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Moisture-electric generators (MEGs), harvesting ubiquitous moisture from the environment for electricity
generation, have attracted great interest as power supply devices. However, there are great challenges
associated with material availability, fabrication accessibility and operation environment, which are key
factors to achieve high output with low cost for practical applications, and a deeper understanding of the
underlying mechanism of interactions between MEGs and water is urgently required. Here, a whey protein
available in supermarkets is used to fabricate low-cost MEGs with controllable performance through tuning
surface charges and hydrophilicity, which provides new insights into the electricity generation mechanism
and large-scale application. The MEGs exhibit the highest voltage output of 1.45 V at a room humidity level
of 40% relative humidity. The whey protein films possess the merits of low cost (70 times cheaper than
commonly used polymers), being flexible and semi-transparent, and having self-healing ability, presenting

Received 10th March 2023, excellent comprehensive device performance. Besides, MEGs can operate well at extreme temperatures
Accepted 28th March 2023 (=20 °C or 50 °C) and power a location tracker in a desert with 26% relative humidity. The modified
DOI: 10.1039/d3ee00770g functional layers with selective ion absorption and controllable outputs provided a deeper understanding of

electricity generation in MEGs and demonstrated great potential in powering a wide range of electronic
rsc.li/ees devices in various dynamic environments with high sustainability and reliability.

Broader context

The increasing demand of green and sustainable energy booms the development of electricity generation with energy sources available in the environment. The
operation environment (e.g., sunlight and mechanical motion) of photovoltaics and piezoelectric or triboelectric nanogenerators impedes the practical
application of traditional nanogenerators. Moisture-electric generators (MEGs) are promising candidates for the wide application of energy harvesting as
moisture is an abundant energy source in the environment. However, the reported MEGs still show insufficient electric outputs at room humidity as well as
being high cost for device fabrication. In this regard, we fabricated a protein-based MEG from cheap ordinary materials used in daily life. The protein-based
MEG delivers the highest continuous voltage output at room humidity (1.45 V at 45% relative humidity) with the lowest cost (17.61 AUD m ). Besides, the high
electric output makes MEGs capable of powering a wide range of practical devices under extreme conditions (—20 °C to 50 °C and <40% relative humidity).
Moreover, protein-based MEGs achieve selective ion absorption and controllable outputs by modification of surface charges. Their hydrophilicity is also
explored with surface plasma treatment for achieving enhanced hydrophilicity and higher outputs. This work paves the way for practical applications of MEGs
and a deeper understanding of electricity generation in MEGs.

Introduction is sought-after to satisfy the enormous demand for electric power

including applications of electrocatalysis and electronics. Since
The development of new energy conversion technologies such as  moisture is ubiquitous in the natural environment and a para-
photovoltaics' and piezoelectric® or triboelectric® nanogenerators mount medium for energy transfer in the Earth’s climate, it can
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be a tremendous energy source and produce around 60 x 10> W
per year, which is several orders of magnitude larger than the
average electricity consumption by human activities. Recently,
moisture electric generators (MEGs) that can directly convert
chemical potential energy from moisture into electricity have
been identified as a promising technology for implementation
in self-powered devices.*®

The unique advantages of MEGs include the great availability
of moisture, zero by-product, and no need for temperature varia-
tion and mechanical movement.” '° In the past few years, remark-
able progress in polymer-based MEGs has been made through
employing various strategies such as designing bilayer structure,®
utilizing synergistic effect'’ and introducing high-valent charge
carrier."”” However, the high costs of materials and facilities
involved in MEG fabrication further limit the large-scale produc-
tion of MEGs for isolated off-grid applications including self-
sustained systems and mobile electronics, making MEGs infea-
sible for applications in our daily life.*>"*™® Additionally, most
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reported MEGs as power supply devices exhibit excessively sensi-
tive humidity dependence and low and transient power output.
The unsatisfactory voltage output (<1 V) and undesirable tran-
sient (several seconds) current output at low relative humidity
(RH) limit their practical application."” Therefore, it is essential to
develop large-scale practical applications of MEGs with balanced
merits of being cost-effective with easy accessibility and all-region
applicable with a high electric output under extreme environ-
mental conditions.

In this work, we fabricated functional layers in MEGs from
whey protein as whey protein is a highly available source in
nature with extremely low cost and contains abundant hydro-
philic functional groups that are beneficial for moisture
absorption.'®'® Whey protein costs 0.08 AUD g ', which is
70 times lower than the commonly used polymers (e.g., poly
(4-styrensulfonicacid) and poly dimethyl diallyl ammonium
chloride). Besides, surface charges and hydrophilicity of whey
protein were modified on a large-scale by engineering its pH
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Fig. 1 lllustration of whey protein film for MEGs. (a) Photograph of a large size free-standing protein film with a full size of 1.55 x 0.21 m? and a folded
size of @ 0.03 x 0.21 m2. (b) Voltage output of MEGs at different RH levels with CNTs and FTO glasses as top and bottom electrodes, respectively.
(c) Schematic illustration of the absorbing moisture for electricity generation by MEGs. (d) Illustration of energy conversion between the water body and
moisture for electricity generation. The difference in chemical potential between water (uw) and moisture (um) drives electricity generation.
(e) Comparison of comprehensive performance based on recently reported MEGs. The MEGs with a transient output show shorter retention than
MEGs with a continuous output. The power density is calculated with voltage and current density. The humidity utilization (100%-RH) is calculated from
RH that generates the highest voltage output.
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value and surface post-treatment, respectively. The MEGs fab-
ricated from whey protein deliver an ultra-high voltage of 1.45 V
(highest value at room humidity) and a current density of
113 pA cm 2 (100 times higher than that of the previously
reported protein-based MEG") at RH = 40%. Moreover, we first
designed a lab-free high-performance MEG working under
extreme conditions such as in deserts with an extremely low
humidity (1.05 V at 26% RH), which successfully powered a
wireless location tracker in a desert. This work solves a series of
current challenges of MEGs, which advances MEGs into a new
stage for large-scale practical applications.

Results and discussion

The obtained free-standing protein film with a size of 1.55 x 0.21 m*
(©0.03 x 0.21 m* for the folded film) is the largest protein film for
MEGs (Fig. 1a), and is semi-transparent and can be easily
tailored and assembled for large-scale and low-cost applications.
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Protein-based MEGs with fluorine-doped tin oxide (FTO) glasses,
protein films, and carbon nanotubes (CNTs) as bottom electrodes,
functional layers, and top electrodes, respectively, exhibit voltages of
1.45V, 0.95V, 0.67 V, and 0.49 V at RHs of 40%, 20%, 10%, and 1%,
respectively (Fig. 1b and Fig. S3, ESIt). Among the RH levels,
10% is comparable to a desert environment. The voltage output
reaches 1.45 V with a current output of 113 pA cm > at RH = 40%
(Fig. S3, ESIT), which are the highest electric outputs™*** %22 ever
reported for MEGs operating at room humidity level (Table S1, ESIt).
The voltage output monotonously increases with the RH, which is
also confirmed in the measurements with dry N, (Fig. $4, ESIt). The
MEGs can absorb more water at higher RH levels, which harvests
more chemical potential energy from the moisture and leads to
higher electric outputs.*** The scanning electron microscopy (SEM)
image shows that the protein film exhibits a porous structure with a
thickness of ~292 pm (Fig. S5, ESIt), thus facilitating water
absorption for electricity generation (Fig. 1c). About 50% of absorbed
solar energy on earth drives water body into moisture®® and leads to
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Fig. 2 Surface charge modification of the whey protein films. (a) The illustration of the modified surface functional groups with either acid or basic
solution. (b) Zeta potential of the 1 wt% whey protein dispersion with different pH values. (c) Particle sizes of 1 wt% whey protein in water solvent with
different pH levels. (d) Voltage output of protein films fabricated by protein dispersions with different pH values. (e) Schematic illustration of electricity
generation of acid and basic protein films exposed to moisture. (f) EIS of protein films fabricated with different pH levels. (g) Solvent accessible surface
area over time extracted from the molecular dynamics simulation. (h) Number of intra protein hydrogen bonds over time. (i) Number of hydrogen bonds

between the protein and solvent over time.
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the increased chemical potential of water (uy and p, for water body
and moisture, respectively, in Fig. 1d). MEGs absorb water from
moisture by a hydrophilic functional layer and generates electricity
by the chemical potential gradient between fiy and fi. In this work,
a protein-based MEG shows excellent comprehensive performance
in retention (continuous voltage), humidity utilization, voltage,
current density, power density and material accessibility (Fig. 1e
and Table S1, ESIt), which was enabled using the multiple strategies
as elucidated later.

The pH environment is known to significantly modify
the surface charges of protein or deconstruct protein struc-
tures,”>® and thus tuning the pH values represents an effec-
tive approach towards electricity generation as surface charges
of protein are capable of absorbing opposite ions for charge
separation. As shown in Fig. 2a, the surface charges of protein
are presumably negative under basic conditions since the
added OH™ would react with the -COOH of the whey protein,
thus leading to the formation of negative charges (-COO™) on
protein surfaces due to H' removal. On the other hand, the
surface potential is positive under acid conditions since the
added H' would react with -NH, to form -NH;" groups, thus
resulting in positive surface charges. As confirmed by zeta
potential results, the basic and acid proteins achieve negatively
(—42.6 mV) and positively (20.7 mV) charged surfaces (Fig. 2b),
respectively, which also indicated the exposed -COO™ in the
basic protein and -NH;" in the acid protein, respectively.
Besides, the decreased particle size of whey protein in acid or
basic solution (Fig. 2c) also indicates that hydrogen bonds
break to deconstruct large protein clusters and unfold protein
molecules, and more functional groups are exposed to achieve
water absorption and charge separation, which are beneficial
for electricity generation. Additionally, a small amount of
poly(ethylene glycol) (PEG) was added as a plasticizer®® to
improve the strength and uniformity of protein films for a
continuous voltage output (0.78 V for 28 h in Fig. S6, ESIT).

To investigate the effect of pH values of protein solution on
MEG device performance, we fabricated MEGs with a structure
of FTO/protein/CNTs based on the protein films with controlled
addition of potassium hydroxide (KOH) or hydrochloric acid
(HCI1). As shown in Fig. 2d, the voltage output of MEGs is
negative for acid protein films and positive for the basic protein
films (CNT is the negative and positive electrode, respectively).
Notably, the basic protein achieves a much higher absolute
voltage than that of the acid protein (0.78 V and —0.34 V for
protein with pH = 14 and 0, respectively without plasma
treatment), which is attributed to the higher zeta potential of
basic protein with greater charge separation and electricity
generation. Besides, the voltage and zeta potential (Fig. S7,
ESIt) of protein mixed with sodium hydroxide (NaOH) or
potassium chloride (KCl) also indicate that the surface
potential adjusted by pH, instead of the addition of various
ions, leads to a high voltage output. Different types of widely
used whey protein are also investigated, and Fig. S8 (ESIY)
shows a similar voltage output and zeta potential, which under-
scores the universality of whey protein as the functional layer
for electricity generation. The contact potential difference

This journal is © The Royal Society of Chemistry 2023
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(CPD) of the protein surface also indicates that basic protein
films exhibit more positive surface charges (Fig. S9, ESIT).

The charged protein surface absorbs ions with opposite
charges from water dissociation (H,0 < OH~ + H"),*° and
leads to a vertical ion gradient and voltage output for charge
separation and electricity generation (Fig. 2e and Fig. S10,
ESIt). The increased concentration of OH™ from water disso-
ciation absorbed on the acid protein surface with a lower pH
value leads to the formation of enhanced negative electric
potential because of more positive surface charges introduced
by HCI modification. Similarly, the increased concentration of
H" absorbed on the basic protein surface leads to the formation
of a positive electric potential because of more exposed -COO™
groups in the basic protein with a higher pH. Therefore, the
absolute maximum voltage (Vi) of basic and the acid protein
film increases with the addition of KOH and HCI, which
originates from the more surface charges of basic protein films
with high pH and acid protein films with low pH, respectively.
To further confirm this, the electrochemical impedance
spectroscopy (EIS) of the basic protein was collected. The
results imply that the conductivity of basic protein film
increases with the pH of protein dispersion (Fig. 2f), suggesting
that the protein dispersion solution with higher pH values
leads to the accumulation of protein surface charges. MEGs
show a high vertical voltage output with no obvious horizontal
voltage output (Fig. S11, ESIT), which also demonstrates that
the vertical water gradient and ion gradient contribute to
electricity generation. The water gradient is attributed to the
MEG heterostructure with the top side exposed to the moisture
and the bottom side isolated from the moisture, respectively.
With distilled water dropped on the protein surface, the MEGs
exhibit a lower voltage output and a higher current output
(0.25 V and 1.86 mA cm ™ in Fig. S12, ESIf), which result from
the lower vertical water gradient and film resistance, respec-
tively, as a greater amount of water permeates into the bottom
side of the protein film with a lower water gradient by water
drops. However, more water absorption from water drops
contributes to the better conductivity of the protein film, which
generates a higher current output. The electricity generation by
water gradient is also verified by the higher voltage output of
MEGs with a thicker protein film (Fig. S13, ESIt) as the water
gradient increased with the film thickness.” The MEGs with
different electrode materials show a similar voltage output in
the ambient environment without the involvement of a
chemical reaction (Fig. S14, ESIt), which excludes the role of
the electrochemical reaction and relative electrode positions for
electricity generation.

Molecular modelling was also investigated to illustrate the
interaction of whey protein and water molecules. The B-lactoglo-
bulin protein, the main component of whey protein, is stable in the
water solvent as calculated by the molecular dynamics simulation
(Fig. 2g). The root-mean-square deviations (RMSDs) of atomic
positions relative to the crystal structure and equilibrated system
are shown in Fig. S15a (ESIt). Both time series show that the RMSD
levels off to ~0.08 nm, indicating that the structure is stable.
Although the value for the radius of gyration RG, is fluctuating
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between 1.17 and 1.25 and RG, is fluctuating between 1.20 and 1.28
after 8 ns, the reasonably invariant RG values (around 1.5 nm)
indicate that the p-lactoglobulin proteins in the water solution
remain stable, retaining its compact (folded) form over a duration
of 10 ns at 300 K (Fig. S15b, ESIt).

The solvent accessible surface area (SASA) of B-lactoglobulin
over time is shown in Fig. 2g. The fluctuation of the hydro-
phobic areas is around 1 nm?®, while that of the hydrophilic
areas is much larger at around 12 nm?. The hydrophobic and
hydrophilic SASA values over time remain very constant. This
suggests the superior proton conductivity via the hydrophilic
residues, and meanwhile the small hydrophobic residues main-
tain the existence of the moisture gradient, benefiting the long
duration of the continuous electric power in the ambient
environment. This conclusion is further confirmed by the data
of SASA per residue (Fig. S15c, ESIt). In Fig. 2h, the intra-
hydrogen bond number fluctuates around 110 over time, which
remains quite stable. However, the number of pairs within
0.35 nm is significantly larger (~600), suggesting more possi-
bility of forming a water chain around intra-p-lactoglobulin
protein and transporting the protons. The number of bonds
connecting protein to solvent hydrogen is around 370 with a
fluctuation of 20 to 40 over time (Fig. 2i), which indicates a
stability level similar to the intra-hydrogen bonds. The number
of hydrogen bonds within 0.35 nm is closer to the overall
hydrogen bond count (~330). The less hydrogen bonds
between intra protein and solvent further confirm that the
B-lactoglobulin protein structure promotes the formation of
the moisture gradient and the generation of the electric
potential.

Since the basic protein films achieved much higher voltages
than the acidic ones, we used the basic protein films for MEG
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applications in the following. Plasma treatment, as an effective
post-treatment tool to modify surface hydrophilicity, has
been extensively employed in previous works of surface
treatment.’** To make the protein films more hydrophilic,
plasma treatment was applied to basic protein films after
drying the protein film on the substrate. As shown in Fig. 3a,
Vmax values of MEGs are 0.78 V, 1.15 V, and 1.45 V after plasma
treatment with durations of 0 h, 2 h, and 4 h, respectively.
Clearly, plasma treatment significantly improves the voltage
output of MEGs, which is also demonstrated in devices made
from whey proteins of other brands (Fig. S16, ESIt). Although
the plasma treatment required a vacuum, the control experi-
ment indicates that vacuum drying applied on protein films
makes no contribution to the increased voltage in the MEGs
(Fig. $17, ESI%).

To investigate the origins of improved voltage output, X-ray
photoelectron spectroscopy (XPS) measurements were con-
ducted to analyze surface chemical states. According to XPS
data, the O/C ratio increases from 1.07 to 1.68 after 4 h of
plasma treatment (Fig. 3b and Fig. S18, ESIT), suggesting that
oxidation of protein molecules occurred during plasma treat-
ment. The high energy plasma and the remaining oxygen can
effectively break C-C bonds and contribute to the surface
oxidation of protein films.>*> Moreover, sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) patterns
are widely used to separate proteins with different molecular
masses.>*?> The SDS-PAGE patterns of whey protein with and
without reduction (break disulfide bonds to better separate
protein molecules) also indicate that oxidation of the protein
occurred in the plasma treatment as the weight of protein
molecules increases after plasma treatment (Fig. 3c), which
contributes to the increased oxygen-based groups and greater
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Fig. 3 Hydrophilicity modification of the whey protein films by plasma treatment. (a) The voltage output of the protein films at RH = 40%. The protein
surface is treated by plasma with different durations. (b) XPS spectra of the film surfaces with and without plasma treatment for 4 h. (c) SDS-PAGE patterns
of the whey protein with and without plasma treatment for 4 h. The patterns |, 1I-1, 11-2, IlI-1, and IlI-2 are prestained markers, non-reducing pristine
protein, reducing pristine protein, non-reducing plasma-treated protein, and reducing plasma-treated protein, respectively. (d) The water contact angles
of the protein films with and without plasma treatment for 4 h. (e) The water absorption of plasma-treated protein films at RH = 40% and T = 25 °C.
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hydrophilicity on the protein surfaces. Additionally, almost
identical Fourier-transform infrared (FTIR) spectra of the pro-
tein films with and without plasma treatment were observed
(Fig. S19, ESIt), which further validated that the surface func-
tional groups (e.g,, amide and amid) were not noticeably
altered. As with the beneficial effect of plasma treatment, the
improved O/C ratio is expected to make the protein surface
more hydrophilic, which was verified by the water contact angle
measurements, i.e., the contact angle decreased from 16.16° to
8.82° after the plasma treatment (Fig. 3d). The water absorption
of protein films with a plasma treatment of 0 h, 2 h and 4 h is
13.75 wt%, 34.26 wt% and 39.60 wt%, respectively (Fig. 3e),
which also indicates that the plasma treatment remarkably
enhanced the ability of water absorption in the protein films
to absorb more water from the environment for electricity
generation, thus making the strategy applicable under low
relative humidity conditions such as in deserts.
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Protein-based MEGs can be easily assembled into integrated
devices to widen their practical applications. The arrays were
fabricated with CNTs as bottom electrodes, basic protein films
as functional layers, and Ag paste as top electrodes. The flexible
MEG arrays could be easily attached to fabrics or hands and no
deterioration of performance was observed after 1000 bending
tests (Fig. S20, ESIt), which indicates great potential in wear-
able applications. A commercial calculator was successfully
powered at room humidity by a MEG array of 3 units in series
(Fig. S21, ESIT). When the load resistance increases, the voltage
output of the external load increases, while the current output
decreases, which leads to the highest power of 1.16 pw
(11.6 pW cm™?) with a load resistance of 0.1 MQ (Fig. S22,
ESIT). Besides, the MEGs were charged at a room humidity of
40% and then discharged with a current of 10 pA as an
operation cycle, and exhibit good stability in the repeated
operation (Fig. S23, ESIT). The electric output of MEGs can be
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Fig. 4 Application demonstration of protein-based MEGs as power supply devices. (a) Vimax Of protein films with different healing cycles. (b) lllustration of
device integration for wearable and wireless sensor applications. (c) Output of wireless humidity and temperature sensors powered by a 0.01 F capacitor
with 3.5V, charged by 16 MEG units at room humidity. The humidity and temperature around sensors are controlled with different values to imitate
different environments. (d) Photograph of a lab-free MEG with a voltage output of 1.05 V in a desert with RH = 26%. The Cu/protein/Al MEGs are
fabricated with 0.8 x 0.8 cm? Cu/protein and 0.5 x 0.5 cm? Al (e) Voltage output of lab-free MEGs at different temperatures with 30-40% RH. (f) The
voltage output of the lab-free MEGs at different humidity levels at 25 °C. (g) Voltage of the protein film without plasma treatment after different durations
of storage. (h) Red light-emitting diode light powered directly by 3 units in series with RH = 40%. (i) Operation photograph of a wireless location tracker
with a mobile phone and 0.01 F capacitor. The tracker is powered by the charged capacitor and transmits immediate location information to the mobile
phone.
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scaled up by connecting multiple MEG units in series or
parallel, as shown in Fig. S24 (ESIt). The voltage and current
output increase linearly with the numbers of MEG units con-
nected in series and parallel, respectively, which indicates great
potential in powering practical electronic devices that require
high electric power.

Moreover, the protein films exhibit self-healing ability to
sustain a high electric output. The protein films were scratched
with a knife and then distilled water was added dropwise on the
scratches. After drying the scratched film at 50 °C for 6 h, the
electric output of the protein film (Fig. 4a) almost recovered
(99.6% of the initial V. after 10 healing cycles). The damaged
structure of the protein film is almost fully recovered, as shown
in the optical images (Fig. S25a, ESIt). The absorbed water
bridged the edges of scratched protein via hydrogen bonds
between the functional groups of protein and absorbed water
(Fig. S25b, ESIt). The protein films were healed after adjacent
functional groups were connected directly by hydrogen
bonds,***” thus showing no obvious V.. decline. Besides,
the protein-based MEGs in this work could also generate
electricity to charge commercial capacitors (Fig. S26, ESIt)
and power wireless electronic devices, such as wireless sensors
(Fig. 4b and Fig. S27, ESIf). Wireless humidity/temperature
sensors reliably operated and transmitted humidity and tem-
perature signals to the monitor (Fig. 4c). The integrated system
paves the way for self-powered data monitoring with remote
wireless communications.

Since the pre-prepared protein films achieved superior
performance with a low RH via extremely simple fabrication
processes, this technology would make MEGs accessible to
civilians living in a wide range of conditions, particularly in
extreme regions such as off-grid desert areas. We chose a desert
located in the New South Wales state in Australia and brought a
plastic bag containing pre-prepared protein films and daily-life
materials such as Cu and Al foil for the field fabrication of
MEGs (Fig. 4d and Movie S1, ESIt). The MEGs were easily
available (lab-free MEGs) and generated a high voltage output
(1.05 V) in an extremely dry environment (RH = 26.3% in the
tested desert). Moreover, the MEG delivered an open-circuit
voltage of 1.32 V (31.56 V g ') and 56.53 pA (1.35 mA g™ ') at
room humidity (40% RH), as shown in Fig. $28 and S29 (ESI+).
The MEG with protein, Cu and Al as a functional layer, bottom
electrode, and top electrode costs 17.61 AUD m >, which is
cheap and accessible for civilian application. Besides, lab-free
MEGs are demonstrated to work under extreme outdoor con-
ditions with a dynamic variation of temperatures (Fig. 4e) and
exhibit voltages of 0.98 V (T = —20 °C), 1.32 V (T = 25 °C) and
1.25 V (T = 50 °C), respectively. The water content is greater at
higher temperatures, which contributes to an increased voltage
output from —20 °C to 25 °C. However, the protein film exhibits
lower water absorption at higher temperatures, which leads to a
decreased voltage output from 25 °C to 50 °C. As shown in
Fig. 4f, our devices achieved voltages of 1.32 V, 1.21 V, 0.95 V,
and 0.68 V at RH levels of 40%, 30%, 20%, and 10%, respec-
tively. As shown in Fig. S30 (ESIt), the area with a RH higher
than 80% only covers 10% of the Australian land, suggesting
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that most currently reported MEGs are not applicable to
achieving high performance. Fortunately, our MEGs can work
well at a RH lower than 40%, which significantly enhances the
feasibility of the technology. Since Australia is one of the driest
lands in the world, the MEGs reported in this work should
operate well in most areas around the world.

Additionally, to verify the stability of the protein films, the
same batch of basic protein films was stored in a sealed plastic
bag (25 °C and 40% RH) and then their MEG performance was
tested after different durations of storage. As shown in Fig. 4g,
the MEG devices without plasma treatment achieved stable
performance over a long storage time (97.8% Vy.x remained
after 3 months of storage). Through simply assembling units in
series, lab-free MEGs could also charge commercial capacitors
and power practical electronic devices. The red light-emitting
diode (LED) was powered directly at room humidity by 3 MEG
units connected in series (Fig. 4h and Movie S2, ESIT), which
illustrates great potential as a direct power source in ambient
environment. Besides, a capacitor of 0.01 F with 3.5 V charged
by 4 units at 26% RH in the desert (RH = 26%) could power an
electronic location tracker. Fig. 4i shows that the wireless
tracker (Movie S3, ESIt) could send immediate location infor-
mation to a monitor, even in the dry desert, which provides a
facile approach for location tracking in urgent situations.

Conclusions

In summary, we have developed protein-based, low-cost
(~8.81 AUD m ) MEGs from protein sources commonly
accessible in daily life. The semi-transparent protein-based
MEGs achieved outputs of 1.45 V and 113 pA cm™> at room
humidity (40% RH), which is the highest voltage so far for
MEGs operating at room humidity. This outstanding perfor-
mance can be attributed to the modifications of surface charges
and hydrophilicity achieved in this work. It is demonstrated
that the voltage output of protein-based MEGs can be tuned
from —0.34 V to 0.78 V by adjusting the pH values of the protein
dispersion. Plasma treatment was also proved to be an effective
approach to increase the electric output (0.78 V to 1.45 V after
4 h plasma treatment) by surface oxidation and hydrophilicity
modification of the protein films. The protein-based MEGs
exhibited excellent self-healing ability and great flexibility.
Moreover, the free-standing protein film was integrated with
ordinary materials (Cu/protein/Al) for lab-free MEGs and could
be stored for over three months without obvious output
decline, which powered an LED light and wireless location
tracker successfully. Thus, the protein-based MEGs presented
in this work exhibit excellent comprehensive performance,
which makes them accessible to civilians for practical
applications.
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