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bstract

The paper deals with phosphoric acid organic esters such as commercially available diphenylphosphate and custom made cyclic phosphoric
ster of oligo(propylene oxide). The N,N-dimethylformamide and propylene carbonate solutions of these compounds were tested for potential
pplication as electrolytes in a protonic electrochromic cell with tungsten trioxide as an active compound. As a reference, a solution of phosphoric
cid of identical concentration was used. Cyclic chronovoltamperometry studies were used to test both the stability window of the electrolytes on
platinum electrode and the stability of indium tin oxide and tungsten trioxide electrodes against the electrolyte solution. The proton intercalation

rocess was also studied. The experiments were performed both for dry solutions (vacuum drying of compounds) and for ones, which were
n purpose contaminated with water. Additionally, the dc conductivity of the studied systems was measured for the whole possible operational
emperature range. Generally, it was observed that the ester solutions give a better photochromic response of the WO3 electrode but are more
ggressive to its surface. This observation is valid especially for the water-contaminated systems.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The photoelectrochromic phenomenon is widely known for
ransition metal oxides (WO3, MoO3, NiO2) for a long period
f time [1,2]. The optical properties are modulated when ions
re inserted into (intercalation) or extracted from (deinterca-
ation) an oxide film upon the application of a voltage of the
rder of few volts between the outer electrodes. Anhydrous sys-
ems based on lithium ion intercalation have been widely tested
3,4] and introduced into practical applications (auto-dimming
ear windows for cars, smart windows [5]). To overcome the
isadvantages of lithium electrolytes, a protonic system can
e used [2]. The proton mobility in the electrolyte is much
igher in comparison with that of the lithium cation. Addi-
ionally, the intercalation/deintercalation processes of protons

nto and out of the oxide layer are quicker than in the case
f lithium ions. The potential range needed for an effective
evice operation is in this case narrower, which additionally

∗ Corresponding author. Tel.: +48 601 26 26 00; fax: +48 22 628 27 41.
E-mail address: alex@soliton.ch.pw.edu.pl (M. Siekierski).
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trochemical stabilty

eads to the diminishing of the danger of the electrode deteriora-
ion in the case of moisture intake by the cell. Some designs of
aminated devices incorporating a proton polymeric electrolyte
ere presented in [6,7]. Poly(2-acrylamido-2-methyl-1-propane

ulfonic acid) (PAMPS), branched polyethyleneimine (BPEI),
oly(methyl methacrylate) (PMMA), poly(vinyl butyral) (PVB)
nd others were used in combination with different oxide
aterials. An electrochemical and optical response of the
O3|PEO,H3PO4|ITO (Indium Tin Oxide) was studied in [8],

o determine the intercalation mechanism in this system. The
uthors use a model of superficial diffusion assuming homoge-
eous diffusion of absorbed hydrogen in the electrode material
o explain the obtained data. This model is limited to short time
cale processes only. A similar system plasticized by the addition
f MeCN was studied in [9]. The electrochemical redox behav-
ors and electrochromic characteristics of WO3 and Prussian
lue have been examined in two- and three-electrode systems
ith polymeric gels as electrolyte [10]. They were based on
opolymers of 2-hydroxyethylmethacrylate and neopentylgly-
oldimethacrylate with lithium perchlorate and a solvent mixture
f propylene carbonate–butylene carbonate. With the conductiv-
ty of the material equal to 10−3 S cm−1 at 303 K, a reversible

mailto:alex@soliton.ch.pw.edu.pl
dx.doi.org/10.1016/j.jpowsour.2006.03.011
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adduct of propylene oxide and H3PO4 [22,23] solutions in DMF
and PC in terms of their conductivity and applicability in elec-
00 M. Siekierski et al. / Journal of

oloration/bleaching was observed for more than 105 cycles. The
roblem of the residual water content in protonic polymeric elec-
rolytes was studied in [11]. The WO3 electrode is stable against
he polymeric electrolytes if they contain only bound water. An
xcess of moisture leads to electrode deterioration. The PAMPS
ontaining system is reported to be the most promising.

Nonaqueous protonic gels incorporating H3PO4 have been
ynthesized [12] with the use of different solvents such as
ropylene carbonate (PC), N,N-dimethylformamide (DMF), 1-
ethyl-2-pyrrolidone, ethylene glycol and several polyglycols.
he highest conductivity was obtained for gels containing DMF

n a network based on glycidyl methacrylate and PC in a net-
ork based on methyl methacrylate. It is observed that due to

he dilution effect for PC based gels their conductivity is lower
han that observed for the solution of the same acid concen-
ration. In the case of DMF, the effect of gelation on conduc-
ivity depends on the sample composition. Proton conducting
el electrolytes containing poly(vinylidene fluoride) (PVdF)
atrix, DMF and H3PO4 were characterized in [13]. Highly

onductive (5 × 10−4 S cm−1) visible light transparent systems
ere obtained over a narrow concentration range (78−85 mass%
f H3PO4 in DMF). The systems obtained were stable up to
0−120 ◦C. Gels containing H3PO4 as a proton donor and vari-
us combinations of polymer matrix and solvent were described
n [14]. The highest conductivities are achieved for polymers
ased on glycidyl methacrylate while those based on methyl
ethacrylate gave the lowest results. PVdF based gels are placed

n the middle of the obtained conductivities range. The electro-
hemical stability window of the tested systems allows them to
e applied in a WO3 Ni(O)OH electrochromic cell.

In [15] it has been shown that in H3PO4 doped polymer
els containing poly(glycidyl methacrylate) (PGMA) matrix
ost of the glycidyl groups of the polymer react with the acid.
he presence of various phosphate species including ortho-
nd pyro-phosphoric acid and organic phosphates was con-
rmed. Solvent protonation increases with increasing acid con-
entration. Selective deuteration was used in [16] to study the
MF–D3PO4–PGMA system. It is shown that the Grotthus
echanism involving the hopping of the proton from one molec-

lar site to another one, as well as the vehicular mechanism due
o the motion of the D2PO4

− and D4PO4
+ ions are responsible

or the motion of the proton in these electrolytes.
A comparison between PVdF based gels containing pure

hosphoric acid and some esters including phenylphosphate,
iphenylphosphate and t-butylphenylphosphate is presented in
17]. The incorporation of organophosphorous compounds into
rapped DMF leads to an about one order of magnitude increase
f conductivity over the whole temperature range in compar-
son with analogous samples containing H3PO4 solution. The
onductivity changes are explained by the fact that esters are
tronger acids in comparison with the H3PO4 itself. The pK�

negative logarithm of the acidity constant) values for these com-
ounds reported in [18] can suggest that the dissociation degree

s higher. The conductivity is higher for monoesters in com-
arison with diesters and decreases with an increase in the size
f the ester group. The last observation is in contrast with the
K� data, which can be explained by changes of the charge car-
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ier mobility. Similar systems incorporating both DMF and PC,
hosphoric acid, different esters including phosphorylated calix
4] arenes were studied in [19]. Among all gel compositions, the
est results have been achieved for the PMMA–PC–DMF–ester
ystem combining high conductivity with thermal stability and
ptical transparency. Higher conductivities obtained for gels
ontaining protophilic (DMF or DMF–PC) in comparison with
rotophobic (PC) solvents as well as measured proton diffu-
ion coefficient values prove that the mechanism of conduction
hanges from Grotthus-type to vehicular with an increase in
he protophobic character of the solvent. Phosphoric acid alkyl
nd alkylaryl diesters have been reported as materials modifying
olyaniline. In such a system they play the role of a protonating
gent and plastifier. Thus, electron-conducting polymers pro-
essable by thermal methods have been obtained [19]. Due to
he fact that mono- and diesters of phosphoric acid have a higher
alue of the first ionization constant than the parent acid, they
re useful for application as a source of protons in polymer gel
lectrolytes doped with several types of phosphoric acid esters
20].

Oligomeric phosphoric esters can be obtained in the reaction
f phosphoric acid and oxiranes [21]. They result from the oxi-
ane addition to the P–OH and C–OH groups, catalyzed by acidic
roups, according to the activated monomer mechanism (1):

(1)

Further elementary steps involve the addition of the activated
onomer to the P–OH (2) and consequently C–OH bonds (3):

(2)

(3)

The mechanism of oxiranes addition to the acids of phos-
horus in anhydrous non-polar media was described in [21].
epending on the reaction conditions, first of all, on the

eactant molar ratio, products of various degrees of POH
roups’ conversion and degree of oxirane oligomerization are
ormed.

As phosphoric acid esters give promising conductivity, sta-
ility and gel formation results, they can be potentially applied to
he WO3 electrochromic cell. However, the problem of the elec-
rochemical stability window of these compounds must also be
nvestigated. The behavior of the electrodes (WO3 and ITO) in
o strongly acidic solutions must be also tested. In this paper
e want to compare the H3PO4, diphenylphosphate and an
rochromic systems. Additionally, the influence of water traces
n the electrochemical properties of studied systems will be
ested to simulate the realistic conditions of the electrochromic
indow exploitation.
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. Experimental

All compounds used for the electrolytes synthesis were
arefully dried prior to use. Solvents (N,N-dimethylformamide
nd propylene carbonate Aldrich, HPLC grade) were purified
mainly dried) by double vacuum distillation over molecular
ieves. Anhydrous phosphoric acid was obtained by the reaction
f 85% orthophosphoric acid with phophorus pentaoxide.
ater, vacuum drying (8 h, 110 ◦C) was applied. Similar drying
onditions were used for diphenylphosphate (ES1) (Aldrich
ynthesis grade).

Oligomeric mono- and diester mixtures (ES2) were formed in
he reaction of phosphoric acid with propylene oxide (PO). The
eactions with anhydrous phosphoric acid were carried out in a
00 ml three-neck flask, equipped with a magnetic stirrer and
dry ice condenser, to which a weighed amount of phosphoric

cid was first introduced and, then, PO by means of a dropping
unnel. The reaction is highly exothermic and, therefore, cooling
ith a mixture of acetone and dry ice was applied to maintain

oom temperature. The product composition was determined by
eans of NMR and MALDI-TOF mass spectrometry. When

sing a two-fold molar excess of PO with respect to phospho-
ic acid, a mixture composed of mono and diesters of average
xypropylene sequence length equal 4 and about 50% of unre-
cted acid are obtained (4). The product is of the form of a
iscous liquid. At a five-fold PO excess, a mixture of mono, di-
nd triesters is present in the products and no free phosphoric
cid was found. The obtained compound was dried in vacuum
16 h, 50 ◦C) prior to use.

All processes with the reagents and solutions (mixing, dry-
ng, etc.) were carried out under vacuum or in a nitrogen filled
ry-box (<5 ppm H2O) to avoid water vapor absorption in the
amples. Concentration of all acidic compounds in the tested
olutions was equal to 5 mg ml−1. The electrochemical exper-
ments were performed in a vacuum cell with an Ag/AgCl
eference electrode and Pt grid as a counter electrode. Pt wire,
TO covered glass (20 Ohm cm−2) and WO3/ITO glass (vacuum
eposited) were used as working electrodes. An EG&G PAR
73A potentiostat/galvanostat was used for all chronovoltamper-
metrical experiments. Impedance spectroscopy experiments
sed for the conductivity evaluation were performed in a two-
lectrode cell with blocking electrodes made of pure titanium.
n Atlas 98HI Frequency Response Analyzer was used in
Hz–100 kHz frequency range. The cell was immersed in a
AAKE cryostat to control the measurement temperature in

he 223–333 K range.

. Results and discussion
In the first step, a set of conductivity data was collected for
ll the electrolytes studied for a temperature range correspond-
ng to the practical application of the photoelectrochromic cell

h
t
r
v

(4)

ig. 1. Dependence of conductivity of the studied electrolytes as a function of
emperature. � : H3PO4 in PC, � : H3PO4 in DMF, � : ES1 in PC, � : ES1 in
MF, ©: ES2 in PC, �: ES2 in DMF.

223–323 K). From the point of view of the response time the
imiting value of the conductivity is in order of 10−4 S cm−1.
ig. 1 shows that only one of the studied systems (ES1 in DMF)
xhibits so high conductivity values. Both electrolytes incorpo-
ating the ES2 compound give significantly lower conductivity
alues. The conductivity of the other systems lies in range
0−5–10−4 S cm−1. Taking into consideration the low concen-
ration of the studied solutions one can expect that apart from the
S2 compounds, the rest of the studied systems in the practically
pplied range of concentrations may also fulfill the conductivity
hreshold (compare with [12,13]).

Next, the electrochemical stability window was tested for
ll the studied systems. For this purpose cyclic voltammograms
ere collected with a platinum-working electrode. For H3PO4

n PC the system was stable between −0.7 and +1.2 V ver-
us Ag/AgCl reference. The influence of water addition (about
.1 wt.%) on the system behavior was also tested. The stabil-
ty range is here narrowed to −0.4 to +0.8 V. Additionally, the
bserved capacitance current is two times higher in comparison
ith the dry system. The results for a DMF based system are
enerally similar. The window for a dry system is equal to −0.6
o 1.4 V, while water addition limits the upper value to 1.1 V.
he obtained results are consistent with the data presented in

he literature [14,24].
The results obtained for the solutions of esters are ambigu-

us. For ES1 in PC the stability window is limited to −0.7 to
0.8 V. Contamination with water leads to additional narrowing
f the lower voltage limit to −0.3 V. The appearance of a pair
f redox peaks in this range of potential (see Fig. 2a) can be
bserved. The current values are here one order of magnitude

igher when compared to the pure system with consequent elec-
rolyte decomposition. On the contrary, the DMF/ES1 system
eveals a wide stability window −0.6 to +1.7 V (Fig. 2b) with
isibly higher currents than for any other dry system. This can
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Fig. 2. Cyclic voltammogram registered for (a) ES1 PC solution on Pt working
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Fig. 3. Cyclic voltammogram registered for (a) ES1 DMF solution on ITO work-
ing electrode with scanning rate 5 mV s−1 and (b) for ES2 DMF solution on ITO
w
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lectrode with scanning rate 5 mV s−1 and (b) for ES1 DMF solution on Pt
orking electrode with scanning rate 5 mV s−1. Solid line – dry electrolyte,
ashed line – water contaminated one.

e attributed to a significantly higher conductivity value for this
lectrolyte. In this case water addition does not lead to a current
ncrease while the upper stability limit is decreased to +1.2 V
ith small additional redox peaks within the window.
ES2 solutions in both PC and DMF show the smallest

bserved current densities. The stability window is in range −1.0
1.3 V and is slightly narrowed by water addition. The measured
urves are mainly of a capacitance character with no significant
eaks observed. An about two-fold current increase is observed
or water-contaminated systems.

The third stage of the research was based on the study
f the interaction of ITO electrode (supporting material for
ost of electrochromic devices) with the studied electrolytes
n both dry and water-contaminated state. For H3PO4–PC and
3PO4–DMF electrolytes the ITO electrode behaves almost

dentically to the Pt one. A very slow deterioration of the elec-
rode surface can be observed (mainly in the case of DMF) for

i
s
s

orking electrode with scanning rate 5 mV s−1. Solid line – dry electrolyte,
ashed line – water contaminated one.

long time (10 h) at a relatively high positive potential. This
henomenon should not prove to be of practical importance.
ontrary to these observations, both solutions of ES1 seem to be
xtremely aggressive to the ITO surface. A pair of red-ox peaks
s observed at −0.7 and +0.7 V, respectively for DMF solution
see Fig. 3a – solid line). For water-containing electrolytes a
uick radical deterioration of the ITO layer (up to complete dis-
olution) can be observed in a few voltammetric cycles. In this
ase the water content leads not only to a significant current den-
ity increase but decreases the potential of the oxidation peak
o 0 V not influencing the reduction peak (see Fig. 3a – dashed
ine). A less pronounced but also important degradation process
s observed for the PC solutions of ES1.
In contrast, ES2 solutions in both DMF and PC are signif-
cantly more stable against the ITO electrode. For the DMF
olution (Fig. 3b) a flat curve containing no peaks within the
tability window (−1.1 to +1.6 V) is observed. Water addition
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aggressive against the WO3 surface in comparison with the dry
one.

The ES1 PC-based systems are more aggressive towards the
WO surface in comparison with the ones containing DMF. In
M. Siekierski et al. / Journal of

oes not change the observed behavior leading only to the nar-
owing of the window (−1.1 to +1.2 V) and to some increase of
he observed current. For dry ES2/PC solutions the situation is
imilar. The observed curve has an almost identical shape with
n identical stability window. The addition of water has even a
maller influence in comparison with the DMF/ES2 system. In
his case the stability window remains the same as for the dry
ystem. The current increase is also not so significant.

The observed promising stability of the ES2 solutions against
TO electrode encouraged us to check the possibility of the
ong-term work of the tested solution. A multi-cycle experi-

ent with a low scan rate (2.5 mV s−1) was thus performed. For
his experiment the ES2/DMF system was chosen because of
he very low conductivity of the ES2/PC solution. The results
athered in Fig. 4 show that an important decrease of the current
s observed between the first and 10th cycle (a) for water con-
aining ES2/DMF electrolyte while an analogous change for the
ry solution (b) is significantly less pronounced (curves almost

verlap).

Finally, the interaction between electrolytes and the WO3
lectrode was tested. In the case of H3PO4–PC solution a typ-

ig. 4. Cyclic voltammogram registered for ES2 DMF solution on ITO working
lectrode with scanning rate 2.5 mV s−1 (1st and 10th cycle). (a) Wet electrolyte;
b) dry one.

F
w
W
d

r Sources 159 (2006) 399–404 403

cal intercalation curve is observed. Water addition does not
ffect significantly the peak potentials, but increases the peak
urrent about twenty times. An electrode coloration can be eas-
ly observed for scanning rates lower than 25 mV s−1. The only
ifference between PC and DMF solutions is the 1.5 times
igher current density for the second solvent used. Similar
bservations are valid also for ES1 solutions. In comparison
ith the H3PO4 system an additional pair of red-ox peaks

an be observed at –0.5 and −0.3 V. The coloration process
s quicker and more intensive but, unfortunately, the electrode
lowly dissolves in the electrolyte. The addition of water to
his electrolyte leads to a current increase by the factor of 2.
he coloration process is more intensive and the shape of the
urve changes (see Fig. 5a). The wet electrolyte is also more
3

ig. 5. Cyclic voltammogram registered for (a) ES1 DMF solution on WO3

orking electrode with scanning rate 5 mV s−1 and (b) for ES2 PC solution on
O3 working electrode with scanning rate 5 mV s−1. Solid line – dry electrolyte,

ashed line – water contaminated one.
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his case they reveal a tendency opposite to the one observed
or the ITO electrode where the DMF solutions were extremely
orrosive. The observed shape of the curve is similar to the one
bserved for the DMF/ES1 wet system for both PC/ES1 dry and
et electrolytes. Contamination with water leads this time to a

ignificant current increase (one order of magnitude) and to the
ntensification of the coloration process.

ES2/DMF solutions reveal significantly lower current den-
ities in comparison with the ES1/DMF system with the dom-
nant factor of the capacitance currents. The addition of water
oes not lead to a current density change. On the contrary, the
C/ES2 solution reveals a typical shape of the curve for the

ntercalation process [9] (Fig. 5b) with a very broad anodic
eak related to the deintercalation. The addition of water makes
he anodic peak narrower and shifts the intercalation potential
o more positive values (Fig. 5b). Unfortunately, a change of
he optical properties due to the intercalation process for all
ystem containing ES2 can be observed only for the slowest
canning rate (2.5 mV s−1). This observation can be related
o the significantly lower conductivity of these systems. On
he other hand, the electrode is in this case stable against the
lectrolyte.

. Conclusions

The studied solutions of phosphoric acidesters reveal some
nteresting properties as potential electrolytes for photoelec-
rochromic devices. Unfortunately, systems with relatively good
onductibility and coloration seems to be strongly aggressive
gainst ITO, which is the supporting material for most of the
lectrochromic electrodes, and slightly against WO3 – a typical
epresentative of active materials. A correlation between con-
uctivity and electrochemical properties can be observed. ES1
olutions revealing the highest conductivity yield a quick and
trong coloration/decoloration effect with high current densities.
n the other hand, the ES2 based systems exhibiting low con-
uctivity (particularly ES2–PC) give a weak and slow response
eing also slightly corrosive against ITO but not against WO3.
enerally, the strong corrosive properties of the ES1 compound

an be attributed rather to its properties such as the highest pK�

nd possibility of complex formation between the phenyl rings
f the ester and the metal ion coming from the deteriorating
xide surface. If the technical question of sealing the ITO sur-
ace from electrolyte could be solved, the DMF/ES1 system
ould be most promising for further investigation. The long-
erm working device should be also carefully protected against
umidity intake as water presence in the electrolyte increases
ts corrosive properties. Other organic esters of phosphoric acid
ould be also tested.
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