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A B S T R A C T   

Graphene oxide (GO) is an insulator and should be converted to reduced graphene oxide (rGO) paper structure 
by reduction to provide electrochemical activity. This work maintains an essential route to fabricate rGO paper. 
Hence, the first aim of this study is to produce rGO paper by one-step electrochemical reduction of GO paper by 
the optimization of quality parameters. Humidity actuators produce mechanical feedback if the moisture is 
exposed to their surface. To provide this kind of response, Janus materials are good nominated due to their 
asymmetric surface character in terms of hydrophilicity. GO paper can be performed for this application by 
converting one side to rGO layers. By this approach, hydrophobic rGO and hydrophilic GO sheets of the Janus 
system are generated, in which moisture flow swells the GO side and causes bending motion of the material 
through the rGO layer. In this work, Janus GO/rGO paper has been prepared by one-step electrochemical 
reduction of one side of the GO paper. Characterization of the samples has been carried out using numerous 
techniques. Humidity actuator experiments have indicated that Janus GO/rGO paper is acting circularly and 
there is an exponential relationship between relative humidity and circularly-oriented bending angle of the 
actuator.   

1. Introduction 

Graphene has a single carbon atom thick structure with perfect sp2 

hybridization, which is one of the most interesting nanomaterials due to 
its versatile properties such as flexibility, strength, stability, great sur
face area, electrical and thermal conductivity. Graphene has taken its 
place as a basic nanomaterial in many different technological applica
tions since its discovery by mechanical separation in 2004 [1]. Chemical 
oxidation [2], electrochemical exfoliation [3,4], and chemical vapor 
deposition [5] are other developed techniques for the production of 
graphene sheets. Chemical oxidation of graphite results in the formation 
of graphite oxide. Exfoliation of graphite oxide produces graphene oxide 
(GO) layers. The most important advantage of GO is its hydrophilic 
behavior by means of functional groups such as hydroxyl, carbonyl, and 
epoxy. 

Graphene-based paper-like materials are a new era in many appli
cations e.g. supercapacitors [6], batteries [7], electrochemical sensors 
[8,9], actuators [10], and membranes [11,12] because of adjustment of 
their many properties such as shape, size, thickness, functionality as far 

as their high flexibility. GO paper structures have high flexibility. 
However, the insulator character restricts the usage of electrode mate
rial in electrochemical studies. GO papers are generally converted to 
reduced graphene oxide (rGO) paper using a suitable reduction tech
nique to provide electrical conductivity and/or electrochemical activity. 
Many different methods are used to prepare rGO paper by direct 
reduction of GO paper such as thermal annealing [8], chemical reduc
tion [9], photothermal treatment [13], flame-induced process [14], 
unimpeded liquid permeation [15], supercritical ethanol treatment 
[16], hydrothermal reduction [12,17]. Another suitable technique is an 
electrochemical reduction for the production of rGO layers. The elec
trochemical reduction process can be applied in two-electrode systems, 
or it can be carried out in a standard three-electrode electrochemical cell 
at room temperature at an appropriate constant potential or in a 
controlled manner by potential scanning. Up to now, electrochemical 
reduction of GO layers has been performed on a suitable substrate e.g. 
gold [18–20], tin oxide coated glass [21], fluorine-doped tin oxide [22]. 
This work presents the first time production of rGO paper by direct 
electrochemical reduction of free-standing GO paper without any 
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substrate by the optimization of parameters of pH, electroreduction 
potential, reduction time, and paper thickness. 

An actuator is a system that can generate a mechanical response 
when an appropriate signal is applied. Actuator systems that can act 
with stimuli such as light [23], heat [24], electrical potential [25], and 
humidity [26–36] are among important research topics. In humidity 
actuators, it acts proportionally to the amount of moisture coming to the 
material surface. Janus structure is generally preferred as a humidity 
actuator. This kind of behavior is important in energy conversion, arti
ficial muscles, moisture-sensitive switch systems, and quantitative 
determination of humidity in the environment. Janus GO/rGO paper has 
extensively been investigated as a humidity actuator because the GO 
side is hydrophilic, while rGO is relatively hydrophobic [26–36]. For 
this aim, one side of GO paper has been converted to rGO layers using 
photo-reduction [28], UV-irradiation [29], laser writing [30], and 
chemical reduction with Cu [31] or HI [32–35], Al [36]. 

This study reports the preparation of the Janus GO/rGO structure 
using controlled electrochemical reduction of one side of flexible GO 
paper for the first time. In this context, a free-standing GO paper was 
prepared by vacuum filtration of GO dispersion and then stripped from 
the membrane. The Janus GO/rGO paper was formed by electro
chemical reduction of one side of GO paper using as working electrode in 
a three-electrode cell under optimum conditions. This Janus GO/rGO 
paper was tested as a humidity actuator and it exhibited controllable and 
repeatable mechanical movement proportional to the amount of 
moisture. 

2. Experimental section 

All of the purchased reagents beyond this study were of analytical 
grade and used without further purification. Solutions and dispersions 
were prepared using Milli-Q ultrapure water (resistivity: 18 MΩ cm− 1). 
GO was synthesized using the modified Hummers method described in 
our previous publications [8,9,12]. Briefly, graphite powder (Alfa Aesar, 
99,99%, 325 mesh) was treated with strong oxidant species of H2SO4, 
K2S2O8, P2O5, KMnO4, and H2O2, respectively. This mixture was dia
lyzed for 3 weeks to acquire pure graphite oxide. Then, 100 mg of 

graphite oxide was poured into 100 mL of the aqueous dispersion and 
left into an ultrasonic bath (Bandelin brand) for 1 h to access 1.0 mg 
mL− 1 of GO dispersion. 

The production route of the Janus GO/rGO paper has been illustrated 
in Fig. 1. We have initially fabricated GO paper by vacuum-filtration of 
100 mL of GO dispersion through a polycarbonate membrane (What
man, Ø: 47 mm, pore size: 200 nm). After cleaning it with ultrapure 
water many times and peeling off from the membrane, free-standing GO 
paper with a very flexible character is gained. Janus structure was 
prepared by electrochemical reduction of one side of GO paper at the 
air/solution interface by touching vertically to the surface of the elec
trochemical solution, while another side was in contact with air as seen 
in Fig. 1. In this electrochemical setup, GO paper, Pt wire, and Ag/AgCl 
(sat. KCl) were contacted to a potentiostat as working, auxiliary, and 
reference electrodes, respectively. Electrochemical reduction of one side 
of GO paper was performed by optimization of paper thickness, electro- 
reduction potential, reduction time, buffer concentration, and pH pa
rameters. It is observed from Fig. 1 that the color of the 
electrochemically-reduced side revealed dark indigo, while the GO side 
is dark gray. In order to compare the efficiency of electrochemical 
reduction, we have prepared rGO paper by chemical reduction of GO 
paper by immersing it into 15 mL of 7.6 mol.L− 1 hydriodic acid (HI) 
solution and leaving it in a dark place for 1 h. The paper was immersed 
into ethanol for three days by changing solvent many times and ultra
sonically treating for 3 min at each solvent renewal till the removal of 
the yellow color of the solution. Finally, this paper was rinsed with 
distilled water and dried under open-air conditions. The electrochemi
cally and chemically reduced rGO papers were quoted as rGO paper (er) 
and rGO paper (cr), respectively. 

To quantitatively determine the moisture-related mechanical motion 
behavior of Janus GO/rGO paper, it was cut in 2 mm × 30 mm dimen
sion and exposed to controlled humidity while recording with a digital 
camera. The horizontal angle of the Janus GO/rGO paper in the initial 
position was taken as 0◦ and response time and bending angle of the 
actuator were determined with a stopwatch and a protractor, respec
tively. In this experiment, we used circularly-oriented bending angle 
(CBA) value due to the circular movement of Janus GO/rGO paper under 

Fig. 1. Fabrication procedure and humidity actuator setup of the Janus GO/rGO paper.  
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moisture effect. All of the humidity actuation experiments were carried 
out at room temperature and open-air conditions of the laboratory. Time 
of the stopwatch was started and then moisture flow was provided from 
the humidifier to the actuator. Time reset was applied according to the 
starting time of the moisture flow. Throughout the study, the GO side of 
the actuator was positioned downwards and the rGO side upwards as 
illustrated in Fig. 1. The calibration curve was created by graphing the 
relative humidity (RH%) value in relation to the logCBA, and the 
response time were determined by graphing the RH% against the 
bending time. The repeatability and stability was also determined. 

Cyclic voltammetry (CV) and chronoamperometry (CA) experiments 
have been applied using the Gamry brand potentiostat system. UV-Vis. 
absorption investigation of dispersions was collected by a Shimadzu 
brand spectrophotometer. Fourier transform infrared (FTIR) absorption 
of the paper materials was analyzed with a Perkin-Elmer spectropho
tometer using specular reflectance mode attachment. Raman spectra 
were collected using a Witec alpha micro-Raman instrument. X-ray 
diffraction (XRD) patterns were provided with a Rigaku brand X-ray 
diffractometer (Cu-Kα, λ = 1.54 Å). Morphological analysis of the paper 
samples was supplied using a Zeiss Sigma 300 Scanning Electron Mi
croscopy (SEM) system. Elemental analysis was performed using a 
SPECS EA 300 X-ray photoelectron (XPS) spectrometer. Surface-wetting 
characterization of the paper-like samples was applied using contact- 
angle measurements with an Attension Theta Flex instrument. 

3. Results and discussion 

3.1. Characterization of GO sheets 

SEM images of GO and rGO (cr) layers have been illustrated in 
Fig. S1. Both GO and rGO (cr) layers reflect the characteristic curved 
surface appearance of graphene flakes [8,9]. This type of appearance 
reflects the flexibility and mechanical strength of the layers. It is seen 
that rGO (cr) sheets exhibit a more intensely curved image than GO 
flakes. This is an indication that the GO layers are effectively reduced by 
HI treatment, in which the oxygen-containing groups such as epoxy, 
carbonyl, hydroxyl were removed, and thus a structural change 
occurred. UV-Vis. absorption spectrum of the aqueous dispersion of the 
synthesized GO layers demonstrates the main band at about 230 nm, as 
well as a shoulder structure at about 300 nm (Fig. S2). The main band 
indicates π-π transitions originating from C––C bonds in the GO struc
ture, and the shoulder arises due to n-π transitions from 
oxygen-containing functional groups [3]. For rGO (cr) layers, the π-π 
transition occurs at about 300 nm and the n-π transition cannot be 
observed clearly (Fig. S2). Hence, these two events are indications that 
reduction is occurring effectively. 

3.2. Optimization of direct electrochemical reduction of GO paper 

To determine the best conditions for one-step electrochemical 
reduction of GO paper, electrochemical activity was taken into consid
eration as a criterion. A CV experiment was conducted using a reversible 
redox probe of ferricyanide. CV data of GO paper in a solution con
taining 1.0 mM K3Fe(CN)6 and 0.1 M KNO3 have been displayed in 
Fig. S3. A significant redox peak cannot be obtained and there is an IR 
drop for GO paper because of its highly insulating behavior. The for
mation of an operative and reversible redox peak pair is expected in the 
CV data with the increase in the reduction efficiency of GO paper. 

The pH value of the solution in the electrochemical cell was initially 
optimized as shown in Fig. 2a. For this purpose, rGO papers (er) were 
prepared by electroreduction at − 2.00 V in 0.10 M phosphate buffer 
solutions (PBS) with different pH values and their CV data was taken in a 
solution containing 1.0 mM K3Fe(CN)6 and 0.10 M KNO3. No significant 
redox peaks were obtained for the pH 2.0–11.0 range and a peak pair 
emerged at pH: 12.0. 

The intensity of this peak pair has also diminished at pH: 13.0. For 

the peak pair obtained at pH: 12.0, the potential difference between the 
anodic peak and the cathodic peak (ΔEp) was calculated to be 636 mV. 
This value is quite high for the reversible redox process. According to 
this data, the most suitable pH value was considered to be 12.0. To 
evaluate the most suitable PBS solution concentration, rGO papers (er) 
were prepared by electrochemical reduction at − 2.00 V for 2 h in PBS 
(pH: 12.0) with different concentrations. CV data of these rGO papers 
(er) displays reversible peak pairs for all of the studied concentrations 
(Fig. 2b). Considering the lowest ΔEp as an indicator of electrochemical 
activity, it can be concluded that the optimum PBS concentration is 
0.50 M with ΔEp = 262 mV. For the optimization of the electroreduction 
potential, rGO papers (er) were prepared in 0.50 M PBS (pH: 12.0) by 
electroreduction for 2 h at different potentials. As seen in Fig. 2c, the 
CVs of the papers induce that the electroreduction efficiency is very low 
at − 1.50 V due to the absence of redox peaks. Although redox peaks 
occur at more negative potentials, it was determined that the lowest ΔEp 
was obtained as 178 mV for − 2.25 mV. Hence, this value was used as the 
optimum electroreduction potential. Different electrochemical reduc
tion times were questioned as presented in Fig. 2d. It is assessed that 2 h 
of electroreduction is sufficient. It is supposed that the longer periods 
than 2 h supply mechanical fragility in the paper structure and elec
trochemical activity losses due to excessive reduction, while periods of 
less than 2 h do not provide effective reduction. 

In the light of the optimization studies, rGO paper (er) was prepared 
by CA technique at − 2.25 mV in 0.50 M PBS (pH: 12.0) for 2 h and the 
current-time (i-t) data obtained for this paper was demonstrated in  
Fig. 3a. The current is very close to 0.0 A at the beginning of the elec
trolysis due to insulating character of GO paper. It is observed that the 
current increases by time depending on the acquired conductivity of GO 
paper with electrochemical reduction. The decrease in the current after 
25 min can be an indication of electroreduction of the inner parts with 
diffusion after the reduction of the GO layers on the surface. 

To compare the electrochemical properties of rGO paper (er) pre
pared under optimum conditions, rGO paper (cr) was prepared and 
studied by CV experiments. In Fig. 3b, it is observed again that GO paper 
does not present an electrochemical activity and both rGO papers 
manifest reversible peak pairs. The ΔEp values of rGO paper (er) and 
rGO paper (cr) were calculated as 178 mV and 172 mV, respectively. 
This result indicates that rGO paper (er) exhibits a close character to rGO 
paper (cr) in terms of electrochemical activity, which can be suitable for 
hydrophobic face of the Janus humidity actuator. 

3.3. Characterization of Janus GO/rGO paper 

The characterization of rGO paper (er) prepared under optimum 
conditions was examined by comparing it with rGO (cr) using different 
techniques. Fig. 4a displays the acquired FTIR specular reflectance 
spectra for GO paper, rGO paper (er), and rGO paper (cr). The most 
significant difference between the papers occurs in the range of 
3000–3500 cm− 1 for the –OH group. The band intensity decreases 
somewhat with the electrochemical reduction of GO paper containing 
high –OH groups. For the rGO (cr) paper, it can be evaluated that –OH 
groups are relatively less. At this point, it can be argued that partial 
reduction of GO paper is achieved by the performed electroreduction 
process for rGO paper (er) when compared to rGO paper (cr). 

Raman spectrum of GO paper indicates the characteristic D and G 
bands observed at 1360 and 1590 cm− 1, respectively (Fig. 4b). The D 
band appears in defective carbon nanomaterials, and the peak intensity 
increases with the rise of the defect density. The G band is the vibration 
mode for the resulting plane for C––C bonds [18]. By considering the 
intensity ratios of the D and G bands (ID/IG), the defect densities in the 
structures can be evaluated [3,18]. The ID/IG values were calculated as 
0.9, 1.0, and 1.6 for GO paper, rGO paper (er), and rGO paper (cr), 
respectively. It is clear from these results that the most efficient reduc
tion occurred for rGO paper (cr). Thus, it is confirmed that rGO paper 
(er) undergoes partial reduction. A band group occurs at approximately 
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Fig. 2. CV data of rGO papers for Fe(CN)6
3- probe prepared a) at different pHs applying − 2.00 V for 2 h in 0.10 M PBS, b) at different concentration of PBS (pH: 12.0) 

applying − 2.00 V for 2 h, c) at different electroreduction potentials for 2 h in 0.50 M PBS (pH: 12.0), d) at different electroreduction times at − 2.25 V in 0.50 M PBS 
(pH: 12.0). Scan rate: 5 mV.s− 1. 
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170 cm− 1 in the Raman spectrum of rGO paper (cr) are indicative of 
iodine [37,38], which is doped to the structure as an impurity during 
chemical reduction of GO paper. 

Since graphene is a carbon-based nanomaterial and is produced by 
exfoliation of graphite, it should be noted that the main peak for 
graphite arises around 2θ= 26.4◦ for 002 diffraction in XRD analysis 
(ICDD-PDF # 411487) [39]. For this peak, the distance between layers 
(d) corresponds to 0.34 nm. A peak of 2θ= 12.4◦ was observed for GO 

paper (d=0.72 nm), indicating that the interlayer distance was 
expanded due to the chemical oxidation process (Fig. 5a). The reason for 
this widening is the addition of oxygen-containing functional groups 
between the layers by the performed oxidation process. The XRD spec
trum of rGO paper (cr) manifests a peak at 2θ= 24.6◦ (d=0.36 nm) while 
rGO paper (er) representing it at 2θ= 21.0◦ (d=0.42 nm), indicating that 
both chemical and electrochemical approaches provide reduction of GO 
paper. Partial reduction for rGO paper (er) can be deduced from XRD 

Fig. 3. a) I-t curve of CA application for electrochemical reduction of GO paper at − 2.25 V for 2 h in 0.50 M PBS (pH: 12.0), b) CV data of different paper samples 
for Fe(CN)6

3- probe. Scan rate: 5 mV.s− 1. 

Fig. 4. FTIR specular reflectance (a) and Raman (b) spectra of various paper samples.  
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investigation due to relatively wider d distance when compared to that 
of rGO paper (cr). 

For detailed information about the chemical compositions of the 
paper samples, XPS analyses have been applied as seen in Fig. 5b and 
Table S1. The GO paper contains a high level of C and O elements as well 
as a very low amount of S (0.27%). Sulfur is estimated to be an impurity 
from the concentrated sulfuric acid used during the oxidation of 
graphite. The rGO paper (cr) includes C and O elements besides small 
amounts of N and I. It can be stated that nitrogen is added to the 
structure from air and iodine comes from HI used in the reduction 
process. In the rGO paper (er) structure, C and O are observed from the 
graphitic structure as expected. A low amount of S and N elements are 
assigned to the usage of sulfuric acid and nitrogen from the air, 
respectively. The Na and P in the structure are probably due to the high 
amount of NaOH and Na3PO4 salt present in the basic solution of the 
electrochemical cell. It is noteworthy that the rGO paper(er) structure 
has higher oxygen content than rGO paper (cr). This can be attributed to 
the doping of phosphate and hydroxyl ions between the layers during 
electrochemical reduction from the basic medium. 

Regional XPS spectra of rGO papers have been analyzed by decon
volution process (Figs. S4 and S5). The GO paper contains intensive 
C–O and C––O bonds besides a relatively low levels of C–C and C––C 
bonds, while the intensity of C–O and C––O diminishes and C–C and 
C––C bonds rise for rGO paper (cr). This case shows effective chemical 
reduction of GO paper. In the case of rGO paper (er), C–O and C––O 
bonds are higher than that of rGO paper (cr) and lower than that of GO 
paper, confirming the partial reduction. As seen in Fig. S5, the presence 
of the P–O bond in the rGO paper (er) structure as well as the C–O 
bond confirms the intercalation of phosphate species during electro
chemical reduction. It is estimated from the Na region analysis in Fig. S5 
that the sodium species doped to the rGO paper (er) structure are in ionic 
form. 

SEM analyzes were performed to provide morphological information 
about the prepared paper samples. Fig. 6a reveals the surface image of 
the GO paper. The presence of the curled structure in the paper structure 
draws attention as in the GO layers depicted in Fig. S1. A high magni
fication view of the GO paper surface reveals a homogeneous structure 
and details of the folds are visible (Fig. 6b). When one side of GO paper is 

electrochemically reduced under optimum conditions, the small folds on 
the surface increase as represented in Fig. 6d and e. Fig. 6g and h 
indicate that the curl density for rGO paper (cr) is higher than for other 
papers. This case also verifies the partial reduction of GO paper after 
performed a one-step electroreduction process. To assess the packing 
properties of the rGO paper after reduction approaches, a cross-sectional 
SEM investigation was also performed as displayed in Fig. 6. It is 
monitored that regularly stacked GO sheets are organized by the applied 
vacuum effect (Fig. 6c). The mean paper thickness of GO paper is 
measured as 29.9 µm. 

For the rGO paper (cr) sample (Fig. 6i), the thickness is approxi
mately 29.6 µm, the layer-by-layer organization is protected, and the 
layer edges are observed more clearly compared to the GO paper. This 
case shows that oxygen-containing functional groups are eliminated 
from the GO paper structure after the chemical reduction process and 
the spaces between layers do not league together which may be due to 
doping the paper structure with iodine species. As noted before, the GO 
paper structure is quite insulating and this situation can result in rela
tively low SEM image quality (Fig. 6c). This case supplies an advantage 
to discriminate reduced and unreduced parts of the Janus paper. The 
electrochemically reduced (upside) and unreduced (downside) parts of 
the Janus GO/rGO paper sample are observed in Fig. 6f and Fig. S6. The 
mean thickness of this paper is calculated as 33.8 µm, indicating higher 
expansion after electrochemical reduction due to a high degree of 
doping with both phosphate and hydroxyl ions during one-step elec
trochemical reduction. 

For the humidity actuator application, the GO side of Janus GO/rGO 
paper must be hydrophilic and the rGO side is expected to be relatively 
hydrophobic. To determine these features, water contact angle mea
surements were carried and the results are illustrated in Fig. 6j-l. Mean 
water contact angles for GO paper, rGO paper (er), and rGO paper (cr) 
were determined as 33.5◦, 42.1◦, and 66.6◦ respectively. GO paper is the 
most hydrophilic, and rGO paper (cr) has the most hydrophobic struc
ture. The rGO paper (er) exhibits a relatively low hydrophobic character 
compared to rGO paper (cr) but it has more hydrophobicity than GO 
paper due to the partial reduction. Compared to GO paper, rGO paper 
(er) was evaluated to be relatively hydrophobic and testable for mois
ture actuator studies. 

Fig. 5. Powder XRD (a) and survey scan XPS data (b) of different paper samples.  
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3.4. Humidity actuator performance of Janus GO/rGO paper 

The general view of the study designed for the actuator behavior of 
the Janus GO/rGO paper is shown in Fig. 7. It is observed that the 
actuator which is fixed horizontally and flatly at the 0◦ value of the 
protractor exhibits a circular motion when exposed to moisture and 
takes an almost circular form by the moisture. In this experimental 
setup, it was also found that the circular shape returns to its initial flat 
position when the moisture is interrupted (Video S1). It can be proposed 

that the rGO surface repels water molecules due to its hydrophobic 
character while the hydrophilic GO side swells till surface saturation 
with water molecules. This case produces stress from the GO side to the 
rGO surface and results in a circular folding. In the case of interruption 
of humidity, water molecules are desorbed from the GO surface and the 
Janus paper turns into a straight position again. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.snb.2021.131198. 

The actuator can make bending and opening movements in 

Fig. 6. Surface (a,b,d,e,g,h) and cross-sectional (c,f,i) SEM images of GO paper (a-c), GO/rGOJanus paper (d-f), and rGO (cr) paper (g-i).Contact angle measurement 
of GO paper (j), rGO (er) paper (k), and rGO (cr) paper (l). 
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proportion to the amount of moisture. It has been determined from the 
average of 10 experiments that the logarithm of the CBA value for this 
angular movement has a linear relationship with the RH% (Fig. 8a). 
Evaluating the humidity actuator results in Fig. 7, elapsed times for the 
actuator to bend forward (with moisture flow) and backward (after 
moisture interruption) are plotted against CBA (Fig. 8b and c). The act of 
the actuator is repeatable in both directions and the forward response 
time is relatively longer than the backward time at all bending angles. 
For an example, while the actuator reaches 300◦ in 68 s in its forward 
movement, it takes 53 s to move back to 0◦. We have also tested GO/rGO 
paper (cr) by the same experimental protocol and the actuator arrived 
from 0◦ to 300◦ in 21 s while back action is completed in 18 s. This case 
can be attributed to the effective reduction of GO paper by chemical 
reduction process. However, the chemical reduction process by HI re
quires the usage of many hazardous reagents and it takes a very long 
time (around three days) to prepare Janus GO/rGO structure. The 

performed one-pot electrochemical reduction process can be handled in 
approximately 2 h and electrochemistry is an environmentally-friendly 
technique. 

The thickness of GO/rGO paper is an important issue for moisture 
actuator performance. To evaluate the thickness effect, additional GO 
papers were prepared by vacuum filtration of 80 and 120 mL GO dis
persions. The GO/rGO papers were formed by electrochemical reduction 
of one side under optimum conditions, and then their actuation against 
moisture was questioned (Fig. S7). These actuators were quoted as GO/ 
rGO-80 paper and GO/rGO-120 paper, respectively. For GO/rGO-80 
paper, a bending motion from CBA= 0◦ to a maximum CBA of approx
imately 170◦ could be obtained at RH%= 83.1, and the duration of this 
motion was 117 s (Fig. S7a and b). The bending motion of GO/rGO-120 
paper can be obtained from CBA= 0◦ to the highest CBA of 40◦ at RH 
%= 84.9 in 111 s (Fig. S7c and d). These quality values appear to be very 
low when compared to the results of the actuator prepared by vacuum 

Fig. 7. Humidity actuator experiment for Janus GO/rGO paper.  

Fig. 8. The dependency between (a) RH% and logCBA (calibration curve). The dependency between response time and bending angle for forward (b) and reverse (c) 
movement of Janus GO/rGO actuator (n = 10). 
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filtration of 100 mL GO dispersion (Figs. 7 and 8). Thus, the most suit
able paper thickness is decided as approximately 34 µm (Fig. 6f). It can 
be proposed that the flexibility decreases in thicker paper structures. In 
the formation of thinner paper, it is estimated that the bending perfor
mance decreases with the decrease in the hydrophilic GO layer when the 
thickness of the electrochemically reduced layer is taken into account. 

To test the production reproducibility of Janus GO/rGO paper for 
moisture actuator studies, 3 different actuators were manufactured 
using the same fabrication method. Elapsed time for each paper to reach 
CBA= 180◦ was determined (Fig. S8a) and the relative standard devia
tion (RSD) value was determined as 5.3%, indicating the quite repeat
able production of GO/rGO paper for humidity actuator application. We 
have also examined the time-dependent stability of Janus GO/rGO paper 
by measuring elapsed time to reach CBA= 180◦ at certain time intervals 
during 60 days. The actuator was left in the laboratory conditions in a 
clean place, when not used. As displayed in Fig. S8b, the bending time 
was plotted against the holding time and no significant variation was 
observed depending on holding time with an RSD of 6.0%. The succes
sive usage stability of the actuator was studied and response time to 
achieve CBA of 60, 120, and 180◦ values were measured for 30 repetitive 
moisture dependent actions as illustrated in Fig. S9. It is observed that 
no regular increase at response time was observed for all studied angles. 
The sequential actions resulted in fluctuation of response time and RSD 
values of 1.4, 2.8, and 4.3 were calculated for CBA of 60, 120, and 180◦

respectively, indicating a good repeatability of the actuator. 
To show the usability of this Janus GO/rGO paper in technological 

applications, we have designated a four-fingered claw system using 
Janus GO/rGO papers as a finger (Video S2). We have observed that the 
claw model can grasp a sponge by moisture effect and leaves it after 
interruption of the humidity. It was also shown that the straight shape of 
GO/rGO paper transforms into a circle suddenly when soaked into water 
(Video S3). These abilities flash the usage possibility of Janus GO/rGO 
paper for artificial muscles. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.snb.2021.131198. 

4. Conclusions 

GO paper structure has been altered to rGO character using one-step 
electrochemical reduction under optimized conditions. CV experiment 
for ferricyanide probe indicated that the produced rGO paper (er) has a 
very close electrochemical activity to rGO paper (cr). Reduction effi
ciency of electrochemical reduction outcomes partially reduced struc
ture based on FTIR, Raman, XPS, XRD, and water contact angle analyses, 
when compared to that of rGO paper (cr). Morphological investigations 
in terms of cross-sectional SEM analysis exhibited that one side of GO 
paper was effectively reduced after the one-step electroreduction route 
under optimized conditions. This Janus GO/rGO design circularly 
moved under moisture, in which a relationship between RH% and 
logCBA was achieved. Humidity actuation experiments revealed high 
stability of the Janus GO/rGO paper and reproducibility of the proposed 
method for humidity actuator tests. This actuator system can be a useful 
material for the design of hygrometers and artificial muscles. It can be 
concluded that the reduction efficiency of the proposed electrochemical 
route need to be developed because its moisture dependent response 
time is almost two times higher than that of chemical reduction with HI. 
However, the chemical reduction demands hazardous chemicals and its 
application takes approximately 3 days. The one-pot electrochemical 
reduction, an environmentally-friendly approach, is completed in a very 
short time of 2 h. 
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