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Abstract
Performance Evaluation of a Moisture Diffusion Energy
Harvester Fabricated with Activated Carbon Derived from
Biomass Resources
Sa-myeong GIM
Major in Green Ecosystem Engineering
Department of International Agricultural Technology
Graduate School of International Agricultural Technology
Seoul National University
Corn stover carbonized with various catalysts (KOH, ZnCl2, and H3PO4)
was milled and acid treated to prepare biomass derived activated carbon
(Bio-AC). After preparing bio-ink from them, these Bio-ACs were then coated
onto a fibrous material to finally fabricate a moisture diffusion energy
harvester (Bio-MDEH).
The performance of this Bio-MDEH was then evaluated by measuring
open-circuit voltage (Voc) and short-circuit current (Isc). The maximum
performance was measured as 926.2 mV and 37.75 µA, respectively.
Carbonization temperature, milling time, and surface modification all have
significant effects on the performance of Bio-MDEH, which has been
demonstrated through t-test and ANOVA statistical evaluations. The fabrication
variables were screened to a carbonization temperature of 800 ℃, milling up
to 1 hour, and acid treatment. The acid treatment showed remarkable
enhancement in Voc, and KOH catalyst proved to be the best option to
improve the Isc of Bio-MDEH.

I

Additionally, Bio-MDEH successfully powered light and touch sensors
with signal changes of 1.6 V, 0.85 mV and 50 mV for the touch sensor, soil
moisture sensor, and light sensor, respectively. The series/parallel connection
Bio-MDEH reliably generated voltage and current for over 11 hours.
Moreover, the results showed that the energy harvesting period was longer for
higher amounts of water.
Finally, we identified the parameters correlated with device performance
to be conductivity, mesopore volume (in a moderate correlation), and
meso+macro surface area (a strong correlation). More importantly, these
results revealed that the mesoporous structure of Bio-AC plays a key role in
the

formation

of

the

electric

double

layer

(EDL),

which

induced

a

pseudo-streaming current on the surface of Bio-MDEH.
These results suggest that the mesoporous structure of activated carbon
allows a more efficient pathway for ions to form EDL, so that the interaction
between carbon and the ions can be enhanced, resulting in high streaming
currents and potentials.
This

adapted

approach

could

be

a

suitable

option

for

more

environmentally friendly and efficient development of practical applications
using water diffusion energy harvesting technology.

Key words: Biomass, Activated carbon, Carbon neutral, Moisture diffusion,
Energy harvesting, Electric double layer
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1. Introduction
1.1. Climate change and renewable energy
The demand for sustainable energy, particularly in the last few years, is
on the rise due to climate change triggered by global warming. The Guardian
has changed the term ‘climate change’ to ‘climate crisis’ or ‘climate
emergency’ to more precisely describe the environmental situation currently
facing the world. The UN secretary general is also alarmed about our current
situation based on a talk in 2019 that stated we face a direct existential
threat. A report from the UN Intergovernmental panel on climate change
(IPCC) described the situation, indicating we have only 10 years left to
control temperature rise before we face an irreversible climate catastrophe
(Masson-Delmotte, 2018). According to a survey conducted in the United
States, 87% of people supported energy policies, including funding more
research in renewable energy (Leiserowitz et al., 2020). Moreover, 86% of
voters agreed that public lands should be allowed to install power generation
systems to generate renewable energy such as solar and wind power. To meet
these demands, a number of studies have been conducted on sustainable
energy harvesting technologies, among which remarkable advances have been
made in solar energy harvesting technologies. However, serious environmental
problems that arise during the production process and disposal of solar panels
continue to increase over the past few years. This scenario has led research
to focus on more eco-friendly energy harvesting technologies that do not
create environmental impacts after disposal.
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1.2. Moisture diffusion energy harvesting technology
As part of such efforts, power generation devices using moisture
diffusion from carbon coated surfaces is being intensively studied (Yun et al.,
2019; Xue et al., 2016; Xu et al., 2018). This novel energy harvesting
method allows moisture diffusion energy to be utilized as a form of usable
electrical energy.
The underlying mechanism of this technology is based on a phenomenon
called ‘electrical double layer’ (EDL). Particles with surface charge form a
potential well, which attract ions in the liquid electrolyte. The potential well
divides ions between the inside of the stern layer and the slipping plane
according to the binding density of the ions (Figure 1). Streaming current can
be generated by flow of liquid electrolyte while the ions outside of the
slipping plane move through the surface of carbon particles, and the
accumulation of ions eventually results in a streaming potential (Quincke,
1859; Reuss, 1809). From such surfaces, the moisture diffusion induces a
pseudo-streaming current at their interfaces, and this streaming current is
actually driven by the evaporation that occurs on one side of the surface due
to asymmetrical moisturization (Figure 2; Bae et al., 2020; Xue et al., 2017).
Many researchers reported that moisture diffusion energy harvesting
technology has several advantages as follows.
1) The power generation is repeatable and sustained for more than a
month if water is constantly replenished.
2) The voltage is also adjustable according to the required value by
connecting more than two devices in series or parallel.
3) The most important advantage is the fact that this device can harvest
energy from regular water in a natural environment without additional
artificial energy input or any harmful pollutants (Yun et al., 2019).

2

However, one significant limitation is that the carbon materials utilized in
such applications are in most cases petrochemical based. Therefore, there is a
need for research and development on alternative materials to overcome these
limitations.

3

Figure 1. Diagram of electric double layer (Wang et al., 2011). The
potential well divide ions inside of stern layer and slipping plane
according to the binding density of the ions. Streaming current can be
generated by flow of liquid electrolyte while the ions outside of
slipping plane move through the surface of carbon particles, and
accumulation of ions eventually forms streaming potential.
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Figure 2. Schematic illustration of the operation method of MDEH
composed of carbon-black-coated cotton fabric (Yun et al., 2019).
Moisture diffusion induce pseudo-streaming current at their interfaces
and this streaming current is actually driven by the evaporation that
occurs on one side of the surface upon its asymmetrical moisturization.
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1.3. Biomass resources as promising carbon neutral material
Biomass is a generic term for plants that synthesize organic matter with
solar energy through photosynthesis and living organisms that use them as
food such as animals and microorganisms. But ‘biomass’ often refers to
plants

composed

of

cellulose,

hemicellulose,

and

lignin

in

particular.

Lignocellulose is an extremely abundant source of carbon; it is low cost and
has no value as food, which makes it valuable as a precursor of carbon
materials for industrial use (Kuila et al., 2017). Around 200⨯109 tons of
lignocellulosic biomass is produced per year on earth, and 419 Mt of them
are from crop residues produced by 28 countries of EU (García-Condado et
al., 2019). Meanwhile, domestic agricultural biomass production estimated in
terms of theoretical potential is 4 Mtoe, and half of this is from rice straw
(Table 1; Lee et al., 2016).
Since this carbon comes from the atmosphere in the process of absorbing
carbon

dioxide

during

photosynthesis,

biomass

is

considered

to

be

carbon-neutral energy source. In fact, biomass was originally almost the only
power source that sustained the global economy before the Industrial
Revolution (Zhang et al., 2008). Because of the environmental advantages of
biomass, a lot of studies have been conducted to convert biomass into usable
energy sources such as bio-oil, char, and synthesis gas. However, given the
recent interest in carbon nanomaterials such as graphene and CNT, only a
few attempts to utilize biomass as precursor for carbon materials have been
made. One of these attempts was conducted in response to the growing
interest in the potential of biomass derived activated carbon (Bio-AC) as a
material for supercapacitors with the recent breakthrough in energy storage
technology through supercapacitors (Huang et al., 2018).
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Table 1. Estimated theoretical potential of Annual agricultural biomass
resources (Lee et al., 2016)
Type

Theoretical potential (TOE/year)

Ratio(%)

Rice straw

2,244,395

55.8

Chaff

405,235

10.1

Barley straw

19,622

0.5

Rice barley straw

12,004

0.3

Potato stem

43,656

1.1

Sweet potato stem

113,145

2.8

Corn stalk

40,046

1

Bean stalk

56,835

1.4

Bean pods

23,061

0.6

Chilli stalk

303,029

7.5

Sesame stalk

28,750

0.7

Perilla stalk

111,426

2.8

Apple twig

276,189

6.9

Persimmon twig

48,692

1.2

Pear twig

85,573

2.1

Grape twig

174,337

4.3

Peach twig

32,776

0.8

Total

4,018,771

100
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1.4. Biomass-derived activated carbon
Activated carbon is a carbon material that has abundant small pores with
high surface area and pore volumes that give very favorable reaction
properties for adsorbing chemicals or pollutant (Figure 3; Hwang 2018;
Thithai et al., 2020). Because of its superior properties, activated carbon is
being utilized for several industrial applications, such as air/water filtration
(Yang et al., 2014; Hu et al., 2018) or soil amendment (Brennan et al., 2014;
Vasilyeva et al., 2001; Zhao et al., 2016), and many researchers have striven
to

extend

the

industrial applications

of

Bio-AC (Kim et

al.,

2012).

Researchers have also been conducting research to use activated carbon as a
supercapacitor to meet the needs of the recent rapid growth of the battery
market (Hwang, 2018; Zhang et al., 2014; Wang et al., 2012; Sudhan et al.,
2017; He et al., 2015). The expansion of the eco-friendly electric vehicle
market is also boosting the battery market. In addition, the demand for the
development of recycling of eco-friendly processes for batteries is also
increasing, and research on the use of biomass-derived activated carbon as a
supercapacitor was a response to this. The theoretical background of the
development of supercapacitors using activated carbon is EDL, which is the
same as moisture diffusion energy harvesting technology. This common
theoretical background may also warrant the potential of activated carbon as
an energy harvesting material.
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Figure 3. SEM images of activated carbon derived from corn stover
(Thithai et al., 2020). Activated carbon is the carbon material which
has abundant small pores with high surface area and pore volumes
which gives very favorable reaction properties for adsorbing chemicals
or pollutant.
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1.5. Objectives
The objectives of this study were to develop a novel method to fabricate
a moisture diffusion energy harvester from low-value biomass resources
(Bio-MDEH) by screening fabrication variables.
Biomass-derived activated carbon (Bio-AC) was produced by several
steps in different conditions to screen the fabrication variables so that the
highest performance of Bio-MDEH can be achieved. The steps consisted of
carbonization with or without catalyst under different temperatures, milling for
different time durations, and surface modification. These Bio-ACs were
subjected to characteristic analyses such as elemental analysis, Fourier
transform infrared spectroscopy (FT-IR), zeta potential analysis, particle size
analysis and Brunauer-Emmett-Teller (BET) analysis to characterize the effect
on treatment of prepared Bio-ACs. The effects of different manufacturing
conditions on the electricity generation performance from Bio-MDEH were
evaluated together with sensor analyses of touch, moisture and light. Finally,
the key properties governing the efficiency of Bio-MDEH in terms of
different manufacturing conditions have also been investigated statistically.
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2. Literature review
2.1. Various carbon materials for fabrication of moisture diffusion energy
harvester
2.1.1. Petroleum-based carbon materials
The EDL is the classical electrokinetic phenomenon that Helmholtz
discovered and demonstrated in 1853, and it has been utilized to calculate the
surface charge or potential to verify colloid properties (Helmholtz, 1853). Two
centuries later, in 2001, Kral theoretically predicted that carbon nanotubes in
a flowing ionic liquid could generate electric current (Kral, 2001). Later,
Ghosh demonstrated this experimentally, reporting the flow of a liquid on
single-walled carbon nanotube bundles, which induced a voltage in the sample
along the direction of the flow (Ghosh, 2003). Additionally, a number of
studies have pioneered work on energy harvesting schemes using various
carbon nanomaterials. Moreover, graphene and GO (graphene oxide) were also
considered as a promising material with high performance in terms of power
generation with a small amount of moisture (Dhiman et al., 2011; Yin et al.,
2012; Liang et al., 2018; Xu et al., 2018). Recently in 2017, carbon black
has also been reported as a practically suitable material with added benefits
of low price and a simple fabrication method (Xue et al., 2016; Yun et al.,
2019; Bae et al., 2020). However, despite its benefits, most of these carbon
materials

are

produced

from

petroleum

carbon-neutral (Joynerm 1991).
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or

coal

oil,

which

are

not

Table 2. Types of carbon materials used in the fabrication of MDEH
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2.1.2. Attempts to use materials derived from natural resources in the
manufacture of moisture diffusion energy harvester
Alternatively, natural wood has been adapted as an eco-friendly material,
but its application also gives enhanced performance due to its microchannel
structural arrangements (Zhou et al., 2020). A piece of wood cut in cross
section was utilized as a natural evaporator that absorbs water from the
bottom and evaporates it from the top through its microchannel. The
researchers verified a remarkable enhancement in the current. But the
pseudo-streaming current generated by a natural wood evaporator was
collected through a carbon mesh electrode, and this electrode is still made of
CH-8 carbon paste, a petroleum-based commercial carbon material.
In another study, researchers employed wasted tree gum to produce
carbon material for such a device (Shin et al., 2020). They mixed a tree
gum-derived carbon anchor with a proton supplier and network binders to
fabricate a water energy harvester and measured a 0.4V output voltage and a
0.45 µA current. However, this study mainly focused on elucidating the
composite structural properties of wood gum-derived carbon anchors and
polymers without the step of investigating fabrication variables to maximize
the performance by optimizing the process.
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2.2. Setting of fabrication variables
As mentioned above, supercapacitors and the water diffusion energy
harvesting technology share a basic operating mechanism called the ‘electric
double layer’ (EDL). Therefore, it is possible to logically infer that the core
variables affecting the performance of the supercapacitor will also affect the
performance of the water diffusion energy harvester. Several researchers have
reported that mesopores play a key role in the formation of an EDL inside
supercapacitors. Yang et al. and Hou et al. found in their experiments that
the mesoporous structure of the carbon material can improve the accessibility
of ions to the interior of the material, so that EDL can form more quickly
(Yang et al., 2003; Hou et al., 2006). On the other hand, they also have
reported that the EDL formed inside of micropores overlap, which makes the
potential distribution shallow, resulting in a slow ion transfer. In sum, the
mesoporous structure of activated carbon can also be favorable to the better
electrical performance of the moisture diffusion energy harvester, and the
micropore structure may not contribute to performance of the energy
harvester.
The factors that change the pore structure of activated carbon have been
investigated. Thithai et al. have demonstrated that the effect of carbonization
temperatures on the pore structure of activated carbons are critical and can be
particularly magnified under certain circumstances (Thithai et al., 2020). They
also reported that, despite the importance of the carbonization temperature, the
catalyst is the greatest influence on the pore structure of the activated carbon.
In his experiment, potassium hydroxide had the most significant effect as a
catalyst on the pore structure change. Even higher pore volume and surface
area were achieved by potassium hydroxide catalyst at a carbonization
temperature of 800 ℃ (Figure 4).
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(a)

(b)

Figure 4. Effect of various carbonization temperatures and type of
catalyst on (a) the surface area, and (b) the pore volume of corn
stover activated carbons (Thithai et al., 2020).

15

One other potential influencing factor was the surface functionality of the
carbon material. Xue et al. carried out the surface modification of carbon
black by plasma treatment (Xue et al., 2017). As a result, FTIR spectra
verified the significant enhancement of hydrophilic functional groups such as
O-H, C-O, and C=O bonds after plasma treatment (Figure 5). After plasma
treatment, carbon black generated 1 V of electricity, whereas the same
pristine carbon black could only generate 45 μV. In conclusion, hydrophilic
functional groups introduced on the carbon black surface by plasma treatment
promoted the capillary flow of moisture. Surface modifications to improve the
hydrophilicity of the activated carbon surface have also been performed by Li
et al. with KMnO4, HNO3, and NaOH (Li et al., 2014). Activated carbon
derived from bamboo pyrolysis was treated using 2% KMnO4, 2M HNO3,
and 2M NaOH at about 373 K for 24 hours. Finally, it was found that a
large number of functional groups were introduced on the surface of activated
carbon, and HNO3 treatment showed the best result.
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Figure 5. FTIR spectra of the pristine (black) and the plasma treated
(red) carbon black (Xue et al., 2017). FTIR spectra verified significant
enhancement of hydrophilic functional groups such as O-H, C-O, and
C=O bonds after plasma treatment.
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3. Materials and methods
3.1. Fabrication variable screening of moisture diffusion energy harvesters and
statistical analysis of governing factors affecting its performance
3.1.1. Feedstock preparation and carbonization
Corn stover with a particle size of 0.5 mm was used as a precursor for
the activated carbon production. The composition of the raw corn stover
sample is as follows - holocellulose 54.0%, lignin 12.6%, extractives 29.2%,
ash 5.6%, moisture content 4.8%.
The carbonization was carried out using various reaction temperatures of
600 °C, 700 °C and 800 °C. For this, 15 g of corn stover was added into
the reactors (a fixed bed design of stainless steel with 6.5 cm diameter and
17 cm height), and the nitrogen gas was purged for around 10 min. Since
then, the reactors were moved into the furnace and were carbonized for 1
hour of time under a constant flow of nitrogen gas. Finally, reactors were
moved out from the furnace and cooled down to room temperature. Finally,
the produced activated carbon products were washed using distilled water and
dried in the hot-air oven at 105 °C for 24 hours. The activated carbon
product was then saved in the desiccator before any further analysis. These
corn stover activated carbons were classified as CS600, CS700, and CS800,
where 600, 700, and 800 represent the corresponding reaction temperatures.
The yields of activated carbons were calculated according to the following
equation, and the data has been provided in Table 3.
     
   × 
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Table 3. Yield of carbonization of corn stover in different temperatures.

Carbonization Temperature (℃)

Yield (%)

Std

600

28.5

0.4

700

28.6

0.2

800

26.4

0.1
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3.1.2. Preparation of Bio-AC
The carbonized corn stover samples (CS600, CS700 & CS800) were
subjected to an additional two-step treatment process to prepare Bio-ACs. In
the first step, all the prepared corn stover activated carbons were milled using
a 2-hole ball miller (FRITSCH Pulverisette7) adding 1 mm diameter balls.
The milling machine was operated with two milling vessels containing 3 g of
corn stover activated carbon and 100 g of balls at 600 rpm setting and 20
minute intervals. After finishing milling, the samples were carefully ground
by hand with a spatula and collected into a glass tube for the next step of
surface modification to enhance the hydrophilicity of samples.
In the second step, acid treatment was employed for the surface
modification using the HNO3 solution following the method that previous
research has suggested (Hwang et al., 2017; Ternero-Hidalgo et al., 2016).
Briefly, 3 g of each activated carbon sample was dissolved in 50 ml of 5 M
HNO3 at 80 ℃ for 3 hours. Finally, the samples were diluted to 200 ml
with water and were subsequently filtered by a nylon membrane filter with
pore size 0.4 ㎛. After this, the activated carbon on the nylon membrane
filters were freeze-dried for 10 hours and then carefully collected. In total, 12
samples of Bio-ACs were produced, and their classification has been listed in
Table 4 and are labeled according to carbonization temperature, milling time
and acid treatment.
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Table 4. List of samples according to three step conditions.

#

Sample Name

1
2
3
4
5
6
7
8
9
10
11
12

CS600_1h
CS600_10h
CS700_1h
CS700_10h
CS800_1h
CS800_10h
CS600_1h_t
CS600_10h_t
CS700_1h_t
CS700_10h_t
CS800_1h_t
CS800_10h_t

Carbonized
Temperature
(℃)

Milling
Time
(hour)
1
10
1
10
1
10
1
10
1
10
1
10

600
700
800
600
700
800

Acid
Treatment
(y/n)

No

Yes

In terms of the abbreviations of the sample name, CS means carbonized
corn stover. The three digit number after CS indicates the carbonization
temperature, and the following one or two digits with ‘h’ indicate milling
time in units of hour. The samples ending with the ‘_t’ means that the
samples were acid treated.
For example, ‘CS600_1h’ means corn stover carbonized at 600 ℃ milled
for 1 hour. ‘CS800_10h_t’ means corn stover carbonized at 800 ℃, milled
for 10 hours, and acid treated.
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3.1.3. Characteristic analyses of biomass derived activated carbon
For the Bio-ACs prepared in Section 3.1.2, five different fundamental
analyses including elemental analysis, FTIR spectra, zeta potential, particle
size distribution and surface area analyses were conducted. An elemental
analyzer (Thermo Scientific, FlashEA 1112) was employed for the elemental
analysis, which measures the content of carbon, hydrogen, nitrogen, and the
composition of oxygen was calculated from the weight difference method.
Then, the corresponding Van Krevelen diagram was drawn as shown in
Figure 14. Fourier transform infrared spectroscopy (FT-IR) was performed to
identify the growth of functional groups after surface modification using
spectrophotometer (Thermo Scientific, Nicolet 6700) scans ranging from 400
to 4000 cm-1 with 32 scans in 4 cm-1 resolution. The corresponding spectra
are shown in Figure 15. A Zetasizer (Malvern, Nano-ZS) was used for the
zeta potential and conductivity analysis of the Bio-ACs, and the results are
shown in Figure 16. For the particle size analysis, a Cilas 1190 was
employed with scanning ranges from 0.04 to 2500 ㎛, and the results are
shown in Figure 17.
Finally,

the

pore

structures

of

Bio-AC

were

investigated

by

Brunauer-Emmett-Teller (BET) analyses using a BET analyzer (MicrotracBEL
Corp, BELSORP-max). The pore structures were examined by measuring the
specific surface area, meso+macropore surface area, micropore surface area,
total pore volume, mesopore volume, micropore volume, mean pore diameter,
and most abundant pore diameter. The results are provided in Figure 18.
Total

pore

volume

was

measured

by

the

BET

method

from

N2

adsorption/desorption isotherm data where P/P0 is at 0.99. Micropore volume
was calculated from the adsorption branch using a t-plot method. The
mesopore volume was calculated from the adsorption branch using the BJH
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method. The specific surface was measured by the BET method from N2
adsorption data in the range of P/P0 from 0.00 to 0.99.
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3.1.4. Fabrication of biomass derived moisture diffusion energy harvester and
its performance evaluation
For the fabrication of the Bio-MDEH, 0.2 g of Bio-AC was dispersed in
10 ml of deionized water with 0.2 g of sodium dodecylbenzene sulfonate
(SDBS, Sigma Aldrich) surfactant and 0.1 g of carbon black (acetylene,
100% compressed, Alfa Aesar) to make the samples conductive. The solution
was sonicated for 1 hour to ensure the uniform dispersion of a Bio-AC
mixture (Bio-AC ink). Then, 76 mm × 26 mm × 0.12 mm fibrous material
(X80 Food Towel, WypAll) was soaked with Bio-AC ink using a pipette
several times, and it was placed on a slide glass (Duran Wheaton Kimble,
76mm × 26mm) and dried in an oven at 105 ℃ for an hour. Finally,
MDEHs without any visible large particles on the surface were prepared. To
compare the effect of Bio-AC, control samples were also produced by
repeating all steps above with 0.3 g of carbon black and without Bio-AC.
The overall fabrication steps of Bio-MDEH are summarized in the diagram in
Figure 6.
The performance of Bio-MDEH was evaluated by measuring its Voc and
Isc. Both Voc and Isc of the Bio-MDEHs were measured in triplicate by an
electrometer (DMM7510, Keithley) in a constant temperature & humidity
environment (Figure 7a). The temperature and humidity were maintained at
25℃ and 50%, respectively. The power was generated from Bio-MDEH by
adding 0.05 ml of de-ionized water (Figure 7b).
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Figure 6. Diagram showing steps for the fabrication of biomass-derived moisture diffusion energy harvester from
corn stover.
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(a)

(b)

Figure 7. Schematic diagram of performance evaluation experiment of Bio-MDEH. (a) constant temperature &
humidity environment implemented using an acryl box with mini heater, humidifier, and indoor environmental
sensor; (b) performance measurement experiment with 0.05 ml of DI water.
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3.1.5. Powering test for analog sensors using biomass derived moisture
diffusion energy harvester
Two Bio-MDEHs were connected in series to construct a power system
for analog sensors used in connection with a single-board microcontroller
such as an Arduino. A passive light sensor, a touch sensor and soil moisture
sensor (WEKIT) were connected to a Bio-MDEH power system (Figure 8a),
and 0.05 ml of deionized water was dropped into both MDEHs, and the
signal from each sensor was measured with a multimeter (DMM7510,
Keithley). The light sensor signal was measured with room lighting turned on
and off in a typical laboratory environment. Light sensor signals are known
to exhibit high voltage at high ambient light intensity and low voltage at low
ambient light intensity. The touch sensor signal was measured by repeatedly
placing a finger on the sensor and then releasing it. Touch sensor signals
display 0 voltage when a conductive object such as a human finger is placed
on the sensor. The signals from the soil moisture sensor was measured while
the sensor was added to and removed from a pot with watered soil. It also
shows high voltage when the soil is wet and a low voltage when it is dry
(Figure 8b). For human skin simulation experiments, a hot plate was set to
36.5 ℃ and was then stabilized for 30 min. Then, one Bio-MDEH was
placed on the hot plate and 0.05 ml of de-ionized water was dropped onto
the surface to measure the Voc (Figure 8c).
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(a)

(b)

(c)

Figure 8. Schematic diagram of analog sensor testing. Vcc was connected with (+) sign of the Bio-MDEH;
GND, (-) sign of the Bio-MDEH, and (-) port of the electrometer were all connected; Signal from OUT pin of
the sensor were measured. (a) various analog sensors; (b) connection diagram of analog sensor powering
experiment; (c) human skin simulation experiment.
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3.1.6. Statistical analysis: t-test for paired two samples, correlation analysis
The energy harvesting performance was evaluated by two parameters: Voc
and Isc. So, all statistical analyses were performed for both parameters. To
find the differences before and after surface modification and between two
different milling times, t-tests (paired two sample for means) were carried out
using the Microsoft Office program Excel with energy harvesting performance
data (Voc, Isc) collected in the method described in Section 2.1.4. The power
generation data were classified into groups according to the fabrication
variables, surface modification state (acid treated/untreated) and milling time
(1/10 hour). In the case of carbonization temperature, an analysis of variance
(ANOVA) was conducted to determine whether there is a difference in energy
harvesting performance between three groups classified according to their
carbonization temperatures (600, 700, and 800 ℃). The best combination of
fabrication conditions for Bio-MDEH was derived based on the confirmed
differences.
To identify the parameters that can govern the energy harvesting
performance of the device, correlation analysis has been performed with
energy harvesting performance data including: oxygen/carbon ratio (O/C) from
elemental analyses, total specific surface area (Stotal), external surface area
(Sexternal), meso-macro surface area (Smeso+macro), total pore volume (Vtotal), micro
pore volume (Vmicro), meso pore volume (Vmeso), average pore diameter (Davg),
most abundant pore diameter (Dpeak) from BET, BJH, t-plot analysis, zeta
potential (ZP), conductivity (Cond) from the Zetasizer, and the small particle
concentration (SPC) for sizes less than 1.6 µm from the particle size
analyzer. The Pearson correlation coefficient was calculated among all
parameters to indicate the level of correlation between each of the two
parameters. The levels of correlation were classified into two levels: no
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correlation with a coefficient less than 0.6, moderate correlation with a
coefficient of 0.6 or more and 0.8 or less, and strong correlation with a
coefficient of 0.8 or more. All these observations have been listed in Table
8.
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3.2. Study on the performance of moisture diffusion energy harvester using
catalytic activated carbon
3.2.1. Preparation and catalytic carbonization of feedstock
Chemical activation was performed with different types of activating
agents. First, 15 g of corn stover feedstock with a particle size of 0.5 mm
was directly mixed with activating agents (KOH, ZnCl2, and H3PO4) in the
reactors, and the mixing ratio of the activating agent was 1:0 or 1:3 w/w.
Thereafter, reactors were sealed and purged with nitrogen gas for 10 min.
Later, the reactors were moved into the furnace and carbonized under a
carbonization temperature of 800°C for 1 h under nitrogen (N2) atmosphere,
respectively (Figure 9). After 1 h of carbonization, the reactors were moved
out of the furnace and cooled down at room temperature. The carbonized
sample was washed using 1 M HCl, followed by hot water until the filtrated
liquid became neutral. The final wash was conducted with distilled water.
Thereafter, the activated carbons were dried in an oven at 105 ℃ for 24
hours. The produced activated carbons were labelled as CS800, CSK800,
CSZ800 and CSP800, where CS, K, Z and P were represented as corn
stover, KOH, ZnCl2 and H3PO4, respectively. Yields of catalytic activated
carbons were calculated by the following equation and are presented in Table
10.
     
   × 
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Figure 9. Schematic diagram of biomass catalytic activation system. (1)
furnace; (2) 3-hole reactor; (3) corn stover + three different catalyst;
(4) nitrogen gas inlet; (5) gas outlet; (6) gas flow meter; (7)
thermocouple; (8) controller panel (V. Thithai et al., 2020)
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3.2.2. Fabrication of biomass derived moisture diffusion energy harvester
Four different prepared samples were ground using a planetary ball
miller (FRITSCH Pulverisette7) in dry conditions. A mixture of 1.5 to 2 g of
Bio-AC sample and 100 g of a 0.5 mm diameter milling ball was placed in
a container and milled at 600 rpm. The time setting was 12 cycles of 20
minutes milling followed by 10 minutes cooling, so the total milling time
was 6 hours, but excluding the cooling time was 4 hours. Additionally, the
temperature of the room was maintained at 6.4 °C during the grinding
process to prevent machine malfunction caused by overheating. There is a
need to overcome the heating problem because it can also affect the
properties of Bio-AC. Once the temperature inside the container rises, the
internal pressure rises accordingly, and the sample may crystallize under high
temperature and high pressure conditions, thereby increasing the particle size,
which is not favorable for the next step.
Immediately after milling was over, the milling ball was poured into a
sieve with a diameter of 0.5 mm to separate them from the Bio-AC, and the
Bio-AC was removed from the container. The separated milling balls were
capped and shaken to collect the remaining Bio-ACs attached to the ball,
which was a considerable amount.
In the next step, the sample was surface modified with nitric acid
(HNO3) to improve its hydrophilicity. A more hydrophilic surface resulted in
a smaller contact angle between the water and the capillary surface, which
leads to a higher output voltage and current (Zhou et al., 2020). The
effectiveness of nitric acid treatment for enhancing hydrophilicity has been
demonstrated in previous studies (Ternero-Hidalgo et al., 2016). By following
the demonstrated steps, 1 g of Bio-AC were mixed with 50 ml of 5 M nitric
acid in the 200 ml volume flask. The flask was then placed in an 80 ℃
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water bath for 3 hours. After reaching the reaction time, the Bio-AC & nitric
acid slurry was filtered using a PES (polyethersulfone) membrane filter (Pore
size 0.2 ㎛, Φ 47 mm) and washed with deionized water. Although a drying
process is required to recover Bio-AC powder, oven drying is not suitable for
recovering Bio-AC powder because of the tendency of small particles to
clump together at high temperature. Therefore, in this experiment, fine
powder Bio-AC samples were obtained through freeze drying for 10 hours
instead of oven drying. As a result, a total of four different Bio-AC samples
were prepared and labeled according to the fabrication conditions, including
the type of catalyst used for activation (Table 5).
To make bio-ink, 200 mg of Bio-AC was put into a 100 ml volume
beaker to mix with 10 ml of de-ionized water. To ensure a uniform
distribution

of

aggregated

particles,

200

mg

of

surfactant

(sodium

dodecylbenzene sulfonate, Sigma Aldrich) was also added to the mixture.
Finally, bio-ink was completed by adding 100 mg of carbon black (acetylene,
100% compressed, Alfa Aesar), which is a conductive material. To ascertain
the exact role of carbon black in the mechanism of moisture diffusion energy
harvesting, a bio-ink without carbon black was also made with the same
amount of Bio-AC, de-ionized water, and surfactant above. Bio-ink was then
sonicated for 1 hour to boost the dispersity of the solution. Low dispersity
may cause non-uniform distribution of the Bio-AC particles on the surface of
Bio-MDEH, which can cause electrical disconnections between particles.
Lastly, the prepared bio-ink was sprayed several times using a pipette to
make sure the fibrous material (X80 Food Towel, WypAll) is completely
wetted. The bio-ink soaked fibrous material was then dried in an oven for
half an hour. The final size of the Bio-MDEH was 76 mm × 26 mm ×
0.12. The overall fabrication process of Bio-MDEH is summarized in Figure
10.
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Figure 10. Summary of fabrication process of Bio-MDEH with various catalyst
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Table 5. List of samples produced in this experiment.

#

Sample Name

Catalyst

1

CS800_4h_t

None

2

CSP800_4h_t

H3PO4

3

CSZ800_4h_t

ZnCl2

4

CSK800_4h_t

KOH

Carbonized Milling Surface
Temperature Time Moidificat
(℃)
(hour)
ion

800

4

acid
treated

In terms of the abbreviations of the sample name, CS means carbonized
corn stover, ‘P’ after CS indicate catalyst H3PO4, ‘Z’ for ZnCl2, and ‘K’ for
KOH, respectively. The number ‘800’ indicates the carbonized temperature
which was all 800 ℃ in this experiment, and the following ‘4h’ indicate 4
hour milling time. The samples ending with the ‘_t’ means that the sample
were acid treated for surface modification.
For example, ‘CSK800_4h_t’ means corn stover carbonized at 800 ℃
with catalyst KOH followed by 4 hour milling and acid treatment.
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3.2.3. Characteristic analyses of prepared biomass derived activated carbon
According to the results of Section 4.1,
(1) First, the oxygen-to-carbon ratio (O/C) from elemental analysis was
correlated with Bio-MDEH performance. The O/C ratio improved
significantly after acid treatment, which was again confirmed in the
FTIR results. This fact indicates that the O/C ratio can work as a
measure of hydrophilicity.
(2) Second, both the meso+macropore surface area and mesopore
volume from the BET analysis are key parameters that are strongly
correlated with Bio-MDEH performance.
(3) Third, conductivity was correlated with device performance.

In this section, elemental analysis, surface area analysis, and conductivity
measurements were carried out to investigate the properties of Bio-AC in
terms of its performance.
An elemental analyzer (Figure 11a. Thermo Scientific, FlashEA 1112)
was employed to determine the contents of carbon (C), hydrogen (H), and
nitrogen (N) of the Bio-AC samples. Oxygen content was then calculated by
deducting C, H, and N from 100 percent. A Van Krevelen diagram was
generated as a result of the elemental analysis to confirm the enhancement in
the O/C ratio of the samples.
The surface area analysis was conducted using a surface area and pore
size analyzer (Figure 11b. MicrotracBEL Corp, BELSORP-max). Meso- and
macro-pore

surface

area

of

the

Bio-AC

was

measured

by

the

Barrett-Joyner-Halenda (BJH) method, and the external surface area was
calculated from the t-plot. The Bio-ACs were pretreated in a vacuum at 350
°C for 3 hours prior to the main analysis to remove residual substances such
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as moisture or volatile substances trapped inside the pores.
Conductivity measurements were carried out using a Zetasizer (Figure
11c. Malvern, Nano-ZS). The samples were prepared as solutions at a
concentration of 2 mg/ml using de-ionized water and were sonicated for 1
hour.

The

zeta

potential

does

not

fluctuate

significantly

at

solution

concentrations within a certain range. However, since the conductivity is
directly related to the solution concentration. It must be measured at exactly
the same condition for a comparison between samples. The conductivity was
then automatically measured 10 to 100 times until the value was stable.
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(a)

(b)

(c)

Figure 11. Analyses instrument (a) elemental analyser; (b) surface analyser; (c) zetasizer. Elemental analyzer was
employed to determine the contents of carbon (c), hydrogen (H), and nitrogen (N) of the Bio-AC samples.
Surface area and pore volume was determined by surface analyser and zetasizer conduct the zeta-potential &
conductivity analysis.

39

3.2.4. Biomass

derived moisture

diffusion energy

harvester performance

evaluation
To evaluate the performance of Bio-MDEH, a Voc and Isc were measured
as an energy harvesting performance parameter by an electric multimeter
(DMM7510, Keithley). The Voc is the electrical potential difference between
two electrodes without any load resistance, and it can be measured simply by
connecting the two poles of the multimeter and the two poles of the
generator according to the polarity. The Isc refers to the amount of electrical
charge flow per unit time when the power generator is not connected with
any load. It can also be measured in the same way above except the polarity
needs to be exchanged.
In this evaluation experiment, the moisture diffusion energy harvesting
was driven by injection volumes of 0.05 ml of de-ionized water in all
Bio-MDEHs, unless otherwise mentioned. All experiments were performed in
an environment where constant temperature and humidity were maintained at
25 ℃ and 50%, respectively (Figure 12). All data measured by a multimeter
were recorded in the KickStart Instrument Control Software (version 2.4.0,
Keithley) purchased from Keithley. The performance evaluation experiments of
Bio-MDEH were divided into four parts.
(1) Measuring the Voc and Isc of Bio-MDEH fabricated from four
different Bio-ACs.
(2) Measuring Voc generated by three Bio-MDEHs connected in series
and Isc of Bio-MDEH connected in parallel.
(3) Measuring the time duration of voltage generation by three
Bio-MDEHs connected in series with different de-ionized water
injection volumes.
(4) Measuring repeatability of the voltage generation by repeated
injection of de-ionized water into three Bio-MDEHs connected in
series.
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Schematic diagram of three Bio-MDEH in a series connection and a
parallel connection is provided in Figure 13.
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Figure 12.

Implementation

of constant

temperature

and

humidity

environment (25 ℃, 50 %) using acrylic box, humidifier, heater, and
monitoring sensor for performance evaluation experiment of Bio-MDEH
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(a)

(b)

(+)
(+)
(-)

(-)

Figure 13. Schematic diagram of performance evaluation experiment for
three Bio-MDEH connected in (a) series and (b) parallel. Voc and Isc
was measured with dropping 0.05 ml of DI water onto three
Bio-MDEH.
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4. Results and discussion
4.1. Fabrication variable screening of moisture diffusion energy harvesters and
statistical analysis of governing factors affecting its performance
4.1.1. Characterization of biomass derived activated carbon
After the preparation of all twelve Bio-ACs, they were subjected to an
elemental analysis, and the results have been shown in the form of a Van
Krevelen diagram in Figure 14. It can be seen in the diagram that the
elemental ratio of the hydrogen and oxygen to the carbon increased in all the
samples after milling except for the H/C ratio of CS700, which was slightly
decreased after 1h of milling. After acid treatment, all ratios increased in all
the samples. Especially, the O/C ratio impressively increased in CS600
samples, which means more functional side chains were introduced to CS600
than other samples. Moreover, in the FTIR analysis provided in Figure 15, it
is clear that a certain number of aromatic carbonyl groups (C=O) were
successfully introduced after acid treatment at a peak value of 1725 cm-1 (Lin
et al., 2014).
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(a)

(b)

Figure 14. Van Krevelen diagram of various Bio-AC comparing H/C,
O/C ratio between samples. (a) before and after milling; (b) before and
after acid treatment. (Oxygen ratio = 100-[C+H+N]). After acid
treatment, all ratio in all sample was also increased. Especially, O/C
ratio was impressively increased in CS600 samples which means more
functional side chains were introduced to CS600 than other samples.
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(a) 600 ℃

(b) 700 ℃

(c) 800 ℃

Figure 15. FT-IR Spectrum of various Bio-AC before and after milling
and acid treatment. Existence of peak at 1720 cm-1 represent growth
of -C=O bond after acid treatment: (a) CS600; (b) CS700; (c) CS800.
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Additionally, in the zeta potential results (shown in Figure 16a) there is
a clear trend between carbonization temperature and milling time before acid
treatment, where it decreased with increasing carbonization temperature and
milling time. But after acid treatment, it seemed there was no relationship
between them anymore. However, the conductivity of CS700 and CS800
samples with 10 hour milling times were remarkably enhanced after acid
treatment (Figure 16b). All samples showed sufficient values of zeta potential
(higher than 20 mV) in an absolute value as compared with other materials
in previous studies that included carbon black (-33.2mV), natural wood
(-20mV), and 23 (+40.3mV) (Xue et al., 2016; Zhou et al., 2020; Shao et
al., 2019). Particle size cannot be determined by one value if it is not
uniformly distributed. According to Figure 17, the particle size analysis results
of Bio-AC show that the size can be divided into two major groups, 1.6 µm
or less and larger than that. The former is a ‘small particle’, the latter a
‘large particle’. Generally, the activated carbons after 1 hour milling have the
largest number of small particles among others. Small particle concentrations
(SPC) were calculated and are presented in Table 8. Significant growth of
pore volume and specific surface area after milling were observed from the
results of BET analysis in Figure 18a. Before acid treatment, the specific
surface area decreased with increasing carbonization temperature and also with
milling time. However, after acid treatment, the specific surface increased in
all samples, and the difference between samples with different carbonization
temperatures decreased. Pore volumes were also decreased with increasing
milling time but not with the carbonization temperature. After acid treatment,
an increase in pore volume was found in all samples. Acid treatment and
milling time affected the pore structures of the carbon samples. In particular,
the meso + macropore surface area was significantly affected by acid
treatment, and the value increased after acid treatment in all samples.
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(a)

(b)

Figure 16. Zeta potential analysis result of 12 different Bio-AC. (a)
zeta potential; (b) conductivity. Conductivity of CS700, CS800 sample
with 10 hour milling time were remarkably enhanced after acid
treatment.
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(a)

(b)

(c)

Figure 17. Particle size distribution of various Bio-AC before and after
milling and acid treatment. Small particle size means appropriate
dispersion in liquid phase and high adhesiveness to the cellulose
fibrous structure. (a) CS600; (b) CS700; (c) CS800.
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(a)

(b)

(c)

Figure 18. Specific surface area and different sized pore volumes of
various Bio-AC. (a) total pore volumes and specific surface area; (b)
meso+macro surface area; (c) mesopore volume. Mesopore surface area
and volume were significantly affected by acid treatment, since the
increasement of value were observed after acid treatment in all
samples.
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4.1.2. Evaluation of biomass derived moisture diffusion energy harvester
performance
The Bio-MDEH was successfully fabricated from corn stover, and the
performance tests were conducted according to the methodology described in
Section 3.1.4. The maximum value of Voc and Isc was measured at 25 ℃
and 50% humidity environment, the results are shown in Figure 19. Both Voc
and Isc varied from sample to sample and a clear trend related to acid
treatment was observed, showing higher Voc after acid treatment in all
samples. A mild trend was observed related to the milling time showing a
higher Isc in 1 hour milled samples. The sample with the highest Isc
performance was CS800_1h_t, for which the value was 3.07 μA. For Voc, the
CS800_10h_t sample with 923 mV showed the best performance. The best
Voc performance of the Bio-MDEH (CS800_10h_t) was 4.6 times higher than
that of the control, but the Isc (CS800_1h_t) was only 37.4% of the control.
It can be inferred that the high surface area of Bio-AC allows more ionic
interactions in the EDL, leading to higher potential wells, thus resulting in
higher

Voc

of

Bio-MDEH.

The

Voc

measured

from

Bio-MDEH

was

approximately two times greater than those of previous studies (Yun et al.,
2019; Bae et al., 2020).
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(a)

(b)

Figure 19. Open-circuit voltages and short-circuit current of various
Bio-AC and control. Clear trend related to acid treatment was
observed, showing higher Voc after acid treatment in all samples. Mild
trend was observed related to the milling time showing higher Isc in 1
hour milled samples.
*Control : carbon black (0.3 g) + surfactant + DI water
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4.1.3. Powering test for analog sensors using biomass derived moisture
diffusion energy harvester
To this end, two Bio-MDEHs connected in series generated about 1.6V,
and the touch sensor signal showed exactly the same value when the sensor
was not touched, and 0 V when touched with a finger as shown in Figure
20a. The signal from the touch sensor powered by a Bio-MDEH was clear
enough to be detected by the microcontroller. Likewise, the light sensor
signal showed a voltage difference of about 50mV in bright light and in the
dark, which was also clearly detectable. Specifically, it showed 115 mV with
the light on and 65 mV with the light off (Figure 20b). On the other hand,
the voltage difference between the dry and wet conditions of the soil
moisture sensor signal was only 0.85 mV when plugged into the watered soil
(Figure 20c). This was a fairly small value for an Arduino microcontroller,
with a minimum identifiable signal level of 4.88 mV.
Bio-MDEH was fabricated with CS800_10h_t, which showed the best Voc
performance, was selected for human skin simulation experiments. The voltage
generation from CS800_10h_t lasted for approximately 90 min in 25 ℃,
whereas the Bio-MDEH with CS600_1h sustained its voltage generation for
60 min (Figure 21). However, the durations for which the two devices
maintained more than 10% of their peak performance were 56 and 54
minutes, respectively. On the other hand, Bio-MDEH maintained more than
10% of its peak performance at 36.5 ℃ for 20.5 minutes, and the peak
performance also dropped 22.6%. The shorter voltage generation time on a
hot surface can be explained from the fact that water evaporates more easily
at higher temperatures.
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(a) Touch sensor activation

(b) Soil moisture sensor activation

(c) Light sensor activation

Figure 20. Analog sensors activation signal. (a) touch sensor with 1.6
V of step signal; (b) soil moisture sensor with 0.85 mV of step signal;
(c) light sensor with 50 mV of step signal.
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Figure 21. Human skin simulation experiment. Bio-MDEH generated
power from the moisture diffusion at a surface temperature of 36.5℃.
The durations which CS600_1h, CS800_10h_t maintained more than 10
% of their peak performance were 54 and 56 minute, respectively.
However, on the hot plate at 36.5 ℃, it maintained more than 10 %
of its peak performance for 20.5 minute.
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4.1.4. Statistical analysis
Table 6 shows the t-test results of energy harvesting performance (Voc,
Isc) according to surface modification state and milling time. The p-value of
the two-tailed test for acid treatment was very small, less than 0.01 in terms
of Voc, which means that there is a statistically significant difference before
and after acid treatment. The mean value of Voc in the acid-treated group
was 871.04 mV, which was greater than the mean value of the untreated
group. Based on the small p-value of the two-tailed test and higher Voc of
the acid-treated group, we concluded that the acid treatment method for
surface modification improved the energy harvesting performance. This can be
interpreted from the results of the FTIR spectrum that attaching carbonyl
groups to the carbon surface structure enhanced moisture diffusion by
reducing the hydrodynamic resistance. Meanwhile, the difference in Voc
between the two groups classified according to the milling time showed a
p-value of 0.03, which was less pronounced than in the case of surface
modification, but it can still be seen that the milling time affected the Voc.
However, the p-value was very small for the Isc, indicating that the influence
of milling time is much greater than for the Voc. Interestingly, the mean
value of Voc was slightly larger in the 10-hour milled sample, whereas the
mean value of Isc was (contrary to initial expectations) much greater in the
1-hour milled sample than the 10-hour milled sample. This fact indicates that
the mesopore structure collapsed as the milling time increased, which
negatively affected the performance of the Bio-MDEH. Similar to the t-test
results for milling time, a clear difference between the groups of samples
carbonized at different temperatures was observed with very small p-values of
the Isc in the ANOVA results (Table 7), but no statistical difference was
observed for the Voc. This means that the biomass derived activated carbon
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can be produced at 800 ℃, followed by 1 hour milling time for the best
energy harvesting performance of Bio-MDEH.
Subsequently, a data set was constructed from the data measured in all
analyses for correlation analysis and is presented in Table 8, which includes
fourteen different analysis parameters. Pearson correlation coefficients were
calculated between all parameters and are shown in Table 9 as a result of
the correlation analysis derived from the prepared dataset. As expected,
correlations with Isc and Voc were found with strengths greater than 0.7 in
the mesopore volume (Vmeso), conductivity (Cond), and mesopore + macropore
surface

area

(Smeso+macro),

respectively.

According

to

previous

studies,

mesopores form a shorter pathway for ions to penetrate the pores more
easily, to increase the capacitance and the ion kinetics ( Nadakatti et al.,
2011). From the facts above, the interactions between carbon and ions can be
enhanced through the short pathway provided by the mesopore structure of
Bio-AC, which leads to a higher Voc. Conductivity was also found to be
moderately correlated with Voc. This result can be explained from the
remarkable increase in conductivity after surface modification. Specifically, the
hydrophilic functional group has accessible surplus electrons, which can
enhance the conductivity of the Bio-AC.
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Table 6. T-test : paired two sample for means
Open-circuit voltage (mV)

Short-circuit current (uA)

Acid Treatment
Not treated
Mean
Variance
Observations
Pearson
Correlation
P(T<=t) one-tail
P(T< =t) two-tail
Milling Time
Mean
Variance
Observations
Pearson
Correlation
P(T<=t) one-tail
P(T< =t) two-tail

597.76
9828.07
18

Treated

Not treated

871.04
4057.28
18

1.20
0.81
18

0.45

0.89

1.79E-10
3.59E-10

0.24
0.49

Open-circuit voltage (mV)
1 hour
732.79
15445.12
18

Treated
1.29
1.30
18

Short-circuit current (uA)

10 hour
759.65
21707.50
18

1 hour
1.57
1.29
18

0.95

0.84

0.02
0.03

2.22E-04
4.43E-04

10 hour
0.91
0.59
18

To determine the effect of fabricating conditions on the open-circuit voltage and short-circuit current values,
the data were classified into two group according to before/after acid treatment and 1-/10-hour milling time, respectively.
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Table 7. ANOVA result from different carbonization temperature groups.

Summary
ANOVA
Summary
ANOVA

Open-circuit voltage (mV) Short-circuit current (µA)

Groups
600 ℃
700 ℃
800 ℃

Counts
12
12
12

Sum
8510.62
9102.67
9250.61

Average
709.22
758.56
770.88

Variance
12637.29
22237.23
20810.21

Source of Variation

SS

df

MS

F

P-value

F crit

Between Groups
Within Groups
Total
Groups
600 ℃
700 ℃
800 ℃

25555.16
612532.1
638087.3
Counts
12
12
12

2
33
35
Sum
4.41
11.63
28.63

12777.58
18561.58

0.69

0.51

3.28

Average
0.37
0.97
2.39

Variance
0.02
0.25
0.66

Source of Variation

SS

df

MS

F

P-value

F crit

Between Groups
Within Groups
Total

25.78
10.16
35.94

2
33
35

12.89
0.31

41.86

8.86E-10

3.28

To determine the effect of carbonization temperature on the Bio-MDEH performance, open-circuit voltage and short-circuit
current data were classified according to three carbonization temperatures of 600, 700, and 800 °C, respectively.
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Table 8. Coding dataset for correlation analysis
Variables

CS600_1h

CS600_10h

CS700_1h

CS700_10h

CS800_1h

CS800_10h

CS600_1h_t

CS600_10h_t

CS700_1h_t

CS700_10h_t

CS800_1h_t

CS800_10h_t

Fabrication Variables
Carbonization
Temperature (℃)

600

600

700

700

800

800

600

600

700

700

800

800

Milling Time (h)

1

10

1

10

1

10

1

10

1

10

1

10

No

No

No

No

No

No

Yes

Yes

Yes

Yes

Yes

Yes

Acid Treatment

Measured Variables
Voc (mV)

614.73

609.72

629.25

607.73

626.22

640.77

746.85

865.57

886.18

911.07

893.51

923.04

Isc (µA)

0.46

0.39

1.54

0.52

2.82

1.44

0.32

0.30

1.20

0.62

3.07

2.20

O/C

0.30

0.32

0.34

0.35

0.33

0.31

0.45

0.46

0.37

0.43

0.33

0.39

364.60

254.33

344.34

226.27

196.21

177.51

425.95

354.83

450.40

351.15

456.01

376.44

Sexternal (m /g)

31.85

35.74

36.60

32.00

33.12

37.97

32.56

37.04

36.55

35.92

37.51

37.85

Smeso+macro (m2/g)

45.96

43.98

44.26

37.70

41.03

43.46

48.64

57.89

52.41

50.07

53.59

54.05

Vtotal (cm /g)

0.38

0.33

0.38

0.28

0.42

0.33

0.44

0.41

0.46

0.36

0.52

0.41

Vmicro (cm3/g)

0.14

0.09

0.12

0.08

0.07

0.06

0.16

0.13

0.17

0.12

0.17

0.14

Vmeso (cm /g)

0.25

0.25

0.26

0.21

0.36

0.27

0.29

0.29

0.30

0.25

0.36

0.28

Davg (nm)

4.17

5.27

4.42

4.98

8.62

7.44

4.15

4.58

4.09

4.08

4.54

4.34

Dpeak (nm)

163.19

139.99

185.28

185.28

185.28

139.99

185.28

185.28

139.99

163.19

139.99

119.52

ZP (mV)

-34.63

-33.07

-31.10

-27.57

-26.03

-26.20

-33.50

-35.33

-41.37

-22.17

-32.77

-28.10

Cond (mS/cm)

0.10

0.13

0.24

0.14

0.15

0.13

0.34

0.17

0.19

0.43

0.33

0.54

Small particle
concentration
(%, <1.6µm)

95.38

32.17

37.79

6.84

30.82

5.30

19.79

17.02

32.97

18.44

35.60

5.93

Stotal (m2/g)
2

3

3
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Table 9. Correlation analysis result
Pearson
Coefficient

Voc
(mV)

Isc
(µA)

O/C

H/C

Stotal
(m2/g)

Sexternal
(m2/g)

Smeso+macro
(m2/g)

Vtotal
(cm3/g)

Vmicro
(cm3/g)

Vmeso
(cm3/g)

Davg
(nm)

Dpeak
(nm)

ZP
(mV)

Cond
(mS/cm)

Voc (mV)

1.00

Isc (µA)

0.19

1.00

O/C

0.61

-0.37

1.00

Stotal (m2/g)

0.69

0.02

0.43

0.30

1.00

Sexternal (m2/g)

0.55

0.36

0.10

-0.18

0.17

1.00

Smeso+macro (m2/g)
Vtotal
(cm3/g)
Vmicro (cm3/g)

0.88

0.06

0.60

0.35

0.74

0.57

1.00

0.58

0.54

0.21

-0.17

0.73

0.25

0.64

1.00

0.67

0.01

0.43

0.31

1.00

0.16

0.75

0.74

1.00

Vmeso (cm3/g)

0.31

0.75

-0.02

-0.48

0.25

0.23

0.34

0.84

0.27

1.00

Davg (nm)

-0.48

0.43

-0.42

-0.60

-0.79

-0.05

-0.52

-0.18

-0.78

0.37

1.00

Dpeak (nm)

-0.39

-0.32

0.29

0.14

-0.18

-0.60

-0.33

-0.18

-0.17

-0.12

0.10

1.00

ZP (mV)

-0.14

0.21

-0.07

-0.37

-0.58

-0.02

-0.40

-0.47

-0.62

-0.18

0.43

0.09

1.00

Cond (mS/cm)

0.71

0.27

0.48

-0.02

0.49

0.36

0.51

0.33

0.46

0.11

-0.42

-0.33

0.31

1.00

SPC (%, <1.6µm)

-0.29

-0.08

-0.44

0.07

0.26

-0.40

-0.06

0.20

0.27

0.05

-0.20

0.08

-0.41

-0.37

Orange color means moderate correlation between two variables (Pearson coefficient ≥ 0.6)
Red color means strong correlation between two variables (Pearson coefficient ≥ 0.8)
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SPC
(%, <1.6µm)

1.00

4.2. Study on the performance of moisture diffusion energy harvester using
catalytic activated carbon
4.2.1. Catalytic carbonization of biomass
Three different catalytic activated biomass-derived carbon samples and
one without catalyst were successfully prepared according to the method
described in Section 3.1.1. However, the yields of catalytic activated carbon
varied significantly between samples depending on the catalyst used (Table
10). Samples carbonized with catalyst H3PO4 and ZnCl2 were recovered more
than the samples carbonized without catalyst. It is assumed that the remaining
catalyst inside the activated carbon may affect the recovered mass calculation.
On the other hand, samples carbonized with catalyst KOH showed the lowest
yield of 3.0%. Previous studies have demonstrated the yield of activated
carbon prepared under KOH catalyst conditions is very low because of the
highest pore volume and specific surface area (Thithai et al., 2020; Hwang et
al., 2017). This also means that EDL can be formed in a more efficient
manner over large surface areas.
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Table 10. Yield of carbonization in different catalyst from corn stover.

Catalyst

Yield (%)

std

No catalyst

26.4

0.1

H3PO4

28.4

2.1

ZnCl2

31.4

0.8

KOH

3.0

0.5

Samples carbonized with catalyst KOH showed lowest yield of 3.0 %.
Previous studies have demonstrated the yield of activated carbon prepared
under KOH catalyst conditions is very low because of the highest pore
volume and specific surface area.
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4.2.2. Characterization of biomass derived activated carbon
A total of four different Bio-AC samples were prepared according to the
type of catalyst used, through the fabrication process under the carbonization
temperature of 800°C, milling for 4 hours, and acid treatment conditions. The
results of the elemental analysis of Bio-AC are all shown in Figure 22. Both
the H/C and O/C ratios increased with catalysts H3PO4 and KOH. The KOH
catalyst resulted in the introduction of a large amount of oxygen into the
Bio-AC. On the other hand, the O/C ratio of the sample carbonized with
ZnCl2 slightly decreased. From these results, it can be expected that Bio-AC
using KOH catalyst has more hydrophilic functional groups than other
Bio-ACs, resulting in higher energy harvesting performance.
A surface area analysis was successfully conducted, and the result is
presented in Figure 23. The first observation was that the meso+macropore
surface area of the sample using the H3PO4 catalyst decreased, while the
surface area of the ZnCl2 catalyst increased 1.37 times compared to the
non-catalyst activated carbon sample. On the other hand, both samples using
H3PO4 and ZnCl2 catalysts had reduced pore volumes by as much as
one-fifth and as little as one-third. However, in the case of Bio-AC
carbonized under KOH catalyst conditions, the surface area and pore volume
were 1.2 times and

0.9

times that of non-catalyst activated carbon,

respectively, maintaining relatively similar levels. This result is contrary to the
results of previous studies that the specific surface area and total pore
volume of activated carbon were greatly improved under the KOH catalyst
condition (Thithai et al., 2020). It can be interpreated that the porous
structure formed during the carbonization process was destroyed during the
milling process. In conclusion, the surface area analysis results confirmed that
the porous structure of Bio-AC prepared using the KOH catalyst was superior
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to activated carbon using other catalysts, but the structure collapsed during
the milling process. On the other hand, the conductivity analysis clearly
showed that the KOH catalyst was superior to other catalysts. As shown in
Figure 24, conductivity of the Bio-AC with KOH catalyst was 0.60 mS/cm,
which is larger than the conductivity of any other samples, including control
(0.44 mS/cm).
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Figure 22. Elemental analysis result of Bio-MDEH with catalytic
activation. Large amount of oxygen was introduced into the Bio-AC
with KOH catalyst. It can be expected that Bio-AC using KOH
catalyst has more hydrophilic functional groups than other Bio-ACs,
resulting in higher energy harvesting performance.
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Figure 23. Meso+macro surface area and mesopore volume. The
surface area analysis results confirmed that the porous structure of
Bio-AC prepared using the KOH catalyst was superior to activated
carbon using other catalysts, but the structure collapsed during the
milling process.
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Figure 24. Conductivity analysis result. Conductivity of the Bio-AC
with KOH catalyst was 0.60 mS/cm, which is larger than the
conductivity of any other samples, including control (0.44 mS/cm).
*Control : carbon black (0.3 g) + surfactant + DI water
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4.2.3. Evaluation of biomass derived moisture diffusion energy harvester
performance
A Bio-MDEH was fabricated, and the performance was evaluated by the
method described in Section 3.2.2. The Voc of the control was lower than
every Bio-MDEH, but the Isc was 2.4 to 21.7 times larger than that of
Bio-MDEHs. This result is reasonable according to previous studies that they
found the trade-off relationship between Voc and Isc (Yun et al., 2019).
However, the maximum value of Voc and Isc were measured from a
Bio-MDEH fabricated from CSK800_4h_t, which was carbonized with KOH
catalyst. In this case, Voc and Isc were 926.2 mV and 37.75 µA, respectively,
which was 4.6-fold greater than that of the control (Figure 25). A significant
enhancement in the Isc with KOH catalytic carbonization was supported by
the fact that the CSK800_4h_t sample has the largest meso+macro surface
area and relatively big mesopore volume, which allows the ions to more
effectively penetrate the pore structure so that it can form an electric
potential difference between EDL.
An interesting observation was made in the performance measurement
experiments of Bio-MDEH fabricated with Bio-AC ink without the addition
of carbon black. As a result of the experiment, Bio-MDEH without CB had
no conductivity, so voltage, current, and resistance could not be measured.
This explains the role of carbon black as a bridge conductor crosslinking
activated carbon particles in the Bio-AC ink coated on the surface of
Bio-MDEH (Figure 26). Activated carbon particles are relatively larger than
carbon black, and large particles cannot be fully connect with each other. It
means the presence of carbon black in the Bio-AC ink is essential if the
activated carbon particle size is not small enough. But when the activated
carbon particle size was reduced by longer milling time, the mesoporous
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structure of activated carbon might break down, leading to less ion
penetration into the carbon structure. Therefore, in order for activated carbon
to have the largest mesopore structure and to be properly connected to each
other, additional research on milling methods and research on bio-based
alternatives that can obtain conductive small particles are needed.
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(a)

(b)

Figure 25. Open-circuit voltage and short-circuit current of various
Bio-MDEH. A significant enhancement of short-circuit current with
KOH

catalytic

carbonization

was

supported

by

the

fact

that

CSK800_4h_t sample has largest meso+macropore surface area along
with relatively big mesopore volume which allows the ion more
effectively penetrate to the pore structure so that it can form the
electric potential difference between electric double layers.
*Control : carbon black (0.3 g) + surfactant + DI water
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Figure 26. Schematic diagram of Bio-AC ink consist of activated carbon, carbon black, and ions. Activated
carbon particles are relatively larger than carbon black, and large particles cannot be fully connected with each
other. But A-B can be electrically connected by small particles of carbon black bridge.
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The Voc generated from three Bio-MDEHs connected in series were
measured in the real time domain and the results are presented in Figure 9a.
The rise of Voc induced by the injection of deionized water on three
Bio-MDEH surfaces connected in series had a stepped shape. Likewise, the
Isc graphs generated from the parallel-connected Bio-MDEH showed a
step-wise stretched shape, which means that the current rises slightly slower
than the voltage (Figure 27b). The result was also remarkable; the maximum
Voc was 2.21 V and Isc was 105.06 µA.
The time duration of voltage generation by three Bio-MDEHs connected
in series was also measured with de-ionized water injection volumes of 0.05,
0.1, 0.2, 0.5 ml, respectively. As expected, the time duration was influenced
by the volume of water injection, and it increased with increasing injection
volume. The longest time duration was 3.58 hours with 0.5 ml of de-ionized
water, but the time duration for which the Bio-MDEH maintained more than
80% of its peak performance was 2.36 hours (Figure 28a). The repeatability
experiment was performed three consecutive times with a water injection
volume of 0.5 ml. The Bio-MDEH harvests energy from moisture diffusion
over 11 hours with a total of 1.5 ml of de-ionized water, and the results are
displayed in Figure 28b.
To sum up the results, the performance of Bio-MDEH prepared using
biomass-derived activated carbon outperforms the control in terms of voltage,
and the current was also significantly improved by catalytic carbonization
with KOH. A higher voltage and current can be obtained by connecting
Bio-MDEHs in series or parallel or both, which means that a desirable
voltage and current can be achieved by connecting a few Bio-MDEHs (Figure
29).
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(a)

(b)

Figure 27. Moisture diffusion energy harvesting performance evaluation
with three Bio-MDEH connected in (a) series, (b) parallel.
The maximum open-circuit voltage and short-circuit current
were 2.21 V and 105.06 µA, respectively.
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(a)

(b)

Figure 28. Energy harvesting duration experiment with (a) different volume of water injection and (b)
repeatability test. The time duration was influenced by the volume of water injection, and it increased with
increasing injection volume. The longest time duration was 3.58 hours with 0.5 ml of de-ionized water, but the
time duration for which the Bio-MDEH maintained more than 80% of its peak performance was 2.36 hours.
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Figure 29. Comparison of device performance between Bio-MDEHs,
control, and previous research results. The performance of Bio-MDEH
prepared using biomass-derived activated carbon outperforms the control
in terms of voltage, and the current was also significantly improved by
catalytic carbonization with KOH. A higher voltage and current can be
obtained by connecting Bio-MDEHs in series or parallel or both.
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5. Conclusion
In this study, the potential of Bio-AC as a surface coating material for
moisture diffusion energy harvesters (MDEHs) was explored. The energy
harvesting

performance

of

Bio-MDEH

with

catalytic

carbonization

was

investigated. Surface modification proved effective to reduce the hydrodynamic
resistance for enhancing moisture diffusion to escalate the performance of
Bio-MDEH. The energy harvesting performance was remarkable with the best
performance of 926.2 mV and 37.75 µA. Fabrication variables that were
screened included a carbonization temperature of 800 ℃, 1 hour of milling,
and acid treatment. A significant enhancement of current generation was also
observed with the Bio-MDEH fabricated from KOH catalyzed activated
carbon. KOH catalytic carbonization can be a novel method to fabricate
Bio-MDEH with a high Isc performance. Series/parallel connected Bio-MDEH
successfully generated voltage and current for more than 11 hours. The
influence of water volume on the energy harvesting duration was verified in
that a large volume of water can sustain voltage generation for longer
periods. Bio-MDEH successfully powered light and touch sensors. Statistical
analyses revealed that the meso+macro surface area, mesopore volume, and
conductivity were correlated with the energy harvesting performance of
Bio-MDEH.
To sum up, we concluded that this fabricated device can be a good
option for meeting the requirements of a carbon-neutral, high-performance
moisture diffusion energy harvesters.
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초 록
바이오매스 유래 활성탄으로 제조된
수분 확산 에너지 하베스팅 장치의 성능 평가
김사명
그린에코시스템공학 전공
국제농업기술학과
국제농업기술대학원
서울대학교
기건 상태의 옥수수대 분말(Corn Stover; 5mm 이하)을 분쇄한
후 다양한 촉매 (KOH, ZnCl2, and H3PO4)와 온도 (600, 700,
800°C) 조건에서 탄화시켰다. 이후 표면개질을 위한 산 처리 과정을
거쳐 바이오매스 유래 활성탄(Biomass-derived activated carbon:
Bio-AC)을 제조하였다. 준비된 Bio-AC를 탈 이온수, 계면활성제와
혼합하여 Bio-AC 잉크로 만든 후, 모세관현상을 일으키는 소재(Food
Wiper)를 Bio-AC 잉크에 침지 및 건조하여 수분 확산 에너지 하베스
팅 장치 (Moisture diffusion energy harvester: MDEH)를 제조하
였다.
완성된 Bio-MDEH의 성능 평가를 위해, 비대칭적 수분공급 상태에
서 양 끝에 발생하는 개방회로 전압 (Voc) 및 단락회로 전류 (Isc)를 측
정하였다. 그 결과, Voc와 Isc의 최대값은 각각

926.2 mV와 37.75 μ

A로 측정되었다. 이후 진행된 t-test와 ANOVA 결과에서 탄화온도,
분쇄시간, 산 처리 모두 Bio-MDEH의 성능에 유의미한 영향을 주는 것
으로 확인되었으며 그 결과, 탄화온도 800℃, 분쇄 1시간, 산 처리 시행
이 최적의 제작조건인 것으로 확인되었다. 특히 산 처리 과정에서
Bio-MDEH의 Voc가 현저하게 증가하였고, KOH 촉매를 사용해 제조
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한 Bio-MDEH에서는 12배 이상 증가한 Isc가 측정되었다. 뿐만 아니
라, Bio-MDEH를 통해 조도센서, 터치센서를 성공적으로 구동하였으며
직렬과 병렬로 연결된 Bio-MDEH는 연속적인 수분 공급 조건에서 11
시간 이상 안정적으로 전압과 전류를 생성하였다. 또한 주입되는 물의 양
이 많아질수록 전력 생성 시간이 한번에 3.58 시간까지 늘어나는 것으로
나타났다.
마지막으로,

상관관계

분석

결과

메조+매크로

기공

표면적

(Smeso+macro)이 Bio-MDEH의 성능과 강한 상관관계를 갖는 것으로, 전
도도 (Cond) 및 메조기공 부피 (Vmeso)가 중간 정도의 상관관계를 갖는
것으로 나타났다. 이러한 결과는 Bio-AC의 메조다공성 (mesoporous)
구조가 Bio-MDEH의 표면에 유사흐름전류 (pseudo- streaming
current)를 유도하는 전기이중층(EDL)의 형성에 중요한 역할을 한다는
것을 보여준다. 이온이 활성탄의 메조다공성 구조를 통해 더 넓은 면적에
서 효율적으로 전기이중층을 형성하게 되면 이온 간의 상호 작용이 늘어
나 더 큰 스트리밍 전류 및 전위를 유도할 수 있다.
결론적으로, 본 연구에서 제안한 수분 확산 에너지 하베스팅 기술을
활용하면 더욱 효율적이며 친환경적으로 에너지 하베스팅 장치를 구현할
수 있을 것이라 기대된다.

키워드: 바이오매스, 활성탄, 탄소중립, 수분 확산, 에너지 하베스팅, 전
기이중층

학번: 2019-27653
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우리 사랑스런 재아와 림이도 지금과 같이 건강하게 자라나길 축복합니
다. 그리고 건조하고 텁텁한 한 대학원생의 인생에 기꺼이 함께 삶을 얽
어준 민주에게 사랑을 전하며 감사의 글을 마칩니다.
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