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Abstract: Sustainable electrical potential of tens of millivolts
can be induced by water vapor adsorption on a piece of porous
carbon film that has two sides with different functional group
contents. Integrated experiments, and Monte Carlo and ab in-
itio molecular dynamics simulations reveal that the induced
potential originates from the nonhomogeneous distribution of
functional groups along the film, especially carboxy groups.
Sufficient adsorbed water molecules in porous carbon facilitate
the release of protons from the carboxy groups, resulting in
a potential drop across the carbon film because of the
concentration difference of the released free protons on the
two sides. The potential utilization of such a phenomenon is
also demonstrated by a self-powered humidity sensor.

The intense exploration of nanotechnology has advanced
traditional energy-generation technologies including photo-
voltaics, piezoelectrics,? thermoelectrics,®! and has inspired
new power-generation approaches such as triboelectrics.!
Recently, electrical potential/current generation arising
from solid-liquid or solid—gas interactions has attracted
increasing attention both in academia and industry. Voltage
generation resulting from ionic or nonionic flows inside and
outside CNTs or on graphene and liquids have previously
been reported.” % Several underlying mechanisms have been
proposed, such as electron drag, pulsating asymmetric ther-
mal ratchets, mutual coupling of water dipoles and free charge
carriers, but an overall mechanism has not been agreed
on.P 2 Flows of nonpolar gases such as argon, nitrogen, and
oxygen over CNTs at the speed of a few meters per second
can also generate voltage and current; the underlying
mechanism is assumed to be an interplay between Bernoulli’s
principle and the Seebeck effect.*'*! Additionally, environ-
mental humidity change has proved to produce transient
potential in different approaches.""'*! However, almost all
the above-mentioned energy-generation strategies are attrib-
uted to liquid/gas flow or changes in environmental con-
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ditions. Herein we report that electrical potential can be
induced by a natural and ubiquitous phenomenon, namely
vapor adsorption, by manipulation of the proton-donating
functional groups on a piece of porous carbon film (PCF). It is
demonstrated that vapor adsorption in the PCF with dissim-
ilar amounts of proton-donating groups on the two sides can
directly create significant electrical potential, which can be
sustained by simply keeping the PCF in a high-humidity
environment.

The experimental setup for measuring the adsorption-
induced potential is illustrated in Figure 1a (Experimental
details are given in the Supporting Information). To fabricate
the device shown in Figure 1b, a piece of PCF is patterned on
an ALO; ceramic plate by using the blade-coating method.
Scanning electron microscopy (SEM) images show that the
as-fabricated PCF consists of aggregated carbon nanoparti-
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Figure 1. Porous carbon film device for harvesting adsorption-induced
potential. a) Experimental setup. b) Carbon film device. HFGR denotes
the region functionalized by plasma treatment, which has higher
content of oxygen-containing functional groups; LFGR denotes the
untreated region, which has lower content of functional groups
compared to HFGR. c) XPS spectra of the plasma-functionalized (top)
and pristine (bottom) PCF. The reduced C:O ratio of HFGR indicates
that the proportion of oxygen-containing functional groups increases
after plasma treatment. d) Open-circuit voltage generated by vapor
adsorption. Device types |, Il, Ill, and IV correspond to the PCF sample
with a half region functionalized by plasma, the sample with a half
region functionalized by acid, the sample with the full region function-
alized by plasma, and the sample without any plasma or acid treat-
ment, respectively.
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cles with diameters of tens of nanometers (Figure S1) that
form a specific surface area of approximately 164 m*g™’
(Figure S2). Since the PCF experiences an annealing process
at 350°C in air during the fabrication, it contains a certain
amount of oxygen-containing functional groups,'>?" as evi-
denced by X-ray photoelectron spectroscopy (XPS; Fig-
ure 1c). We further functionalized the PCF by simply expos-
ing one half of the PCF to air plasma at the power of 150 W
for one minute and covering the other half with polyethylene
(PE) film during the process, which endows the plasma-
treated region with a higher content of oxygen-containing
functional groups, predominantly ~-COOH (Table S1), and
thus increases the hydrophilicity (Figure S1). As-processed
PCF hence possesses a high-functional-group region (HFGR)
and a low-functional-group region (LFGR) on the two sides
(i.e., two contacting halves of a PCF), while the structure and
morphology of the two regions are almost the same, as
demonstrated in additional Raman and Brunauer—-Emmett—
Teller (BET) characterization (Figures S1-3).

With the prepared PCF in hand, we fabricated a device
(size =5x 1 cm?; resistance ~42.2 MQ) as shown in Fig-
ure 1b. Two copper wires connecting the two ends of the
PCF for electrical measurement were covered by epoxy resin
to avoid exposure to vapor. When the device was subjected to
high relative humidity (RH > 95 %) by sealing it in a beaker
containing water (Figure 1a), a surprisingly immediate open-
circuit voltage between the two ends was detected, without
any external field contribution or mechanical energy input
(Figure 1d, Type I). The voltage increased gradually until
reaching a maximum and then remained at a constant value of
approximately 68 mV for over 6 hours at fixed RH value,
which essentially differs from the electricity-generation
strategy reported previously,'®!”) where the change of RH
value is a prerequisite during electricity-generation process.
The short-circuit current under the same condition increases
to a maximum of around 3 nA and then decreases to zero
within 4 hours (Figure S4). To verify this interesting observa-
tion, two different sets of experiments were carried out. In
one set, the PCF with its HFGR prepared by chemical
oxidation also exhibits the capability of electrical voltage
generation (Figure 1d Type II, Figure S5), although the
induced voltage is slightly lower than the electrical potential
generated by plasma-treated samples, which is attributed to
the difference in the functional-group contents of HFGRs
processed by plasma treatment and chemical oxidation,
respectively (Tables S1,S2). In the other set, the PCF with
the whole region treated by plasma (Figure 1d, Type III) or
untreated (Figure 1d, Type IV) were examined for compar-
ison. Neither of them can induce significant electrical
potential. Hence, these two sets of experiments prove that
the voltage generation is related to the dissimilar functional-
group contents on the two sides of the PCFE.

To identify the factors that influence the induced poten-
tial, we investigated the effects of environmental humidity
and device temperature. As shown in Figure 2a, the device
produces a voltage of approximately SO0 mV in a sealed
beaker, and it decreases to zero when the beaker is unsealed
and the relative humidity decreases to below 83 %. Such
sealing- and unsealing-induced voltage is completely repro-

www.angewandte.de

Zuschriften

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

An dte

Chemie
a ] 100 b 50
60 < Humidity Rise
“ 80 — 40 ® Humidity Drop 3
o e =
> = 304
E 405 602 E
@ g o
o 20
g 05 8
35 204 £ 3 -
2 > 101 Ld
20 3
0{—é0—u
0t Sl b hd bee,
0 10 20 30 40 50 70 80 90 100
Time (h) Humidity (%)
¢ g T d
30 604 <& Temperature Rise
\ G % @ Temperature Drop
S 604 = 5 {
B 20 ¢ £ 40
% 40 -
£ g £ E3
o 10 2 3 204
> 204 ﬂE, >
- Qé(}
0 04 } 25 o e
04 :
0 2000 4000 6000 24 26 28 30

Time (s) Temperature (°C)

Figure 2. Condition-dependent electrical potential. a) Measured voltage
of the device when the beaker was periodically sealed and unsealed.

b) Steady-state potential at different humidities. c) Voltage variation
when the sample was periodically heated and cooled. Temperature
increase of 8°C can theoretically result in 38 % reduction in relative
humidity according to the difference in saturated vapor pressures of
water at 24°C (3 kPa) and 32°C (4.8 kPa). d) Steady-state potential at
different temperatures.

ducible (Figure 2a), thus indicating a strong correlation
between the induced voltage and the relative humidity. To
scrutinize the quantitative relation between the voltage and
RH value, we measured the steady-state voltage of the device
at different humidities. As seen in Figure 2b, the voltage
remains at zero at low humidity, starts to rise at 94 % RH and
reaches a maximum when the humidity approaches satura-
tion. The trend is similar to the isothermal curve of water
vapor adsorption in the PCE?"! Based on the above obser-
vations, it was necessary to investigate how the induced
voltage changes when the vapor condensation occurs. We
reduced the temperature of the PCF after saturated adsorp-
tion, and found that the induced voltage decreased dramat-
ically when obvious condensation occurred (Figure S6). The
explanation will be given below. The effect of temperature on
the generated potential was also examined by tuning the
device temperature, as shown in Figure 2c. The generated
voltage was observed to vanish quickly when the temperature
increased by approximately 8°C (Figure 2c). The voltage
returned to its initial value as the device temperature dropped
back to room temperature. Such a voltage variation was also
reproducible as the temperature changed. Meanwhile, the
steady-state voltages of the device at different temperatures
were measured (Figure 2d). Similar to the trend shown in
Figure 2b, the voltage remained at zero in the high-temper-
ature region and increased sharply when the temperature
approached room temperature.

These results show that the voltage generation is a sponta-
neous process that depends on the different sorts of functional
groups on the two sides of the PCF and the high environ-
mental humidity, which has not been clearly illustrated to
date. Thus it is of great importance to understand the
underlying mechanism. In our experiments, only the water
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vapor and the PCF are involved, thus it is reasonable to
attribute the induced voltage to the vapor adsorption,
considering the consistent trends in the variation of generated
voltage and adsorption capacity as a function of RH, as
suggested in Figure2b. To verify this assumption, we
measured the water vapor adsorption capability of HFGR
and LFGR of the PCF, as shown in Figure 3a. Since the
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Figure 3. Origin of the adsorption-induced potential. a) Vapor adsorp-
tion isotherms recorded at 25°C. Insets show the adsorption of

a representative porous carbon model with functional-group content
similar to plasma-treated (top) and pristine PCF (bottom) in experi-
ments. b) IR images of the device at the beaker was unsealed (center)
and in steady-state conditions under ambient humidity (bottom). The
top graph shows the temperature distribution on the device of the
center image. c) Snapshots from AIMD simulations display the pro-
cess of proton release from —COOH groups of the porous carbon and
proton transfer through water bridges (marked by green circles).

d) Schematic of proposed mechanism for the adsorption-induced
potential.

functional groups on carbon nanoparticles can promote the
adsorption effectively, the HFGR thus exhibits higher water-
adsorption capacity, leading to an adsorption difference along
the PCF. This phenomenon was supported by grand canonical
Monte Carlo (GCMC) simulation where HFGR exhibits
obviously higher water-adsorption capacity than LFGR (Fig-
ure 3a inset and Figure S7-9). Figure 3b shows the infrared
(IR) images of the device recorded about five seconds after
unsealing the beaker, in which HFGR exhibits apparent lower
temperature than LFGR after desorption, thus suggesting the
stronger affinity of HFGR than LFGR for water since
desorption is an endothermic process.

Even though there is a difference in quantities of
adsorbed water inside porous carbons with different func-
tional groups, it is still unclear how the observed voltage is
generated by vapor adsorption. The possibility of a thermo-
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electric effect caused by the ununiformed temperature
distribution arising from vapor adsorption is ruled out,
because the measured Seebeck coefficient of the PCF is
only approximately —16 uV K™ (Figure S10), much smaller
than that required for creating the electric potential observed
above. Additionally, it has not been reported to date that
water molecules can serve as electron donors for carbon
materials;?? this behavior may result in electron/hole
imbalance along the PCF in our experiments. To eliminate
this effect, an experiment was carried out in which the PCF
was fabricated with one half hydrophilic and the other half
hydrophobic. Although there is an apparent adsorption
difference between the two sides, no significant electrical
potential was generated (Figure S11). Furthermore, profil-
ometer tests indicate that almost no deformation is observed
when water molecules adsorb on the PCF (Figure S12), thus
the possibility of potential generation induced by mechanical
deformation that has been previously reported!>®>! is also
eliminated in this work. It seems that no reported physical
effects can explain the induced potential observed in our
work, thus we performed ab initio molecular dynamics
(AIMD) simulation using representative porous carbon
models to reveal the origins of the potential. The results
show that the water molecules adsorbed in porous carbon can
facilitate the release of protons from —-COOH groups (Fig-
ure 3¢ and Supplementary Movie 1). The protons can be
freely transported through a bridge formed from adsorbed
water molecules in porous carbon, while the -COO™ group on
the carbon surface remains negative. Based on the above
observations, we propose the following mechanism as illus-
trated in Figure 3d: HFGR with more -COOH functional
groups and LFGR with fewer —-COOH functional groups
constitute two halves of a device; more water molecules are
adsorbed in HFGR, which leads to a larger amount of protons
released. The imbalance of released protons in the two halves
of the device results in significant difference in proton
concentration, which drives proton transfer from HFGR to
LFGR. After reaching a steady state, the HFGR exhibits
a negative potential because of the presence of more -COO™
groups on the carbon surface and reduced proton concen-
tration, while the LFGR exhibits positive potential, as shown
by our experiments in Figure 1.

According to the mechanism outlined above, the voltage
is generated from two consecutive processes: proton release
and proton transport. These processes are both restricted by
the amount of adsorbed water molecules. AIMD modeling
revealed that a small amount of water molecules could barely
facilitate the proton release from the -COOH groups and
form an effective water bridge for proton transport (Fig-
ure S13), which explains why the voltage is only generated at
very high relative humidity. The device can also be treated as
a vapor-adsorption-triggered generator that makes use of the
proton concentration gradient generated by vapor adsorp-
tion. The eventual steady-state voltage is a balance of free-
proton transport driven by the concentration difference and
the induced electrical potential, which can be mathematically
described as:*!

Dedn/ox =00U/0x 1)
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where D is the diffusion coefficient of protons in adsorbed
water layer, e is the unit electric charge, On/Ox is the
concentration gradient of protons, o is the electrical con-
ductivity of the adsorbed water layer, and OU/Ox = AU/l is the
voltage-drop gradient along the device. According to the
mechanism interpreted above and Equation (1), the gener-
ated voltage will keep constant at steady state and decrease
gradually to zero when the concentration gradient disappears
after desorption. Such a conclusion is supported by the results
in Figure 1d and Figure 2 a, but fundamentally different from
the results reported previously where the voltage signals
consist of positive and negative pulses."*!”!

According to Equation (1), it can be concluded that the
voltage is proportional to the proton concentration gradient
and does not change with the device length or width, which
was verified by altering the length/width of the device
(Figure S14). Equation (1) also indicates that the voltage
will increase when the difference in the amounts of adsorbed
water and the number of protons released from the HFGR
and LFGR is increased. However, when the surface water
molecules are condensed, the voltage will decrease because of
the dramatically reduced proton concentration and the
consequent proton concentration gradient along the PCFE
Hence such an adsorption-induced potential is a unique
interfacial phenomenon existing in thin water layers or
clusters, such as the case of adsorbed vapor in porous
medium, which supports the hypothesis that water vapor
condensation reduces the electrical potential (Figure S6). The
“trigger” humidity, that is, the humidity under which the
voltage starts to occur, is determined by the amount of
adsorbed water molecules, which accounts for the proton
release as well as the water bridge formation. Thus the
“trigger” humidity is believed to be tunable by choosing
materials with varying sensitivities to moisture. The adsorp-
tion-induced potential has also been found in other porous
carbon materials including MWCNT films and acetylene
carbon nanoparticle films (Figure S15), with different elec-
trical potentials generated, thus indicating that the adsorp-
tion-induced potential is a universal phenomenon applicable
for different kinds of porous carbon materials, whenever
there is a functional group gradient.

A self-powered humidity sensor (Figure 4) demonstrated
the potential utilization of such a phenomenon. Figure 4a
shows the schematic of such a humidity sensor, which can
spontaneously output significant DC voltage when the
functionalized PCF is exposed to high RH vapor. We
fabricated 16 pieces of as-functionalized PCF (2 x 2 cm?) on
a piece of ceramic substrate (10x 10 cm?; Figure 4b and
Figure S16). Each piece of the PCF can generate voltage at
high humidity, thus forming a humidity sensor array. The
performance of the sensors was tested by exposing the array
to air with RH >95%. As shown in Figure 4¢,d, an imme-
diate potential response can be detected when wet air is
present. Such a self-powered humidity sensor may be useful
for mapping high-humidity areas in future industrial applica-
tions.

To conclude, we have shown that vapor adsorption on
porous carbon film with different functional-group contents
can induce sustainable electric potential. With the help of
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Figure 4. Application of adsorption-induced potential. a) Schematic of
a humidity sensor unit. The sensor can output an obvious continuous
voltage signal in the presence of very humid air. b) lllustration of an
integrated self-powered humidity sensor array. ¢,d) Induced voltage
signal when the marked locations on the sensor array are under high
humidity.

combined experimental studies and computational modeling,
the induced potential is attributed to the free-proton transfer
driven by the proton concentration difference caused by the
imbalance of oxygen-containing functional groups and vapor
adsorption. The unique phenomenon observed in this study
may be utilized in the design of self-powered sensors, and
provides new prospects for adsorption-sensitive materials.
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