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Abstract: In this work, we formulate water-based graphene oxide (GO) inks to fabricate moisture
energy generators (MEGs) while a two-fold geometric tuning is proposed to encourage enhanced
performance. Two GO-based structures with distinctly different thicknesses were prepared as the
moisture absorbing layer: a GO-pellet (GOP) and a thinner GO-film (GOF). The effect of electrical
contacts’ configuration on the MEG’s output voltage (Vo) was evaluated as a second geometric
tunning approach by varying the surface area of the contacts and their orientation with respect to
the GO plane, i.e., horizontal or vertical. GOF-based devices that employed a horizontal contacts’
configuration demonstrated champion Vo values (~350 mV) and the fastest response to humidity
(3 min required to reach maximum Vo when the relative humidity, or RH, was increased). In GOP
devices with horizontal point-like contacts, Vo is inversely related to the contacts’ distance, with a
maximum Vo of ~205 mV achieved at a ~1 mm contacts’ distance. GOP-based MEGs with point-like
contacts placed vertically to the GO-plane yielded a higher Vo value (~285 mV), while the humidity
response time was 15 min. Replacing these contacts with large area electrodes in GOP devices resulted
in devices with a slower response to humidity (~30 min) due to a smaller exposed GO surface area.
These geometric tuning techniques allowed for the investigation of the optimum device configuration
towards efficient moisture-based energy generation with a fast response.

Keywords: graphene oxide; energy harvesting; moisture energy generation; nanomaterials; 2D materials

1. Introduction

Smart generators that convert ambient energy into electrical power are an innova-
tive approach toward combating the growing global energy demands in ways that are
environmentally friendly and waste-free. Several renewable energy technologies, such as
photovoltaics, piezoelectric, and thermoelectric generators, have been developed not only
to combat the energy crisis and growing pollution but also to advance the development
of innovative self-powered micro-devices [1]. Water is abundant, covering more than 70%
of our planet’s surface, and acts as a massive energy carrier through processes, such as
water flow, evaporation, and moisture diffusion. Water-enabled power generation, or
hydrovoltaics, is often associated with large-scale installations, such as hydroelectric power
plants, that convert the large amounts of kinetic energy carried by flowing water into
electricity via large-scale turbine-based generators. However, water energy is also stored
in smaller scale processes, such as water droplet motion, dynamic tidal power, or osmotic
effects in salinity gradients observed at river/ocean interfaces [2,3]. Water in the form
of atmospheric moisture is a bountiful, omnipresent, and recyclable resource, making it
an excellent source of clean, renewable, and cost-effective energy. Energy is generated
obtained through the spontaneous absorption and evaporation cycle of atmospheric water
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molecules and can be exploited through moisture-energy-harvesting technologies [4–6].
Indeed, ambient moisture-enabled energy has been utilized for electricity generation and
storage and the development of self-powered portable and wearable electronic devices,
such as sensors, actuators, and microrobots [7–10].

Despite the developments in water energy generation, real applications based on
this technology remain mostly untapped due to the lack of more advanced and efficient
nanomaterials within these devices. Inorganic two-dimensional (2D) materials, such as
graphene and graphene-related materials (GRMs), have been extensively investigated and
utilized in renewable-energy-harvesting technologies, such as photovoltaics (PVs), with
their application now expanding into multifunctional energy-harvesting systems beyond
PVs, e.g., hydrovoltaics [1,11–14]. The chemical tunability of GRMs offers the ability to
tailor their properties on demand. For example, the incorporation of functional organic or
inorganic molecules between the 2D material layers can adjust and enhance the desired
optoelectronic properties [15]. These versatile GRMs can be prepared by cost-effective
solution-processing techniques, thus offering facile and up-scalable applications.

Moisture energy generators (MEGs) operate by converting chemical energy from
ambient moisture into electric power. Water molecules are absorbed by hygroscopic
nanomaterials via oxygen bonds, a phenomenon that releases mobilized ions and creates
separate charges, thus generating electric power [16]. Due to its hydrophilic nature, low
production cost, facile processability, and environmentally friendly chemical composition,
graphene oxide (GO) has proven to be an excellent candidate as a moisture absorbing
nanomaterial in MEG devices [17–20]. It is a 2D nanomaterial with a high water uptake and
a high water absorption/desorption rate [21,22]. GO is decorated with oxygen-containing
hydrophilic functional groups (e.g., -COOH, -OH) and has a high specific surface area;
therefore, it attracts and absorbs water molecules very effectively and generates protons
(H+) due to the hydration effect [23,24]. A gradient oxygen group content within the
GO film creates an ionic gradient upon moisture absorption, triggering charge separation
and inducing electric potential [25–29]. The water absorption process in GO is reversible,
generating electric potential difference with every absorption/desorption cycle.

A notable way in which GO has been developed and tailored for MEGs is the fabrica-
tion of a gradient distribution of oxygen group content within the GO layer. This, in turn,
creates a proton (H+) concentration gradient, thus enhancing the electric generation pro-
cess [29]. Oxygen distribution gradient within GO can be achieved through methods, such
as thermal annealing [27], electrochemical treatment [28], asymmetrical moisturizing [26],
or laser irradiation [23]. H. Cheng et al. achieved this by creating a reduced Graphene Oxide
(rGO)/GO/rGO trilayer from a pristine GO film [28]. Tuning the physical structure of the
GO-based active layer can enhance its ability to adsorb and accommodate water molecules.
Namely, GO foams have been utilized in lieu of GO films, as their porosity offers higher
moisture-harvesting capacity and has been known to increase the GO-induced voltage
seven-fold [19,25]. Apart from GO in its pristine form, GO-polymer nanocomposites have
been developed and evaluated as enhanced moisture-harvesting hybrid materials [20,29].
GO-based MEGs have been improved not only by fine-tuning the chemical composition of
GO itself but also by modifying the structure and configuration of the constructed MEG
devices. For example, Y. Huang et al. enhanced their GO-based MEG voltage output (Vo)
not only through oxygen gradient but also by inducing an inherent Schottky barrier at one
of the contacts [30].

In this work, we developed MEGs that employ GO as the moisture absorbing layer.
We conducted a two-fold investigation on how the geometric tuning of the device structure
affects the overall performance. Firstly, we evaluated the effect of the GO layer thickness on
device performance by employing either a thick, compact pellet (GOP) or a free-standing
thin film (GOF). Secondly, we investigated the influence of the electrical contacts’ configu-
ration by testing contacts placed horizontally and vertically with respect to the GO plane,
as well as adjusting the distance and surface area of horizontal contacts. This structural
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tuning process offered insights into employing an overall device configuration that brings
us closer to an optimum moisture energy conversion efficiency.

2. Materials and Methods

For the synthesis of graphite oxide powder, pure graphite powder (<20 µm), sodium
nitrate, potassium permanganate, and hydrogen peroxide (30%) were purchased from
Sigma-Aldrich while sulfuric acid (95%–97%) was purchased from Honeywell. For the
preparation of GO dispersions, ultrapure water purchased from Honeywell was used.
Centrifugations were carried out in a Hettich UNIVERSAL 320 centrifuge and liquid phase
exfoliation (LPE) of graphite oxide was performed using a Hielscher UP200Ht (200 W,
26 kHz) ultrasonic probe. Attenuated total reflectance (ATR) infrared absorbance spectra
were carried out with a Bruker Vertex 70v FT-IR vacuum spectrometer equipped with
an A225/Q Platinum ATR unit with single reflection diamond crystal, which allows the
infrared analysis of unevenly shaped solid samples and liquids through total reflection
measurements, in a spectral range of 7500–380 cm−1. Raman spectra were obtained at
room temperature using a modified LabRAM HR Raman Spectrometer (HORIBA Scientific,
Kyoto, Japan). Raman excitation was achieved with a 532 nm central wavelength solid-state
laser module with a maximum laser output power of 90 mW. The microscope is coupled
with a 50× microscopic objective lens with 0.5 numerical aperture and 10.6 mm working
distance (LMPlanFLN 50X/0.5, Olympus, Tokyo, Japan) that delivers the excitation light
and collects the Raman signals. The laser spot size was approximately 1.7 µm laterally and
about 2 µm axially. A 600 groves/mm grating was used, resulting in a Raman spectral reso-
lution of ~2 cm−1. UV–vis absorption spectra were obtained with a Shimadzu UV-2401 PC
Recording Spectrophotometer. The X-ray photoelectron spectroscopy (XPS) surface analysis
measurements were performed in a UHV chamber (P~5 × 10−10 mbar) equipped with a
SPECS Phoibos 100-1D-DLD hemispherical electron analyzer and a non-monochromatized
dual-anode Mg/Al X-ray source for XPS (Berlin, Germany). The XP Spectra were recorded
with MgKa at 1253.6 eV photon energy and an analyzer pass energy of 10 eV, giving a
full width at half maximum (FWHM) of 0.85 eV for Ag3d5/2 line. The analyzed area was
a spot with a 3 mm diameter. For spectra collection and treatment, including fitting, the
commercial software SpecsLab Prodigy (by Specs GmbH, Berlin, Germany) was used. The
XPS background was removed using the Shirley-type background subtraction. The atomic
ratios were calculated from the intensity (peak area) of the XPS peaks, weighted with the
corresponding relative sensitivity factors (RSF). All samples were in powder form and were
pressed in foil for the XPS measurements.

Graphite oxide powder was prepared following an improved Hummers’ method [31].
More specifically, graphite powder (1 g) was added to sulfuric acid (H2SO4, 95%–98%
46 mL) and stirred in an ice bath for 20 min. Sodium nitrate (NaNO3, 1 g) was then added
slowly and in small amounts at a time as the reaction is exothermic. The mixture was left
stirring for 1 h. Potassium permanganate (KMnO4, 6 g) was added very slowly, and the
mixture was left stirring for 24 h. The next day, the solution was stirred at 35 ◦C for 1 h and
40 min. The temperature was then increased to 90 ◦C, and deionized (DI) water (80 mL)
was added very slowly. The mixture was left stirring at 90 ◦C for 40 min, after which it
was removed from the hotplate and DI water (200 mL) was added slowly, followed by the
careful addition of hydrogen peroxide solution (H2O2, 30%, 20 mL). The entire mixture
was left stirring until it reached room temperature. Subsequently, the entire mixture was
centrifugated (9000× g rpm or 9960× g for 5 min). The sediment was collected and washed
firstly with warm DI water (200 mL, 65 ◦C), then with DI water at room temperature until
the supernatant reached neutral pH. Finally, the sediment, which at this time consisted of
pure and neutralized graphite oxide, was left to dry in a vacuum oven at 50 ◦C for 24 h.
Once the product had dried, it was pulverized using a pestle and mortar to yield a fine
graphite oxide powder.

Aqueous GO dispersions were prepared in ultrapure water (12 mg/mL) via LPE of
the as-prepared graphite powder using an ultrasonication probe. Ultrasonication was
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carried out for 1.5 h under continuous operation at 26 kHz, 100% amplitude, 200 W inside
an ice bath to avoid overheating. After the ultrasonic LPE process, the GO dispersion
was subjected to mild centrifugation (1000× g rpm or 123× g for 5 min) to remove large
aggregates. The resulting supernatant is the final GO dispersion used to prepare the
moisture absorbing GO films. The concentration of this dispersion was determined via
evaporation method to be 11.7 mg/mL.

Two different GO material geometries were created by a simple and facile drop-casting
method: two GO pellets (GOPs) and a GO film (GOF). For the preparation of the GOP
geometries, the as-prepared GO dispersion was deposited into custom-made 3D-printed
circular molds (Ø = 1.5 cm). GOP-1 was prepared by depositing 1200 µL into the mold,
while GOP-2 was prepared using 300 µL of GO dispersion. For each GOP, the mold
was placed on a borosilicate glass Petri dish, which had previously undergone O2-plasma
treatment (50 W, 5 min) to make the glass surface hydrophilic so that the aqueous dispersion
can be deposited more evenly. The GO dispersion was deposited into the circular mold
placed in an oven overnight so that the water evaporates under mild heating conditions
(40 ◦C), leaving behind a solid pellet. To form the GOF geometry, the same GO dispersion
(3 mL) was deposited into an O2-plasma-treated borosilicate glass Petri dish (Ø = 5 cm).
The Petri dish was then placed in an oven overnight (40 ◦C), resulting in a thin, circular GO
film. The GO film can be carefully peeled off the glass substrate, i.e., the Petri dish to yield
free-standing GO films that can be divided into smaller pieces.

To evaluate the moisture absorption response and measure the moisture-induced
voltage of the devices (Vo), we designed and constructed a three-element experimental set-
up, comprising of (a) a custom-made humidity chamber designed and constructed in-house,
(b) a humidity regulator, (c) software for data recording. The test chamber consisted of a
transparent plastic box with an inlet valve through which it is filled with moisture carried
by nitrogen (N2) gas and an exhaust outlet used to purge the box of humidity. Two pairs of
banana clips, two positives (+) and two negatives (-), were inserted through one side of
the box to be connected to each MEG device’s wires during measurements. The humidity
circulation in the test chamber was produced by water that was heated inside a borosilicate
gas bottle placed on a hotplate (up to 90 ◦C) and transferred into the chamber through N2
carrier gas. The RH within the humidity chamber was recorded using a digital hygrometer.
The N2 gas source was also used to purge the humidity chamber, and thus remove moisture
through the exhaust outlet via a different tube. The humidity was controlled by regulating
the pressure and flow of the N2 gas using a pressure regulator and flow meter, respectively.
This set-up was purpose-built to conveniently allow the switch between “humidifying
mode” and “purge mode” with the use of a valve.

To prepare each MEG device, a GOP or a piece of GOF was placed on a glass substrate
to ensure that the bottom side of the GO structure was partially sealed and that the top side
was primarily available for moisture adsorption. This ensured asymmetrical moisturization
of the GO structure to create the desired oxygen concentration and subsequent ionic
gradient. The desired contacts were applied to the GOF or GOP surfaces using conductive
silver paste. A copper wire was attached to each silver contact before the silver paste was
left overnight to dry at room temperature.

To perform each measurement, the device was placed inside the humidity test cham-
ber, which was then purged with N2 gas. The chamber was subsequently filled with water
vapor carried by N2 gas at a rate of 4 L/min, which triggered the devices’ moisture ab-
sorption process. The chamber was continuously filled with water vapors until the sample
reached its maximum Vo at approximately 90% RH. At this point, the valve was switched
to “purge mode”, which filled the chamber with pure N2 gas at a rate of 25 L/min. This
removed moisture from the chamber and allowed the device to undergo a moisture des-
orption process until it reached almost zero Vo. The output voltage data and two terminal
electrical resistance were recorded using a Keithley 2700 Multimeter/Data Acquisition
system driven by an in-house Matlab software data logging system. A Govee Bluetooth
H5075 hygrometer/thermometer was used to record the RH.
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3. Results
3.1. Characterisation of as-Prepared GO Powder

The chemical composition of the as-prepared graphite oxide powder was evaluated
using attenuated total reflectance infrared Fourier transform (ATR FT-IR) spectroscopy and
X-ray photoelectron spectroscopy (XPS). The resulting spectra are presented in Figure 1.
The ATR-IR spectrum displays peaks at 1053 cm−1 (C-O stretching), 1356 cm−1 (O-H
bending), 1593 cm−1 (aromatic C=C stretching), 1714 cm−1 (C=O stretching), and a broad
shoulder positioned at ~3190 cm−1 (O-H stretching) [31–35]. The XPS spectrum displays
the C1s peak at 258 eV and the O1s at 531 eV for the as-prepared graphite powder. The %
atomic concentration of carbon (60.8 %) and oxygen (39.2%) was calculated from the peak
areas of C1s and O1s, respectively (Figure S1). The C1s peak consists of the following five
components: C-C sp2 bonds (284.5 eV), defective C-C sp3 bonds (285.4 eV), hydroxyls (C-O-
H) or epoxides (C-O-C) (286.6 eV), carbonyls (C=O) (288.1 eV), and carboxyls (O=C-O-H)
(289.1 eV) [36–38]. Table 1 lists the % concentration of each carbon component within the
graphite oxide structure, as derived from the C1s peak deconvolution. We also performed
Raman spectroscopy to complete the characterization of the graphite powder; the results of
which are available in the Supporting Information (Figure S2).
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Figure 1. (a) ATR-IR FT-IR spectrum; and (b) XPS spectrum of graphite oxide powder synthesized
via improved Hummers’ method.

Table 1. % Concentration of carbon components present within the structure of graphite oxide
derived from the C1s peaks deconvolution.

% Carbon Components Concentration

C-C sp2 C-C sp3 C-OH C=O COOH

37.5 3.7 45.5 9.8 3.6

3.2. Characterisation of GO-Based MEGs Devices

A schematic representation of the custom experimental set-up built for moisture-
induced voltage measurements is depicted in Figure 2, while digital photographs are
presented in Figure S3. Initially, we assessed the effect of the contacts’ geometry by
fabricating a GOP-based MEG device with multiple point-like contacts (GOP-1 device),
as depicted in Figure 3. A digital photograph of this device is presented in Figure S4. A
total number of six point-like contacts were applied to the sample, three distributed on the
top surface (labelled as 1, 2, and 3) and three on the bottom side (labelled as A, B, and C).
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This multi-contact configuration aims to evaluate the effect of contacts’ configuration on
the total Vo amplitude. More specifically the effects of contact distance (i.e., 1–2 (~1 mm)
versus 1–3 electrode connection (~4 mm)), as well as the horizontal (i.e., 1–2 or A–B) versus
the vertical (i.e., 2-B) plane orientation, with respect to GO were investigated. Figure 4
depicts the Vo generated by GOP-1 as a function of the relative humidity (RH) in the test
chamber for variable contact configurations (the left axis reports Vo, while the right axis the
RH). At least three cycles of RH variation from 90% to almost zero values are presented for
all tested configurations, demonstrating the reproducibility of the results. Corresponding
resistance versus RH plots are also recorded, with a typical example depicted in Figure S5.
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Figure 2. Schematic representation of custom experimental set-up built for moisture-induced voltage
measurements. The components are 1© N2 gas inlet, 2© pressure regulator and flow meter, 3© water
heating on a hotplate (90 ◦C) for moisture production, 4© moisture inlet valve for humidification of
the chamber, 5© N2 gas inlet valve for purging and dehumidification of chamber, 6© MEG device
within the humidity test chamber, and 7© data recording equipment.

Initial Vo values of pristine samples were varied between 5–20, independently from the
contacts’ configurations. We identified two different pathways of achieving an enhanced
Vo, either a) by performing multiple RH cycles until the sample exhibits a sudden Vo
increase or b) by applying a DC bias to GO in high humidity environments (5 V for 120 s
in 90% RH), which is in agreement with previous literature reports [39]. The mechanism
behind this performance improvement is attributed to the emergence of a desirable gradient
of oxygen-containing groups across the GO samples upon the application of a high electric
field at high humidity conditions [40]. Throughout the rest of the manuscript, we depict
the maximum achievable Vo values for each sample, unless otherwise stated.
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Device bottom-view: contacts labelled A, B, and C.

The maximum Vo value extracted by contacts 1–3, which are placed ~4 mm apart, is
approximately 35 mV, while the average Vo (Vave) was 33 ± 4 mV (Figure 4a). Contacts
2–3, however, which are ~1 mm apart, demonstrate a maximum Vo of approximately
205 mV (Vave = 203 ± 3 mV) (Figure 4b), indicating an inversely proportional relation to the
contacts’ distance. Vo was also measured for contacts A–C, which are concealed between
the glass substrate and GOP’s bottom surface, with the respective Vo/RH plot presented
in Figure S6. Indeed, the Vo recorded was very suppressed (maximum Vo = 12 mV), as
expected when measuring electrical contacts that are buried beneath the GO sample and
have limited exposure to humidity. Regarding the time response of the GOP-based MEG, a
period of approximately 15 min is required for the sample to reach the maximum Vo value
during the increase in RH, while 30 min are required for the Vo to drop to a value of around
zero during the decrease in RH. Figure 4c depicts corresponding results when electrodes
have a vertical orientation, with respect to the GOP surface. The 2-B contacts’ configuration
demonstrates a higher maximum Vo value reaching ~285 mV (Vave = 265 ± 25 mV).

An additional GOP-based MEG (GOP-2 device) was fabricated with a similar thickness
to GOP-1, where large electrical contacts (instead of point-like contacts) were applied in
a vertical orientation, with respect to the GO plane—a configuration that resembles a
capacitor structure. A typical device schematic for this GOP-based MEG and a Vo response
are presented in Figure 5, while a respective digital photograph of this MEG is shown
in Figure S7a. The initial Vo value of the pristine sample was approximately 14 mV
(Figure S7b). After Vo enhancement under suitable processing, a maximum Vo value
of 220 mV is achieved. This MEG configuration also exhibits a slower response to RH
variations, requiring more than 30 min in a high RH environment to reach its maximum
Vo value during the moisture adsorption process, as shown in Figure 5b. During the
desorption process, the time required for the Vo to go from the maximum value to about
zero is also 30 min.
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MEGs using GOF samples were also fabricated using broad silver contacts with a
horizontal configuration, which is depicted along with a typical Vo response in Figure 6.
A digital photograph of the device is depicted in Figure S8. Compared to the previous
GOP-based devices, the GOF-based MEG exhibits a much faster response to RH increase
(Figure 6b), namely ~3 min of exposure to high RH is sufficient for Vo to reach a maximum
value of 350 mV (Vave = 350 ± 2 mV). Moreover, the sample exhibits a fast response to
the reverse process of decreasing the RH, again requiring ~3 min for Vo to decrease from
~350 mV to almost zero.
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Figure 5. (a) Schematic representation of MEG device constructed using a GOP-2 as the moisture
absorbing material and large sur-face-area contacts in a vertical configuration; (b) Moisture-induced
voltage (Vo) generated by GOP-2 device as a function of RH (%).
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Figure 6. (a) Schematic representation of MEG device constructed using GOF as the moisture
absorbing material and large surface area contacts in the horizontal configuration; (b) Moisture-
induced voltage (Vo) generated by GOF device after applying high bias at 90% humidity for 30 min.

Finally, the Vo stability under prolonged exposure to extreme humidity conditions was
evaluated. A typical stability test involves exposing the device to an RH of 95% overnight
(~15 h) and recording the Vo output. For instance, the results of the overnight stability
test for the GOP-2 device are presented in Figure 7. The device reaches a maximum Vo of
225 mV. After 6 h of exposure to high RH, the Vo drops to 196 mV and finally to 187 mV
when a total of 15 h has elapsed. This corresponds to a 12.8% and 16.8% decrease in
voltage, respectively, compared to the initial Vo values, which was typical for all the MEG
devices tested.



Coatings 2022, 12, 1970 10 of 15

Coatings 2022, 12, x FOR PEER REVIEW 10 of 15 
 

Figure 6. (a) Schematic representation of MEG device constructed using GOF as the moisture ab-

sorbing material and large surface area contacts in the horizontal configuration; (b) Moisture-in-

duced voltage (Vo) generated by GOF device after applying high bias at 90% humidity for 30 min. 

 

Figure 7. Evaluation of Vo stability under prolonged exposure to high RH conditions (95%) for GOP-

2 device. 

4. Discussion 

Electricity generation from ambient moisture is a recently developed technology; 

therefore, a fully detailed interpretation of the mechanisms behind their operation is still 

under discussion. In the case of GO, the mechanism of electricity generation upon mois-

ture absorption has been reported to be a chemical process based on ion, namely H+, gen-

eration and diffusion due to a gradient in oxygen concentration within GO [16,23,29]. 

When GO absorbs water molecules, the surface functional groups dissociate, thus releas-

ing mobile H+. These protons then migrate due to the oxygen concentration gradient while 

the surface groups remain immobile. This results in the generation of an electric field and 

a voltage difference between the applied electrodes. As mentioned previously, the oxygen 

concentration gradient for our fabricated devices is created through asymmetrical 

moisturization by concealing the surface of the GO structure and allowing only the top 

surface to interact with the generated humidity.  

Since oxygen content is a crucial factor, the first characterizations performed in this 

work aim to ensure sufficient and successful oxidation of graphite by assessing the chem-

ical makeup of the modified Hummers’ reaction product. The obtained ATR-IR FT-IR and 

XPS spectra for the as-prepared graphite oxide powder confirm extensive decoration of 

the graphitic lattice upon the chemical oxidation of graphite powder via improved Hum-

mers’ method (Figure 1). The obtained spectra reveal that the synthesized graphite oxide 

powder is rich in oxygen atoms, primarily in the form of hydroxyl (-OH) and epoxide (C-

O-C) groups. The concentration (%) of each carbon component within the graphite oxide 

structure, as derived from the C1s peak deconvolution (Figure S1), reveals that the main 

oxygen-containing components are the C-O-H or C-O-C groups (45.5%), while the -C=O 

and -COOH content is much lower (9.8% and 3.6%, respectively) (Table 1). A high oxygen 

content within the GO structure is crucial for its effective performance as the moisture 

absorbing layer. Firstly, the presence of oxygen functional groups is what makes GO hy-

drophilic and, therefore, able to attract ambient water molecules. Secondly, the mecha-

nism of electricity generation is dependent on the release of H+ moieties from GOs car-

boxyl groups. From the overall Raman spectrum, which is presented in Figure S2, it is 

evident that the as-prepared graphite oxide has a highly disordered structure due to the 

presence of many functional groups and the disruption of the sp2-hybridised carbon 

Figure 7. Evaluation of Vo stability under prolonged exposure to high RH conditions (95%) for
GOP-2 device.

4. Discussion

Electricity generation from ambient moisture is a recently developed technology;
therefore, a fully detailed interpretation of the mechanisms behind their operation is
still under discussion. In the case of GO, the mechanism of electricity generation upon
moisture absorption has been reported to be a chemical process based on ion, namely H+,
generation and diffusion due to a gradient in oxygen concentration within GO [16,23,29].
When GO absorbs water molecules, the surface functional groups dissociate, thus releasing
mobile H+. These protons then migrate due to the oxygen concentration gradient while
the surface groups remain immobile. This results in the generation of an electric field
and a voltage difference between the applied electrodes. As mentioned previously, the
oxygen concentration gradient for our fabricated devices is created through asymmetrical
moisturization by concealing the surface of the GO structure and allowing only the top
surface to interact with the generated humidity.

Since oxygen content is a crucial factor, the first characterizations performed in this
work aim to ensure sufficient and successful oxidation of graphite by assessing the chemical
makeup of the modified Hummers’ reaction product. The obtained ATR-IR FT-IR and
XPS spectra for the as-prepared graphite oxide powder confirm extensive decoration
of the graphitic lattice upon the chemical oxidation of graphite powder via improved
Hummers’ method (Figure 1). The obtained spectra reveal that the synthesized graphite
oxide powder is rich in oxygen atoms, primarily in the form of hydroxyl (-OH) and epoxide
(C-O-C) groups. The concentration (%) of each carbon component within the graphite
oxide structure, as derived from the C1s peak deconvolution (Figure S1), reveals that
the main oxygen-containing components are the C-O-H or C-O-C groups (45.5%), while
the -C=O and -COOH content is much lower (9.8% and 3.6%, respectively) (Table 1). A
high oxygen content within the GO structure is crucial for its effective performance as
the moisture absorbing layer. Firstly, the presence of oxygen functional groups is what
makes GO hydrophilic and, therefore, able to attract ambient water molecules. Secondly,
the mechanism of electricity generation is dependent on the release of H+ moieties from
GOs carboxyl groups. From the overall Raman spectrum, which is presented in Figure S2,
it is evident that the as-prepared graphite oxide has a highly disordered structure due to
the presence of many functional groups and the disruption of the sp2-hybridised carbon
system. Further analysis of the Raman spectrum is available in the Supporting Information
for this article.
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We first investigate the effect of different point-like contacts’ configurations on the
GOP-1 based MEG device. When comparing the Vo/RH plots presented in Figure 4, a
time delay between RH values measured by the chamber’s RH sensor, and the actual
Vo value recorded for the sample is observed. This is expected as, firstly, the sample
is not directly adjacent to the sensor, and, secondly, there is an inherent time delay in
the ions’ activation and diffusion because humidity absorption is not an instantaneous
process. These circumstances lead to the observed time offset between the reported Vo
and RH values. Resistance versus RH measurements reveal that the devices’ resistance
is suppressed when the RH value increases. For example, in Figure S5, under low RH
conditions, resistance exceeds values of 100 MΩ, whereas under high RH conditions the
device’s resistance is reduced to a few MΩ.

We examined the effect of the distance between two point-like contacts when they
are in a horizontal configuration. Connecting contacts 1–3 (Figure 4a), which are placed
~4 mm apart, yielded maximum of 35 mV, whereas contacts 2–3, which are closer to each
other at ~1 mm apart, generated ~205 mV (Figure 4b). These results indicate that the
distance between the contact probes is a crucial parameter in achieving high Vo values
following an inverse scaling law. The dependence of Vo on the contacts’ distance can be
interpreted using the gradient-induced ion diffusion mechanism, which was previously
used to explain the device’s principle of operation. The electrical output is dependent not
only on the density of generated ions but also on their sufficient migration [20,26]. This
practically means that the larger distance between the two probe contacts translates to a
larger distance the generated ions must travel, leading to lower ion capture due to losses,
and thus lower reported Vo values. In the case of the A-C contacts connection (Figure 4, the
contacts are practically concealed between the glass substrate and the GOP-1 sample. This
makes the bottom surface exposure to humidity very limited, meaning there is little-to-no
ionic gradient created within the GO surface due to a lack of asymmetrical moisturization,
which, in turn, suppresses the Vo output (Figure S6) [41]. Regarding the humidity response
time of the GOP-1 device, we report that approximately 15 min elapse before the sample
reaches its maximum Vo value, while 30 min are required for moisture desorption and, by
extension, decrease in the Vo to approximately zero (Figure 4).

The Vo generated when electrodes have a vertical orientation (i.e., 2-B), with respect
to the GOP surface (Figure 4c) reaches a higher value (285 mV), compared to the in-
plane contacts 1–3 (35 mV) and 2–3 (205 mV). In this configuration, the generated ions’
conduction is oriented vertically to the GO plane and not along the in-plane direction,
which is favorable to the diffusion of generated ions, since this is the direction that the
asymmetrical moisturization of GO takes place. Despite this, enhanced Vo values are
recorded. We estimate that this is likely due to the smaller ion diffusion pathways between
contacts 2-B, defined by the thickness of GOP-1, which is a few micrometers, versus the
much larger diffusion pathways in the case of contacts 1–3 (~1 mm) or contacts 2–3 (~4 mm)

Next, we discuss the effects of the metallic contacts surface area on the MEG device
performance. For this purpose, we compare the GOP-1 device with a point-like vertical
contact connection (Figure 4c) and the GOP-2 device with larger contacts in a vertical
configuration (Figure 4a). GOP-2 exhibits a slightly inferior Vo (maximum 220 mV) when
compared to the value reported for the 2-B contacts’ configuration (maximum 285 mV).
Furthermore, the GOP-2 device exhibits a slower humidity response, requiring more than
30 min in a high RH environment to reach its maximum Vo value during the moisture
adsorption process, in contrast to samples with point-like contacts, which require ~15 min.
This is most likely due to the smaller GO surface area available for exposure to humidity
due to the broader silver pads. During the desorption process, on the other hand, both
device geometries require ~30 min for the Vo to go from the maximum value to about
zero. This phenomenon suggests that moisture desorption is a slower process compared to
moisture adsorption and is not limited by the samples’ free surface area.

The GOF-based device exhibits a much faster humidity response as only 3 min of
exposure to high RH is sufficient to reach a maximum Vo of 350 mV (Figure 6b). This
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fast response is also observed during the moisture desorption process, again requiring
3 min for Vo to decrease from ~350 mV to practically zero. These humidity response results
are attributed to the smaller GOF sample thickness, in accordance with the literature [42].
Specifically, the smaller thickness allows the humidity variation to have a more direct
effect on the GO resistance. In thick GOP samples, however, the moisture-induced protons
activation is limited initially to the top surface of the GOP, and, over time, deeper humidity
penetration takes place. We report, moreover, that typically the fabricated MEG devices
exhibited good stability when tested overnight under very high humidity conditions
(RH = 95%), with a decrease in Vo of less than 17% after 15 h (Figure 7). This prolonged
Vo output can be attributed to a strong ionic gradient within the GO structure, due to
the oxygen functional group gradient caused by asymmetrical moisturization [26]. The
abundant proton density generated from the oxygen groups upon interaction with moisture
is sufficient to maintain a prolonged electric field and, therefore, potential difference,
i.e., Vo.

Finally, we would like to point out that both the GOF and GOP geometries are formed
by simple and facile deposition methods of GO inks that are compatible with industrial-
scale printing techniques, such as spray coating. Therefore, we present the prospect of
upscaling the GO-based MEGs demonstrated in this work by employing spray coating or
other large-area deposition methods towards a more facile device manufacturing. Further-
more, the in-series connection of multiple MEG devices, even in 3D configurations, would
allow for the maximization of the generated voltage.

5. Conclusions

In this work, we fabricate and evaluate GO-based moisture energy generators (MEG)
devices, which generate electrical current via a chemical mechanism, which involves the
generation and diffusion of protons upon water molecule absorption. During our investi-
gation, we demonstrated the effect of (a) the thickness of a GO-based moisture absorbing
material structure and (b) the configuration of the electrical contacts on the voltage (Vo)
generated by the fabricated MEG in response to relative humidity (RH) variations. We
found that for thick, robust GO pellets (GOP), smaller distances between two horizontal
contacts result in an increase in the maximum achievable Vo (from 35 to 205 mV). Switch-
ing to vertical contact configuration elicits increases from 205 to 285 mV. Additionally,
we observed that replacing point contacts with larger area contacts results in a slightly
increased Vo (from 205 to 220 mV) but a longer moisture absorption response time (from
~15 to ~30 min). For MEG devices, which employed a thinner GO film (GOF), we report a
higher maximum Vo (~350 mV) and a much more rapid response to moisture adsorption
and desorption (~3 min), which we attribute to shorter pathways for the generated H+ ions.
Overall, this MEG structure tuning process allowed for the investigation of the optimum
configuration towards achieving efficient moisture-based energy generation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/coatings12121970/s1, Figure S1: (a) Deconvoluted XPS C1s peak;
and (b) XPS O1s peak of graphite oxide powder synthesised via improved Hummers’ method;
Figure S2: Raman spectrum of graphite oxide powder synthesised via improved Hummers’ method;
Figure S3: Digital photographs of custom experimental set-up built for moisture-induced voltage
measurements (a) entire set-up which consists of the humidity test chamber, MEG device, humidity
production, and regulation components and data acquisition equipment; (b) humidity is produced
by mildly heated water and regulated using a pressure regulator and a flow meter; (c) Close-up
view of the interior of the test chamber; Figure S4: Digital photograph of fabricated GOP-1 device
for evaluation of multiple contact configurations; Figure S5: Resistance (MΩ) of GOF device as a
function of RH (%).; Figure S6: Voltage output as a function of RH when measuring contacts A-C
of GOP-1 device. Since contacts A-C are practically concealed between the glass substrate and the
GOP-1 sample, the bottom surface exposure to humidity is very limited, leading to suppressed Vo
values.; Figure S7: (a) Digital photograph of MEG device constructed using a GOP-2 as the moisture-
absorbing layer and large surface-area contacts in a vertical configuration (b) Moisture induced
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voltage (Vo) generated by the pristine GOP-2 device, i.e. without Vo enhancement by performing
multiple RH cycles or by applying a DC bias in high humidity environments.; Figure S8: Digital
photograph of MEG device constructed using GOF as the moisture-absorbing layer and large surface
area contacts in the horizontal configuration. Cite the references from [43–53].
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