- [H]þ at the end of the
protonation (difference of concentration between the [Hþ] concentration
at time t and the [Hþ] final concentration reached at the equilibriumat the
stage 2 of the titration)during equilibration time. (b) Velocity of the
protonation versus the concentration difference in the solution (ΔHþ).
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For step 1, step 2, and step 3, respectively, the fitted
partial reaction orders are 1.55, 1.51, and 1.34, the fitted
k values are 54, 12, and 1.2 in mol1-R LR-1 min-1. As can
be seen, both reaction orders and pseudoconstant rates
vary depending on pH. Especially the k values show
strong differences, which imply the dependence on other
factors than the quantity of the considered reactant:ΔHþ

concentration. The decrease of the reaction order in step 3
depends not only on this screening effect but also on the
beginning of the partial dissolution of the copper cation.
Our interpretation of the strong decrease of the k value
with the advancement of the protonation is the occur-
rence of a screening effect due to the positive charging of
the surface.
The above interpretation is also confirmed by the very

lowk value obtained for step 1 (k=2.5mol1-RLR-1min-1)
when no NaCl supporting electrolyte is used because the
screening effect is then drastically increased.
Eventually, the fitting of R partial orders superior to

1 can be interpreted as the appearance of a stronger
screening effect “during” pH stabilization after each
addition. Hence, the slight decrease of the partial order
with the protonation advancement should be explained as
a less and less important relative evolution of the screen-
ing effect during the pH stabilization versus the surface
protonation advancement.
Proposed Interpretative Model. It was shown in this

paper that the protonation of the surface of the R-form of
the CuMo0.9W0.1O4 oxide leads to its phase transition
into the γ-allotropic form. The phase transition does
concern not only a thin layer on the grain size surface
but the entire grain volume. This shows a rapid domino-
propagation of the phase transition from the grain sur-
face to the whole bulk. The quick domino propagation
can be explained by the large cell parameters variation
between the two allotropic forms (cell volume difference
between the two allotropic forms is about 11%). There is
a too large misfit between the two R- and γ-phase crystal-
lographic networks to imagine the occurrence of stable
interface boundaries. The progressive character of the
phase transition versus the advancement of the surface
protonation can be explained only by the dependence of
the phase transition critical point on the crystallite size. It
was shown here that the smaller are the particle sizes, the
more stable is the green R-phase. Eventually, one can
propose a surface mechanism explaining the “motor”
driving force of the phase transformation. A proposed
interpretation is based on bond valence considerations as
illustrated in Figure 13. Let us take into consideration the
surface tetrahedral sites (one face corresponding to the
surface section) in which the bond valences of theMo-O
bonds are all relaxed and near their equilibrium value: 1.5
(corresponding to the molybdenum oxidation degree
value divided by the engaged bonds number around
the Mo6þ cation). The protonation of the three surface
oxygen anions, whether one considers bridging protons
or terminal ones, leads to a strong decrease of the bond
valences of the three concerned Mo-O bonds in order to
keep a stable valence for the oxygen anions. This bond

valence decrease can be relaxed by a strong shift of the
molybdenum cation far from the surface or by a reorga-
nization of the tetrahedral sites into octahedral ones (or at
least, as shown in Figure 13, into truncated octahedral
sites, i.e., square plan pyramidal sites) for which the aver-
ageMo-Obond value is close to 1.Hence, the creation of
O-H bonds on the surface anions tends to produce an
increase in the surface cationic site coordination. This
effect is sufficient to produce here the first “halochromic”
mineral material observed because of the proximity of the
reticular energy of the two-allotropic forms conferring a
“metastable” character to the starting green R-powder.

Conclusion

The chromic phase transition from the high-temperature/
low-pressure form of the CuMo0.9W0.1O4 compound (γ-
form, red-brown form) into the low-temperature/high pres-
sure form (R green phase) can be induced by surface
protonation, whereas the copper-molybdate powder is
dispersed in slight acidic aqueous solutions.
Wettability measurements on both phases showed the

affinity of theR-form for protons. The pHmetric titration
(addition step by step of an acid solution on the powder,
controlling at each step the pH evolution), the kinetic
aspects of the surface protonation showed that the pro-
tonation is effectively at the origin of the phase transition.
Indeed, the R f γ phase transition was shown to be
directly controlled by the pH solution. A proposed ex-
planation based on the bond-valence model for this
‘halochromic” phenomenon could be the increase of the
coordination sphere of the cations at the powder surface.
It can then be proposed that the R-form that exhibits
4-coordinated Mo6þ cations seems thus destabilized at
the surface proximity and tends to transform by a domino
effect from grain surface to bulk (which can be explained
easily from the large cell volume difference between the
two allotropic forms) into the γ-form with Mo6þ octa-
hedral sites.

Figure 13. Schematic illustration of the stabilization of octahedral sites
instead of tetrahedral sites in the oxide surface consecutive to the
protonation of some oxygen atoms. b.v. is used for bond valence. The
protonation induces a diminution of the b.v. of the concerned oxy-
gen-molybdenum bonds. The reorganization could imply strong atomic
shifts to keep the tetrahedral Mo6þ coordination or an increase in the
Mo6þ coordination.


