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a b s t r a c t

A zinc–air cell utilizing an inorganic MCM-41 membrane separator, in its dry form, reveals a unique

behavior in response to relative humidity variation. The open circuit voltage (OCV) of the cell shows a

linear dependence on relative humidity content. This is due to water adsorption–desorption char-

acteristics of the mesoporous MCM-41 material. Comparison between relative humidity data obtained

from commercial digital humidity sensor with data deduced from the OCV readings of Zn/MCM-41/air

cell shows good sensitivity and high reliability.

& 2012 Elsevier B.V. All rights reserved.

1. Introduction

The MCM-41 material belongs to a group of mesoporous
materials known as M41S. This class of materials is characterized
by its hexagonally ordered, uniform nano-channels with large
surface area [1–3]. The MCM-41 material has found vast applica-
tions particularly in membrane filtration technology [4–7].
Recently, we introduced MCM-41 as a new separator material for
electrochemical cells and demonstrated its viability in a zinc–air
cell [8]. Unlike the polymeric separator, the MCM-41 membrane
separator assumes three roles simultaneously, namely (i) prevent-
ing electronic contact between anode and cathode, (ii) permitting
ionic exchange between anolyte and catholyte through its nano-
channels, and (iii) serving as an electrolyte reservoir matrix utilizing
its hydrophilic, porous structure.

The MCM-41 surface structure is covered with silanol groups
(Si-OH) formed during the synthesis of the material [9,10]. The
hydrophilic characteristic of the material is attributed to the
existence of these Si-OH groups. When applied as a membrane
separator in the zinc–air cell, the MCM-41 materials high adsorp-
tion affinity towards water leads to a unique behavior of the cell.
The open circuit potential value of the cell, in its dry form without
the inclusion of electrolyte, is found to be responsive and
distinctive to the humidity content and thus enables it to be
utilized as a novel relative humidity sensor. The present work

reports the findings of this unique characteristic of Zn/MCM-41/air
cell.

Humidity sensors are based on a wide range of transduction
principles such as capacitive, resistive, hygrometric, gravimetric
and optical ones [11,12]. Among these, the capacitive technique is
the most common since it is relatively inexpensive and the
transduction mechanism is very specific to humidity [11,12].
In principle, a hygroscopic polymer or a ceramic material placed
in between two parallel plates of capacitor and as humi-
dity varies the dielectric constant of the hygroscopic material
changes as well. As a result the humidity-dependent capacitance
becomes the quantifying parameter for humidity. The capacitive
transducer, however, requires power to operate. The Zn/MCM-41/air
electrochemical sensor of this work, on the other hand, generates
voltage (e.m.f.) and its value becomes a measurable parameter for
humidity.

2. Experimental

2.1. Synthesis and characterization of MCM-41 material

The MCM-41 material was synthesized from a sol–gel route. The
parent solution for synthesis consisted of the molar ratio formula-
tion 1.0TEOS:0.05CTAB:0.5NaOH:100H2O. Tetraethylorthosilicate
(TEOS) served as the silicon source while the cetyltrimethyl ammo-
nium bromide (CTAB) cationic surfactant was the organic template.
The preparation procedure was as follows. CTAB was dissolved in
distilled water and sodium hydroxide (NaOH) under stirring at
200 rpm for 15 min at room temperature, and followed by addition
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of TEOS. The stirring process was continued for another 30 min
before finally obtaining the parent solution. A zinc substrate was
then dipped into the parent solution and air dried. This procedure
can be repeated to prepare an MCM-41 coating to the desired
thickness. The surfactant was finally removed from the pores
structure by leaching with ethanol.

The structural formation of MCM-41 onto zinc substrate was
verified using X-ray diffraction (Cu Ka radiation, a scan range of
2–801 2y and scan speed of 21 min�1).

2.2. Fabrication of Zn/MCM-41/air cell

The cell comprised of zinc foil (99.9%, 250 mm thick) which has
been coated by MCM-41 membrane as the anode and a commer-
cially available air cathode sheet. The air electrode consisted of
laminated structures of fibrous carbon and sandwiched against a
nickel mesh support. The air-side of the electrode is covered
with a gas permeable, hydrophobic Teflon layer. Fig. 1 shows a
schematic drawing of the Zn/MCM-41/air cell. The complete cell
dimensions were 1 cm2 area� ca. 450 mm thickness.

2.3. Fabrication of Zn/disordered silica/air cell

In order to substantiate the unique role of MCM-41 in producing
Zn/air cell sensing characteristics, a disordered silica separator
material was also utilized. Disordered silica was prepared using
tetraethylorthosilicate (TEOS) as the source of silica, water and

ethanol (C2H5OH) as solvents and hydrochloric acid (HCl) as catalyst,
with the molar ratio formulation 1:3:0.35:6 (TEOS:C2H5OH:
HCl:H2O). The parent solution was stirred at 250 rpm for 1 h and
heated to 50 1C, forming a semi-gel phase. The zinc electrode was
then coated with the silica material by the dip coating procedure
and fabricated into a Zn/air cell, as described earlier.

2.4. Monitoring cell OCV as a function of relative humidity

Fig. 2 illustrates the experimental setup to measure the OCV of
Zn/MCM-41/air cell under different humidity contents. Varying
humidity content was achieved by controlling the gas flow rate
ratio between the wet inlet gas and the dry inlet gas, i.e. P/P0. The
dry inlet gas was obtained by pumping the ambient air through
two stages silica water trap while the wet inlet gas was obtained
by pumping the ambient air through a two stages humidifier or
water bath. P/P0 values were varied from 0 (i.e. when the wet gas
inlet Q1 was closed) until 1 (i.e. when the dry gas inlet Q0 was
closed). P/P0 values were then calibrated against relative humid-
ity readings from a digital humidity sensor (Lascar Humidity
EL-USB-2). The OCV of the cell was monitored online using an Eco
Chemie (The Netherlands) Autolab Galvanostat/Potentiostat. P/P0

value was changed only after stabilization in the OCV, which was
observed for at least an hour. OCV readings of the Zn/MCM-41/air
cell were recorded during both humidification and dehumidifica-
tion profiles.

3. Results and discussion

The structural formation of MCM-41 membrane onto zinc
substrate was confirmed by the XRD pattern as shown in Fig. 3.
MCM-41 material large d-spacing is characterized by low angle
diffractions, i.e. high intensity (100) peak at 2y�21 and followed
by three small peaks of (110), (200) and (210) which are normally
suppressed [13]. The rest of the peaks are attributed to the
zinc element. The MCM-41 material consists of one dimensional,
hexagonally-ordered pore structure with a narrow pore size
distribution which centered around 2 nm [1–3]. Its nanoporousFig. 1. Schematic illustration of Zn/MCM-41/air cell design.
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Fig. 2. Experimental setup for OCV measurement of Zn/MCM-41/air cell with varying relative humidity content.
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matrix contributes towards the high surface area and high pore
volume characteristics. Repeated measurements from earlier
work have ascertained that the BET surface area and pore
volume density of as-synthesized MCM-41 were 1200 m2g�1

and 1.08 cm3g�1, respectively [4,5].
Fig. 4 illustrates the OCV response of Zn/MCM-41/air cell to

relative humidity. The experimental setup managed to simulate
relative humidity content between 40 and 80% which sufficed to
characterize local weather conditions. Simulation to lower or
higher humidity contents could be achieved simply by adding
more humidity trap or humidifier bath, respectively. The cell OCV
values were found responsive to humidity content during both
humidification and dehumidification profiles. A linear correlation
was observed for humidity content in the range 60–80%. In fact
the regression factor R2 value was 0.99 for this region, indicating a
very good linear correlation. Thus if the cell OCV (Voc) registered
value is equal to or greater than 350 mV, the relative humidity
value (H) can be deduced from the linear relation

Voc ¼mHð%ÞþVint ; Voc Z350 mV ð1Þ

or

Hð%Þ ¼
Voc�Vint

m
; Voc Z350 mV ð2Þ

where m and Vint are the regression constants.
Hysteresis occurs for humidity content less than 60% and the OCV

variation between humidification and dehumidification profiles was
the largest at around 50% humidity content. The phenomena can be

explained from the water adsorption–desorption characteristics of
MCM-41 material as shown in Fig. 5 [14]. The hysteresis pattern and
steep increase at relative vapor pressure between 0.5 and 0.6 are the
characteristics of mesoporous materials [3,15,16]. The hysteresis
occurred due to inner pores having larger diameter than the middle
pores (i.e. slit structure), causing slower desorption process. This
characteristic explains the hysteresis in the OCV response, i.e. slower
water desorption contributes to higher OCV values during the
dehumidification process.

In order to substantiate the findings, the relative humidity of
our laboratory was monitored continuously for 48 h utilizing a
digital humidity sensor (Lascar Humidity EL-USB-2) and also the
Zn/MCM-41/air cell by measuring its OCV. The OCV readings were
then converted into relative humidity values using Eq. (2). Fig. 6
illustrates the comparison between the two sets of data obtained,
showing a significant correlation. Take note that the humidity
variation for the duration of test was between 65% and 80% which
lies in the linear region of the OCV calibration plot of Fig. 4. We
also anticipate a linear dependence of OCV values on humidity
content for humidity less than 45%. This is supported by the
converging trend of humidification and dehumidification profiles
of OCV calibration plot and also the water adsorption–desorption
characteristics of MCM-41 material. As for the humidity content
between 45% and 60%, though a linear dependence was not
observed, the system could be calibrated with known humidity
content.
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Fig. 3. X-ray diffractions confirming the formation of MCM-41 membrane onto

zinc anode.
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Fig. 4. OCV response of Zn/MCM-41/air cell as a function of relative humidity.
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Fig. 5. Water adsorption–desorption characteristics of MCM-41 material, after [12].
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A Zn/air cell was also fabricated using disordered silica (DS) as
the membrane separator material and its OCV measured against
relative humidity of the ambient surrounding. Fig. 7 depicts the
OCV readings of Zn/MCM-41/air cell and Zn/DS/air cell, as
compared to relative humidity variation (% RH). It clearly sup-
ports the unique role contributed by MCM-41 material which
resulted in humidity sensing behavior of Zn/MCM-41/air cell.
Initially the OCV value of Zn/DS/air cell increased with increasing
humidity but later remained constant with changing humidity.

MCM-41 high adsorption affinity towards water is attributed
to the existence of silanol group (Si-OH) covering the surface
structure of the material. There are in fact different kinds of
silanol groups in MCM-41, denoted by Q4�n, where n refers to the
number of hydroxyl groups attached to a silicon atom [17].
Mainly there are three distinct silanol groups, namely, Q2

[(SiO)2(Si-OH)2], Q3 [(SiO)3Si-OH] and Q4 [(SiO)4]. In all these
groups, silicon has a tetrahedral arrangement bonding with four
atoms.The Q4 group is mainly located within the pore wall of
MCM-41.The Q2 group contributes only around 3–5% of the total
number of Q groups in MCM-41. The most dominant is Q3 which
is responsible for the water absorption property and serves as the
hydration site. This group forms 40–60% of the silanol group
[10,18]. The hydrophilic characteristic of MCM-41 material is
attributed to this type of silanol group. When water molecules are
introduced to the surface of MCM-41, they will initially attach to
the Si-OH hydration sites through hydrogen bonds. Later, hydro-
gen bonded clusters of water molecule may begin to form as
water molecules bond to the previously adsorbed water [19], as
illustrated in Fig. 8. It is suggested that the hydroxyl groups are
pointing towards the center of MCM-41 pore channels [6]. As a
result, during drying most water molecules left the pores but
prior to reaching the final drying stage, the water molecules re-
distributed into a monolayer covering the wall of the pores,
maintaining a low hydration level in the MCM-41 material [20].

An alkaline zinc–air cell is characterized by the following
redox couple [21]:

2Zn-2Zn2þ
þ4e ðE0

anode ¼�1:25 VÞ ð3Þ

Zn2þ
þ4OH�-ZnðOHÞ2�4

O2þ2H2Oþ4e-4OH� ðE0
cathode ¼ 0:4 VÞ ð4Þ

Thus, the open circuit potential (Voc) of the cell is related to the
activities of the reacting species (ai) by the Nernst relationship
[22,23]

Voc ¼ ðE
0
cathode�E0

anodeÞ�
RT

zF
ln

a2
Zn2þ a4

OH�

aZnaH2OpO2

 !
ð5Þ

Voc ¼ 1:65�
RT

4F
ln

a2
Zn2þ a4

OH�

aH2OpO2

 !
ð6Þ

where R, T, F and z are the gas constant, absolute temperature,
Faraday constant and number of electrons exchanged, respec-
tively. In the above formula, the activity of Zn (aZn) is taken as
unity since it is a pure substance and the activity of O2 is taken as
its partial pressure (po2

). However, in the present case of ‘dry’
Zn/MCM-41/air cell, the activity of water solvent aH2O cannot be
taken as unity as the presence of water solvent is merely in the
form of adsorbed moisture from the ambient air. Consequently,
the activities of zinc and hydroxyl ions (aZn2þ , aOH�) also depend
on the water activity. It is believed that moisture absorbed from
the ambient air activates hydroxyl (OH�) ions from the pore wall
and along with the OH� ions is entrapped within the pore
channels [24,25]. Fig. 9 gives a schematic illustration of the
activation of OH� ions from the pore wall. Thus water adsorption–
desorption characteristics of MCM-41 material induces the varia-
tion in the OCV of Zn/MCM-41/air cell. This is further supported by
the fact that oxygen reduction activity can be observed even in
quasi-neutral electrolytes [26–28]. The more the moisture content
absorbed, the higher the cell OCV due to the increase in water
activity. As a result the variation in Zn/MCM-41/air cell’s OCV
could then be used as a measure of relative humidity content.

4. Conclusion

Zn/MCM-41/air cell in its dry form generates OCV once
exposed to ambient air moisture and the value is found to be
responsive and distinctive to relative humidity content. It is
believed that the moisture, absorbed from the ambient air due
to MCM-41 material’s high adsorption affinity towards water,
activates hydroxyl ions from the pore wall and within the
pore channels of the structure. The unique water adsorption–
desorption characteristics of MCM-41 material influences the
adsorbed water activity which in turn induces the variation in
the cell’s OCV. Consequently the Zn/MCM-41/air system can be
effectively utilized as a novel relative humidity sensor.

Fig. 7. OCV readings of Zn/MCM-41/air cell against relative humidity content as

compared to the OCV variation of Zn/disordered silica/air cell (inset).

Fig. 8. Water molecules adsorption mechanisms in MCM-41 pore wall

surrounding.

Fig. 9. Schematic illustration of interaction of water molecule and the pore wall.
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