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A B S T R A C T   

Harvesting energy from ubiquitous moisture is attracting growing interest for directly powering electronic de
vices. However, it is still challenging to fabricate high-performing moisture-electric generators (MEGs) with high 
and stable electric output. Herein, we report a simple strategy to modify the oxygen-based groups of graphene 
oxide using hydrochloric acid treatment, which boosts the electric output based on the device structure of 
graphene oxide/polyvinyl alcohol (GO/PVA) MEGs. The resulting MEG enables a stable voltage of 0.85 V and a 
current of 9.28 μA (92.8 μA∙cm-2), which are among the highest values reported so far. More excitingly, electric 
output gets further improved by simply assembling four MEG units in series or parallel. Moreover, the MEG 
shows great commercial potential for flexible and wearable applications. Driven by these advancements, the 
assembled MEGs can successfully power sensors and calculators. This work opens a new era of advance for a new 
energy conversion technology able to directly powering electronic devices.   

1. Introduction 

Harvesting green energy from the environment plays a vital role in 
the development of wearable and portable electronics. Tremendous ef
forts have been dedicated to developing various types of generators 
through thermoelectric [1,2] and photoelectric effects [3,4]. These de
vices can harvest and then convert the ubiquitous clean energy into 
easily applicable electricity without harmful pollutants and emissions. 
However, the construction of these devices generally involves a complex 
configuration, delicate material preparation and high cost. Recently, 
moisture-electric generators (MEGs) have attracted rising attention for 
clean energy harvesting and conversion owing to the abundance of 
moisture, simple device setup and green chemistry involved [5,6]. It has 
been estimated that 50% of the absorbed solar energy on earth is 
consumed for driving water evaporation [7], so it will be highly 

rewarding if we can harvest this renewable energy using MEG and 
consequently convert it into electricity. 

MEG absorbs water molecules from moisture through oxygen-based 
chemical bonds and then releases mobilized ions to generate separated 
charges for electric generation [8,9]. Currently, most high-performing 
MEGs are fabricated with carbon-based materials, which are 
environment-friendly and abundant on earth including carbon nano
tubes, carbon nanoparticles and graphene oxide (GO). Among them, GO 
exhibits the most promising potential in achieving high electric gener
ation because of its high specific surface area, abundant oxygen-based 
groups, and good mechanical properties as well as excellent moisture 
absorption. Huang et al. used porous GO with a large amount of hy
drophilic functional groups for fabricating MEGs, which exhibited great 
moisture absorption ability and achieved a high voltage of 0.6 V at a 
relative humidity (RH) of 80% [10]. Additionally, a flexible MEG based 
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on GO material was reported to deliver an open-circuit voltage of 0.7 V 
and a short-circuit current of 0.22 μA with a small size of 0.8 mm2, 
which powered a commercial electronic device by using a simple MEG 
array [11]. However, it is still challenging to maintain continuously high 
and stable electric outputs for directly driving the electronic devices. 
Besides, the voltage or current of MEG is strongly related to the high RH 
and shows instantaneous output, which inhibit its widespread applica
tion in electric generators for long-term operation. Furthermore, the 
detailed mechanism of electricity generation process should also be 
investigated for a better understanding and to guide its fabrication and 
applications in harvesting energy from moisture for powering electronic 
devices. 

In this paper, we present an acidified GO film incorporated with a 
small amount of polyvinyl alcohol (PVA) for MEG applications. PVA 
with hydroxyl groups and good viscosity not only absorbs water mole
cules but also improves the attachment of the film to the substrate, 
which enhances the device stability and electric output. Consequently, 
electric output of GO/PVA film is greatly enhanced due to the optimi
zation of functional groups and reduced film resistance after acidifica
tion, which provides a facile approach to fabricate MEG with high and 
steady electric output. The single unit can produce a high voltage of 
0.85 V and a remarkable current of 9.28 µA (92.8 μA∙cm-2) at a RH of 
75%, which are among the highest reported electric outputs of MEGs [6, 
12]. The MEG shows a good voltage retention over 2 h (0.85 V for 2 h). 
Additionally, the detailed mechanism of enhanced electricity output is 
explained through X-ray photoelectron spectrum (XPS) measurements 
and density functional theory (DFT) simulations. Moreover, the flexible 
MEG with the substrate of carbon cloth remains 91% of initial voltage 
output after 2000 times bending, which shows a great commercial po
tential for the flexible and wearable applications. More excitingly, by 
simply assembling four MEG units in series or parallel, the voltage 
output of 3.38 V or the current output of 40.49 μA is achieved, which is 
the summation of the output of each unit, respectively. Driven by these 
achievements, the assembled MEGs can successfully power sensors and 
calculators. In view of the above realizations, this work opens a new era 
of advance for a new energy conversion technology able to directly 
powering electronic devices. 

2. Experimental section 

2.1. Materials 

Hydrochloric acid (HCl), acetic acid, sodium hydroxide (NaOH), 
polyvinyl alcohol powders (Mw 13000–23000), Ag paste and silver ni
trate were purchased from Sigma. GO powders were synthesized by the 
oxidation of graphite powders according to the Hummers method [13]. 
20 mg∙mL− 1 GO dispersion was obtained by dispersing GO powders in 
distilled water with sonication for 30 min. 20 mg∙mL− 1 PVA solution 
was obtained by dissolving PVA powders in distilled water with stirring 
at 90 ◦C for 30 min 

2.2. Fabrication of MEG 

The fluorine doped tin oxide (FTO) glass was cut into 1.0 × 2.0 cm2 

pieces and was used as substrate/bottom electrode. FTO glass was then 
cleaned with ethanol and deionized water, followed by ultraviolet ra
diation for 30 min. GO dispersion and PVA solution were mixed with a 
mass ratio of 1:1 (maximum ratio to achieve a good attachment of GO/ 
PVA film onto the substrate) by sonication for 30 min and was then dried 
directly onto the FTO glass at 50 ◦C for 12 h to form a 1.0 × 1.0 cm2 GO/ 
PVA film. The edge of GO/PVA film was covered by the insulative tape 
to avoid short circuit and Ag paste was printed onto the film as the top 
electrode. For the films fabricated on the carbon cloth (substrate/bottom 
electrode), the carbon cloth was soaked in the above GO/PVA dispersion 
for 30 min and was then dried at 50 ◦C for 12 h. 

2.3. Chemical treatments of MEG 

As for MEG acidification, MEG was immersed in HCl solution with 
different concentrations for 10 min. Then MEG was washed with 
distilled water until no chloride ion was detected by silver nitrate so
lution. MEG was then dried at 50 ◦C for 24 h for electrical measurement 
and powering electronic devices. As for MEG washed with other re
agents, MEG was immersed in the acetic acid or NaOH solution for 10 
min and then washed with distilled water until pH= 7. 

2.4. Electrical measurement 

The electrodes of MEG were connected to a Keysight B2902A pre
cision source/measure unit directly for electric output measurements at 
room temperature of 25 ◦C (Fig. S1). The wet N2 and dry N2 were used to 
control RH in the sample chamber. Compressed N2 was used as dry N2 to 
decrease RH in the sample chamber. Wet N2 was obtained by flowing dry 
N2 through the deionized water to increase RH in the sample chamber. 
For electric output retention measurement, moisture was input by wet 
N2 to increase RH and electric output until electric measurement ended. 
For the measurement of an electric output cycle, moisture was input by 
wet N2 to increase RH and electric output until it reached highest value, 
and then it was eliminated by dry N2 to decrease RH and electric output. 
The voltage and current output of multiple units were measured by 
connecting the units in series and parallel, respectively (Fig. S2). 

2.5. Material characterization 

X-ray diffraction-Empyrean I was performed for characterizing the 
films and calculating interlayer spacing by Bragg’s law [14]. The 
elemental compositions were employed by X-ray photoelectron spec
troscopy (ESCALAB250Xi spectrometer). The morphological images of 
GO/PVA films were observed by scanning electron microscopy (FEI 
Nova NanoSEM 450). Electrochemical impedance spectroscopy (EIS) of 
MEGs was carried out in a two-electrode system at room humidity (55%) 
using Autolab PGSTAT302N electrochemical workstation. Kelvin probe 
force microscopy was adopted to analyse surface potential of GO/PVA 
films on a Bruker Dimension Icon machine at room humidity (55%). 

2.6. First-principles calculations 

Density functional theory [15] calculations were performed to 
theoretically characterize the structural and proton-binding properties 
of functionalized graphene oxide (i.e., containing epoxy O and OH 
groups) in the presence and absence of carbon vacancies generated by 
HCl acidification. The Perdew-Burke-Ernzerhof (PBE) 
exchange-correlation energy functional [16] was used as it is imple
mented in the Vienna Ab initio Simulation Package (VASP) software 
[17], and dispersion long-range interactions were described with the 
DFT+D3 correction method due to Grimme et al. [18]. The “projector 
augmented wave” method [19] was employed to represent the ionic 
cores by considering the following electrons as valence: C 2s and 2s; O 2s 
and 2p; H 1s. Wave functions were represented in a plane-wave basis 
truncated at 650 eV. For integrations within the first Brillouin zone, we 
employed Monkhorst-Pack k-point grids with a density equivalent to 
that of a 16 × 16 × 1 mesh for the graphene oxide unit cell by consid
ering a 2.5 nm-thickness vacuum region in the direction perpendicular 
to the carbon plane. Periodic boundary conditions were applied along 
the three lattice vectors defining the simulation supercell. Geometry 
relaxations were performed with a conjugate-gradient algorithm that 
optimized the ionic positions and shape of the simulation cell. The re
laxations were halted when the forces in the atoms were all below 0.01 
eV⋅Å− 1. By using these technical parameters, total energies were 
converged to within 0.5 meV per carbon atom. Non-stoichiometric 
graphene oxide systems were generated by removing one carbon atom 
out of sixteen graphene oxide unit cells (i.e., 1 out of 32 C atoms). 
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3. Results and discussions 

3.1. Electric output of MEGs 

Moisture from water evaporation is an abundant and sustainable 
resource on the earth (Fig. 1a), which can be harvested by MEG and 
incorporated into self-powered system. Fig. 1b shows the schematic 
structure of MEG, where carbon-based materials serve as functional 
layer, and Ag paste and FTO glass act as top and bottom electrodes, 
respectively. Moisture from the environment is absorbed by the hydro
philic functional layer, which generates separated charges extracted by 
top/bottom electrode to achieve electric generation. To optimize the 
functional layers, three types of materials (GO, PVA and GO/PVA) were 
used to fabricate the devices, which were tested at RH= 75%. As shown 
in Fig. S3a–c, the maximum voltage (Vmax) outputs are 0.48 V for GO, 
0.26 mV for PVA and 0.50 V for GO/PVA, respectively. Clearly, GO film 
(Fig. S3a) outperforms PVA film (Fig. S3b) in generating a high voltage 
output, but an obvious fluctuation of the voltage was observed. During 
the electric measurement, GO film could not be tightly attached to FTO 
glass due to the poor interface adhesion (Fig. S4a), which reduced the 
stability and reproducibility of voltage output (Fig. S4b). As a contrast, 
GO/PVA exhibited a high and stable voltage output as the PVA could act 

as binder to greatly improve the interface adhesion (Fig. S3c). Therefore, 
GO/PVA is selected as the functional layer to fabricate MEG with a high 
and stable electric output. 

The proton concentration gradient across the functional layer is 
essential for the proton migration, thus the contribution from this 
gradient dominates the voltage output. Generally, a higher RH and high 
protonation levels of the functional layer leads to a larger concentration 
gradient and higher voltage. Here, we use a HCl solution of different 
concentrations including 32.0%, 16.0%, 1.0%, 0.5% and 0.0% to treat 
GO/PVA films and tune the density of its functional groups. As shown in 
Fig. 1c–d, the corresponding Vmax of the GO/PVA films are 0.85 V, 
0.82 V, 0.69 V, 0.61 V, and 0.50 V, respectively, all of which show no 
decrease for over 2 h. Moreover, acidified GO/PVA film recovers almost 
100% Vmax after being placed for 1 week (Fig. S5). Notably, the Vmax of 
0.85 V generated by the device treated with 32% HCl is among the 
highest reported voltages for a single MEG. Clearly, acidification can 
greatly improve the voltage output because it can enhance the proton
ation level of the functional layer, leading to a larger protonation 
gradient. The electric output of MEG acidified by 32.0% HCl in an 
external sweep voltage is investigated in Fig. S6a. The current output of 
MEG in positive external voltage is significantly higher than that of MEG 
in negative external voltage, which results from the difference of MEG 

Fig. 1. Electric generation of MEGs. (a) Illustration of abundant and sustainable moisture in the environment. (b) Structure illustration of MEG device. (c) Voltage 
retention of MEGs acidified with different HCl concentration at RH= 75%. (d) Vmax of MEGs acidified with different HCl concentration at RH= 75%. (e) Voltage 
output of MEGs acidified by 32.0% HCl at different RH. (f) EIS of MEGs with and without 32.0% HCl acidification at room humidity of 55%. (g) Voltage output cycle 
of MEGs acidified with different HCl concentration. In a voltage output cycle, the moisture was input by wet N2 to increase electric output until it reached highest 
value and was then eliminated by dry N2. 
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resistance. As shown in Fig. S6b, the resistance is 0.02–0.26 MΩ for the 
positive external voltage and 0.35–2.19 MΩ for the negative external 
voltage. Therefore, it is indicated that acidified GO/PVA films generate 
large protonation gradients between top and bottom surfaces. To 
exclude the effect of residual H+ after HCl acidification on the improved 
electric output, the devices were soaked in DI water at a pH of 7 to 
remove all acid residues. The pH of the final solution was measured 
using pH indicator sticks (Fig. S7). After soaking the films acidified by 
0.0% and 32.0% HCl, respectively, in 1 mL distilled water for 10 min, 
the pH of the water stabilizes at a pH of 7. Thus, there is some confidence 
that it is the dissociation of functional groups, rather than contributions 
from ionized H+ in the HCl solution, that leads to the protonation 
gradient. 

To exclude variations from other factors, the surface morphology of 
the GO/PVA films with 0.0% and 32.0% HCl acidification was charac
terized using scanning electron microscopy (SEM). Fig. S8a–b show 
that the morphologies of both films are very similar. Cross-sectional SEM 
images (see Fig. S8c–d) also exhibit that both film microstructure and 
thickness remain unchanged. Furthermore, the voltage output was 
measured on devices with different film areas such as 0.5 × 0.5, 
1.0 × 1.0 and 1.5 × 1.5 cm2, exhibiting that voltage remained roughly 
the same (Fig. S9). Thus, it is possible to achieve high voltage output of 
MEG with small area. In addition, the Vmax of PVA films acidified by 
32.0% HCl is 0.49 V (Fig. S10), which is much lower than that of GO/ 
PVA films treated with the same conditions. Thus, the acidified GO, 
instead of acidified PVA, contributes to the high voltage output 
(Vmax=0.85 V). Therefore, these results exclude the effects of film 
morphology, film area and PVA on the high voltage output of the 
acidified GO/PVA film. 

To further confirm that the proton concentration across the films 
induced the electric potential, devices were exposed to different RH 
levels (1%, 25%, 55% and 75%). As shown in Fig. 1e, the corresponding 
Vmax is 0.02 V, 0.22 V, 0.60 V and 0.85 V. The voltage shows a contin
uous increase when RH is higher than 75% (Fig. S11). The Vmax de
creases with ambient temperature due to the more water desorption in 
higher temperature (Fig. S12). Besides, the Vmax of the acidified film 
with top/bottom and top/top electrodes at RH= 75% is 0.85 V and 
0.02 V, respectively (Fig. S13). MEG with two top electrodes shows 
almost no voltage output due to negligible protonation gradient between 
two top sides of GO/PVA films. Thus, protonation gradient is closely 
related to the voltage output of MEG. Additionally, we investigated the 
effect of film thickness on the voltage output of GO/PVA films acidified 
by 32.0% HCl. The GO/PVA films with different thickness of 23.73 µm, 
15.33 µm, 12.23 µm and 6.21 µm could produce 0.85 V, 0.85 V, 0.80 V 
and 0.75 V, respectively (Fig. S14). The MEGs with thinner GO/PVA 
films facilitate water migration toward inner layer and lead to lower 
gradient of absorbed water between top and bottom sides, which reduce 
protonation gradient and voltage output [8,11]. The above results 
clearly indicate that RH and functional group density in the GO/PVA 
device co-determine the protonation gradient and voltage output. 

Relative humidity is not normally something that can be controlled 
to produce a high voltage from MEGs in practical applications. There
fore, optimizing functional group density of functional layers is partic
ularly important to obtain desirable voltage and current output. As 
demonstrated in Fig. 1c, HCl treatments can tune the density of func
tional groups, which thereby generates various voltage outputs. The 
cycling stability of the device is another key parameter determining 
MEG performance. In this work, moisture was carried by N2 gas to the 
top surface of the device and the electrical response from the device was 
measured. When the moisture was extracted by dry N2, the electric 
output sharply decreased. The EIS of GO/PVA with and without HCl 
acidification was carried out in room humidity (RH=55%) to analyse 
conductivity of different MEGs (Fig. 1f). The GO/PVA with HCl acidi
fication shows a much lower resistance than the GO/PVA without HCl 
acidification, which is attributed to the more mobile protons in acidified 
GO/PVA and generates a high current output. Specifically, the 

maximum current output of the MEG increases from 19.71 nA 
(197.1 nA∙cm-2) to 9.28 µA (92.8 µA∙cm-2) after 32.0% HCl acidifica
tion (Fig. S15), which is a significant current improvement from the 
acidification (current increases by 471 times). Fig. 1g shows the voltage 
cycling of MEGs acidified with different HCl concentration. Clearly, with 
increasing HCl concentration, the devices produced increased voltages. 
In each cycle, voltage reaches Vmax in a short period of 100─250 s with 
almost 100% voltage recovery efficiency. They demonstrated excellent 
cycling stability without obvious degradation for each cycle, implying 
that they may be highly suitable for applications as humidity sensors. To 
compare device performances achieved in this work, the electrical 
output of other MEGs recently reported in the literature are summarized 
in Table 1. Relative to these, our devices exhibit significantly improved 
electric outputs. 

3.2. Working mechanism 

The proposed mechanism for power generation from an acidified 
GO/PVA MEG is illustrated in Fig. 2a, which includes the processes of 
ionization, charge separation and charge recombination [25]. The pro
tons in the functional groups are immobilized without absorbed water 
from moisture. During ionization, the moisture on the top side of 
GO/PVA films facilitates dissociation of functional groups (e.g., 
–COOH), which releases mobilized H+ as charge carrier for power 
generation [8,10,25]. Then, the mobilized H+ migrates from the top of 
the device to the bottom since the concentration of mobilized H+ is 
higher on the side exposed to the moisture. This leads to charge sepa
ration and voltage generation. After moisture removal, the mobilized H+

migrates back to the top of the device and this leads to charge recom
bination [11]. Therefore, the charge and discharge processes are trig
gered by the moisture directly so that MEG can be charged quickly. The 
device delivers a stable electric output through harvesting the release of 
clean energy triggered by humidification. 

To verify the improved MEG device performance resulting from 
increased group density after HCl treatment, materials characterization 
such as X-ray diffraction (XRD), to measure the interlayer spacing in the 
GO, and XPS measurements, to assess changes in the stoichiometry and 
bonding, were conducted on the films with and without acidification. 
The diffraction peaks of GO/PVA film are located at a lower diffraction 
angle than those of GO films and then gradually shift towards a higher 
diffraction angle for increased concentrations of HCl in the film treat
ment (Fig. S16a). The interlayer spacing of GO/PVA film can be calcu
lated by Bragg’s law [26,27]. As shown in Fig. S16b, GO/PVA films show 

Table 1 
Summary and comparison of recent MEGs.  

Functional 
material 

Electrode RH 
(%) 

Output 
type 

Electric output Refs. 

Protein Au/Au  50 Continuous 0.5 V, 
17 µA∙cm− 2 

[8] 

TiO2 Al/ITO  85 Transient 0.5 V, 
10 µA∙cm− 2 

[9] 

Cellulose paper Au/ITO  70 Transient 0.25 V, 
10 nA∙cm− 2 

[20] 

GO Au/Ag  80 Transient 1.5 V, 
27.2 nA∙cm− 2 

[21] 

GO/sodium 
polyacrylate 

Au/Ag  80 Continuous 0.6 V, 
> 1 µA∙cm− 2 

[10] 

GO Au/Au  30 Transient 0.02 V, 
5 µA∙cm− 2 

[22] 

Cellulosic 
nanofibrils 

Pt/Pt  99 Transient 115 mV, 
43 nA∙cm− 2 

[23] 

Reduced GO/ 
GO 

Au/Au  85 Continuous 0.45 V, 
0.9 µA∙cm− 2 

[24] 

GO Au/Au  70 Transient 0.4 V, 
2 µA∙cm− 2 

[25] 

GO/PVA Ag/FTO  75 Continuous 0.85 V, 
92.8 µA∙cm− 2 

This 
work  
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a larger interlayer spacing than GO films, where interlayer spacing is 
0.77 nm for GO film, 1.26 nm for GO/PVA film (0.0% HCl), 1.19 nm for 
GO/PVA film (1.0% HCl), and 1.10 nm for GO/PVA film (32.0% HCl). 
The polymer molecules of PVA can be inserted into the GO interlayer, 
leading to enlarged interlayer spacing [28,29]. The crosslinking be
tween the GO and PVA bridges the adjacent GO sheets as carboxyl 
groups from GO can react with hydroxyl groups [30], thus forming a 
more uniform and stable structure. Besides, the interlayer spacing of 
GO/PVA films decreased slightly after HCl acidification. The shorten 
spacing of GO/PVA film with HCl acidification may result from the H+

introduced in HCl acidification as H+ can be absorbed by the 
oxygen-based groups and inhibit the crosslinking of GO and PVA. 

Fig. 2b–c show XPS spectra of C 1s region in the GO/PVA films 

acidified by 0.0% HCl, 1.0% HCl and 32.0% HCl. The C 1 s peaks in the 
GO/PVA (0.0% HCl) represent the bonds of C–C (45.29 at%), C–O 
(19.18 at%), C––O (4.67 at%), and O–C––O (4.84 at%). The C 1 s peaks 
in the GO/PVA (1.0% HCl) represent the bonds of C–C (28.61 at%), C–O 
(18.50 at%), C––O (14.91 at%), and O–C––O (5.96 at%). The C 1 s peaks 
in the GO/PVA (32% HCl) represent the bonds of C–C (28.30 at%), C–O 
(14.26 at%), C––O (20.75 at%), and O–C––O (4.49 at%). Thus, HCl 
acidification is demonstrated to be a facile approach to tune the density 
of functional groups. Specifically, the ratio of C–O bonds decreases after 
HCl acidification, while the ratio of C––O bonds increases after HCl 
acidification. The GO/PVA films acidified with different HCl concen
tration present different density of functional groups, which contributes 
to the performance modification of electricity generation. 

Fig. 2. Characterization and illustration of GO/PVA films in acidification. (a) Electric generation for acidified GO/PVA film. The protons in the functional groups of 
GO are mobilized by moisture absorption and achieve charge separation by proton migration toward inner layer. Conversely, the migration direction is opposite 
under the moisture removal and contributes to the charge recombination. (b) XPS spectra of GO/PVA films with and without HCl acidification. (c) The ratio of 
chemical bonds in the GO/PVA films with and without HCl acidification. (d) Illustration of functional group change in HCl acidification. C–O bonds transform into 
C––O bonds with better stability after HCl acidification. 
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It was reported that the film with more C––O bonds exhibits a higher 
work function and surface potential [31]. The surface potential of 
GO/PVA films, analysed by Kelvin probe force microscopy (KPFM) 
under room humidity (RH=55%) in Fig. S17, increases after acidifica
tion, which can be ascribed to the increase ratio of C––O bonds. 

After HCl acidification, epoxy groups can be arranged in a line, 
which leads to the rupture of C–C bonds [32,33]. The epoxy chain tends 
to be oxidized into epoxy pairs and then converted into carbonyl pairs as 
carbonyl groups are more stable in this condition (Fig. 2d) [34]. The 
epoxy line and edges are fragile and break up into C––O bonds in HCl 
acidification. The bonds of C––O with stronger polarity are better than 
those of C–O for attracting H+ and forming hydrogen bonds [35]. Based 
on above analysis, it is proposed that the higher voltage output is 
attributed to the improved C––O bonds, which attract more H+ from the 
dissociation of functional groups, leading to greater protonation 
gradient for the excellent electric output. Moreover, the carrier (H+) 
density in the MEG increases after acidification due to the more disso
ciated H+ in the films exposed to the moisture, which leads to the 
decrease of the film resistance and increase of the current output. To 
confirm the role of functional groups that contributes to the improve
ment of voltage output, the oxygen-based groups in the GO/PVA films 
washed with acetic acid and NaOH were also investigated as shown in 
Fig. S18. The GO/PVA films washed with acetic acid show the ratio of 
C–C (35.96 at%), C–O (22.28 at%), C––O (1.27 at%), and O–C––O 
(6.13 at%), while GO/PVA films washed with NaOH show the ratio of 
C–C (37.86 at%), C–O (25.24 at%), C––O (2.74 at%), and O–C––O 
(2.47 at%). The Vmax of GO/PVA films washed with acetic acid and 
NaOH is 0.34 V and 0.22 V, respectively, which are much lower than 
that of the films acidified by HCl as the ratio of C––O in the GO/PVA 
films washed with acetic acid and NaOH is much lower. Thus, the ratio 
of C––O is closely related to the electric output of GO/PVA films. Be
sides, both pristine and acidified GO/PVA films exhibit good hydro
philicity in Fig. S19. 

First-principles calculations based on DFT were performed to provide 
atomistic insights into the observed enhancement effect of electric 
output induced by HCl acidification of graphene oxide. Specifically, we 
simulated proton-binding processes for O- and OH-surface functional
ized graphene oxide in the presence and absence of carbon vacancies 
generated by the acidification. Our theoretical DFT results show that the 
formation of hydrogen bonds between mobile protons and surface 
immobilized functional groups is significantly increased by the presence 
of carbon vacancies, a simulation outcome that may explain the 
enhancement effect of the electrical output observed in the experiments. 
A summary of our theoretical DFT results is provided in Fig. 3. 

In the absence of carbon vacancies (VC), mobile protons tend to form 
strong chemical bonds with the O atoms on the carbon surface (Fig. 3a). 
In this case, the energy corresponding to proton binding amounts to 

1.12 eV/H, which leads to H chemisorption and therefore is detrimental 
for proton migration (i.e., the interactions between O and H turn out to 
be too strong). Meanwhile, the interactions between mobile protons and 
surface O atoms become much less intense (i.e., of the order of 0.1 eV) in 
the presence of VC defects because the latter are already strongly 
adsorbed on graphene oxide. Thus, they are not prone to exchange 
charge with the mobile H+ ions (Fig. 3b). Consequently, numerous 
hydrogen bonds involving electrostatic attraction rather fully covalent 
interactions are formed on the carbon surface, which turns out to be 
beneficial for proton migration thus achieving higher electric outputs. 

In the case of considering functional groups (–OH) on the carbon 
surface, the general conclusions are very similar to those reported in the 
paragraph above. It is found that –OH spontaneously detach from the 
carbon surface upon H binding when VC are sparse (Fig. 3c). The –OH 
detachment effect is driven by the formation of water molecules, which 
relies on charge transfer from the relatively weak C–O surface bonds (i. 
e., EO-C ≈ 0.1 eV) to O–H molecular bonds, and obviously is not desirable 
for charge-discharge cycling purposes. Conversely, in the presence of 
abundant carbon vacancies, the –OH that are immobilized near the VC 
tend to establish mild hydrogen bonds with the mobile protons (Fig. 3d). 
In this latter case, it is energetically not favorable to transfer electrons 
from the very stable C–O surface bonds (i.e., EO-C ≈ 3.7 eV) to covalent 
O–H bonds and thus the mobile H ions are captured by the functional 
group (–OH) via moderate electrostatic forces. 

Overall, our theoretical DFT simulations reproduce the enhancement 
effect of electric output induced by the type of functional groups that 
may be introduced by HCl acidification of graphene oxide observed in 
the experiments. The formation of functional groups to which free 
protons may form hydrogen bonds may be the underlying cause of the 
observed improvements. 

3.3. Demonstration of application 

The MEGs with a high voltage and current output can directly power 
electronic devices, such as memristors [36] and sensors [37], which 
significantly improve their practical applications. To further enhance 
the voltage or current output, MEG units were connected directly in 
series or parallel (see Fig. S2 for configuration and size of MEG unit). The 
maximum currents are 9.28 µA, 18.16 µA and 38.95 µA for one unit, two 
units and four units, respectively (Fig. 4a). In addition, the Vmax is 
0.85 V, 1.70 V and 3.38 V for one unit, two units and four units, 
respectively (Fig. 4b). Thus, the voltage and current of MEG increase 
almost linearly with the electric output of one unit (Fig. 4c) and 
simultaneously remain stable for over 2 h, which demonstrates a great 
commercial potential for driving electronic devices by simply assem
bling units in series or parallel. The enhanced electricity generation 
performance can further widen their applications in areas such as 

Fig. 3. Theoretical determination of the struc
tural and proton-binding properties of func
tionalized graphene oxide using DFT 
calculations. H binding for O-surface function
alized graphene oxide in the absence (a) and 
presence (b) of carbon vacancies. H binding for 
OH-surface functionalized graphene oxide in 
the absence (c) and presence (d) of carbon va
cancies. HCl acidification promotes the forma
tion of carbon vacancies. These vacancies lead 
to functional groups that may hydrogen bond 
with free protons (~0.1 eV/H) rather than 
chemically bonding (~1–4 eV/H), leading to 
high mobility of these protons on hydration.   
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Fig. 4. Electric output of MEGs with different units at RH= 75%. (a) Current output of one unit, two units, four units in parallel. The Ag electrode area of one unit is 
0.5 × 0.2 cm2. (b) Voltage retention of one unit, two units, four units in series. (c) Vmax and max current output of one unit, two units, four units. 

Fig. 5. Demonstration of MEGs as a power source in various practical applications. (a) Voltage output of acidified GO/PVA films wrapped on glass bottle with 
different curvatures at RH= 75%. (b) Vmax of acidified GO/PVA on carbon cloth before and after 2000 bending cycles. (c) Voltage output of charging commercial 
capacitor by MEG at RH= 75%. (d) Electric output of resistor with different resistances connected to MEG at RH= 75%. (e) Voltage signals of pressure sensor 
powered by MEG at room humidity of 55%. (f) Photograph of commercial pressure sensor powered by a single MEG at room humidity of RH= 55%. (g) Photograph of 
working calculator powered by MEG with 2 in series × 20 in parallel at RH= 75%. 
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hydrogen production by catalysis [38,39]. 
The GO/PVA films with 32.0% HCl acidification are also fabricated 

on the carbon cloth for flexible device applications. The GO/PVA de
vices on the carbon cloth are attached to the glass bottles with different 
radii to investigate the effect of film curvature on the voltage output of 
GO/PVA films. Vmax is 0.83 V, 0.85 V and 0.84 V for the films with a 
curvature of 0.0 cm− 1, 0.5 cm− 1 and 1.0 cm− 1, respectively (Fig. 5a). 
Thus, the GO/PVA devices show stable voltage outputs on the flexible 
substrates with different curvatures, which demonstrate great potential 
applications in flexible and wearable electronics. To incorporate GO/ 
PVA film into flexible and wearable application, the film is supposed to 
show a good electric output in mechanical motion such as bending. The 
GO/PVA device on the carbon cloth was bent from 0◦ to 120◦ in one 
second. The flexible MEG remained 93% of initial Vmax after 2000 times 
bending, which shows a great potential in flexible and wearable appli
cations (Fig. 5b). 

Also, MEG demonstrates good stability of charge and discharge cy
cles (Fig. S20). The MEG can be charged by moisture directly and dis
charged at a current density of 20 µA∙cm− 2. The MEG exhibits similar 
charge/discharge process with good stability for each cycle. The power 
harvested by MEG from the moisture can also charge the power storage 
device directly, such as a commercial capacitor (20 µF) charged to 
0.80 V in 300 s (Fig. 5c), which exhibits the potential in energy con
version and storage at the same time. The electric output of external 
device powered by MEG was investigated by connecting loaded resistors 
with different resistances (Fig. 5d). As load increased from 1 kΩ to 
3 MΩ, the voltage of resistor increased from 0.01 V to 0.81 V, whereas 
the current decreased from 8.55 µA to 0.27 µA. The highest output 
power across a load resistor was 1.36 µW with a resistance of 0.1 MΩ. 
Also, a commercial pressure sensor can be powered directly by a single 
MEG at typical room humidity levels (55%) and generates electric sig
nals according to the external pressure stimulation (Fig. 5e–f and 
Supplementary Movie S1), which demonstrates a great potential in 
supplying practical device in room humidity. Moreover, the device array 
can be easily fabricated by dividing the film into small pieces to supply 
practical devices as the electric output is unrelated to the film area. The 
acidified GO/PVA film pattern was fabricated on the FTO glass by the 
method given above, followed by dividing the films into 20 units in 
parallel and coating Ag paste on the top sides of all units as the top 
electrodes (Fig. S21a) to increase its current output. The pattern with 20 
units in parallel could also be connected in series to improve the voltage 
output (Fig. S21b). The arrays (2 in series × 20 in parallel) could provide 
enough power to supply a commercial calculator (Fig. 5 g and Supple
mentary Movie S2). 

4. Conclusion 

In summary, we use HCl-treated GO/PVA to fabricate the MEG 
because HCl acidification and PVA addition can improve the proton
ation gradient of MEG and microstructure stability of acidified film on 
the substrate, respectively, which are beneficial for achieving a high 
electric output with a good stability. The top surface of acidified GO/ 
PVA film is exposed to moisture directly. While the bottom side is closely 
sticked to FTO glass, thus robustly blocking moisture penetration. 
Driven by this moisture asymmetry, the electric output is generated 
between the top and bottom sides of GO/PVA films. The GO/PVA films, 
as functional layer, outperform GO films and PVA films by a high and 
stable voltage output. The voltage output is closely related to the pro
tonation gradient, which can get improved by HCl acidification and high 
RH. A high voltage of 0.85 V and an excellent current of 9.28 µA 
(92.8 µA∙cm-2) are generated at RH= 75% by GO/PVA films with 32.0% 
HCl acidification, which can be easily enhanced by connection in series 
or parallel (3.38 V or 40.49 μA for four units in series or parallel). The 
voltage of acidified GO/PVA film on flexible carbon cloth shows no 
obvious decline with film curvatures and bending cycles, which dem
onstrates a great potential in flexible and wearable application. The 

acidified GO/PVA films can also be easily divided into pattern for higher 
electric performance and power a commercial calculator successfully, 
which is promising in harvesting energy from moisture and powering 
various practical devices. 
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