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A B S T R A C T

Despite its great potential, the use of graphene oxide (GO) in sensors, photocatalysis, or biomedicine
applications is limited by its low conductivity. This drawback is typically overcome by using its reduced
form (rGO) albeit sacrificing some of its extensive chemical properties. In this study, we unveil a non-
uniform reduction process that enables the fabrication of hybrid flakes consisting of both size tunable GO
and rGO regions. The nanoscale resolution of Kelvin probe force microscopy together with co-localized Raman
spectroscopy allow us to correlate the local reduction degree with the nanoscale electronic properties, chemical
composition, and structural defects. Additionally, we introduce a reliable metric for quantifying the extent
of reduction. This research opens up possibilities for the development of new 2D nanohybrid materials that
combine the high reactivity of GO and the enhanced conductivity of rGO, enabling applications in selective
functionalization.
1. Introduction

Graphene oxide (GO) and its reduced counterpart (rGO) were pri-
marily viewed as a means of mass-producing graphene, but over the
last decade they have found their own value as 2D materials. GO
consists of a defective carbon basal plane randomly decorated with
oxygen-containing functional groups [1–3]. These functional groups
can be removed to produce rGO, drastically changing the electrical
and chemical properties of the material. While GO is highly insulating,
hydrophilic, and easily soluble in polar solvents, rGO is a good elec-
trical conductor, hydrophobic, and insoluble in polar solvents. Despite
the widely different properties of the two materials, the transition
between GO and rGO is not sharp. Thus GO and rGO should be seen
as the limiting cases of a family of closely related materials whose
properties can be finely tuned and tailored for different purposes. This
versatility, coupled with an easy production and processability [4–7]
has allowed GO and rGO to find uses in a number of applications [8],
such as the fabrication of opto-electronic devices and printed elec-
trodes [9–11], catalysis [12–14], humidity sensors [15,16], biomedical
applications [17–19] or water treatment [20].

During the preparation of GO, the oxygen-containing functional
groups locally modify the 𝑠𝑝2 hybridization in favor of 𝑠𝑝3 [21]. This
process disrupts the hexagonal lattice due to the addition of point
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defects and vacancies, thus making GO highly disordered and non-
stoichiometric. As the reduction process takes place, the 𝑠𝑝2 hybridiza-
tion is partially recovered, increasing the conductivity of the material
up to several orders of magnitude [22–24]. The reduction degree is
usually characterized by either the C/O ratio or the ratio of 𝑠𝑝2 and 𝑠𝑝3

bonds [21]. Typically, C/O ratios between 1.5 and 2.5 are attributed
to GO, while C/O ratios above 8 are considered for rGO [24]. Raman
scattering, which has been validated as one of the primary characteri-
zation techniques for graphene, could be a good tool for quantifying the
reduction degree. Initial results rapidly evidenced a rather complicated
scenario with the presence of additional spectral bands convoluted with
the characteristic G and D peaks of graphene [25]. As established by
Claramunt et al. [26], a Raman metric for GO and its derivatives should
be based on five different peaks for first order scattering: G and D
bands, and three additional peaks, D∗, D′′, and D′, which have been
related to chemical and structural disorder [26]. Despite these pro-
gresses, the correlation between the spectral parameters and the degree
of reduction is not totally conclusive. Different approaches to monitor
the oxygen content, either via the frequency shift of some bands [26],
or employing intensity ratios of first [27] or second order features [28]
have only achieved partial success. The strong dependence of the
Raman peaks on the reduction procedure, whether thermal, chemical or
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by laser illumination, or even on the nature of the substrate [29] have
so far prevented GO and rGO from having a universal Raman metric.

These techniques provide valuable information about the chemistry
and structure of the materials. Nevertheless, this is not sufficient to fully
predict their electrical properties. Conductivity in GO and rGO is not
solely determined by the 𝑠𝑝2/𝑠𝑝3 ratio but rather by a combination of
several factors like the local distribution of 𝑠𝑝2 and 𝑠𝑝3 regions, possible
doping during the reduction process, the degree of graphitization of
the underlying carbon lattice [21,30], or the amount of morphological
defects. For this reason, the conductivity of the material is closely tied
to the level of oxidation of the GO precursor, the reduction method,
and the temperature at which the process is carried out.

Two main approaches are usually considered to obtain rGO: (𝑖)
thermal decomposition by heating the GO sheets in an inert atmosphere
or in solution, and (𝑖𝑖) chemical reduction. For thermal decomposi-
tion, temperatures above 500 ◦C are needed to remove most attached
molecules [30]. This process generates additional point defects and
carbon vacancies due to the production of CO and CO2, thus making
it unsuitable for the production of highly conducting, low-defect rGO.
Chemical reduction is performed by using reducing agents such as
hydrazine, sodium borohydride or ascorbic acid [24,31–33]. With this
method, the sheets might undergo doping processes, and different
functional groups are preferentially removed depending on the reduc-
ing agent. Chemical reduction followed by a thermal annealing to
restructure the carbon lattice (above 700 ◦C) is commonly used for the
production of highly conductive rGO [30].

Although significant effort has been made towards the characteriza-
tion of the reduction process of GO, its correlation with the electronic
properties of the resulting material is not clear. Macroscale analyses
of the reduction process provide averaged information of the overall
state of the material, but do not grant information at the submicrometer
scale at which many relevant charge transport processes take place.
In recent years, a significant number of studies have been conducted
to gain a deeper understanding of the transition from GO to rGO at
the nanoscale. These studies aim to uncover the impact of various
parameters in the reduction process, as well as to modify or determine
the evolution of the local properties over individual sheets or thin
films. Transmission Electron Microscopy (TEM) and Atomic Force Mi-
croscopy (AFM) have proved to be very valuable tools. In situ reduction
studies performed with TEM have shown the structural evolution of
GO during thermal decomposition [34,35], and correlated conductivity
measurements with the structural evolution throughout the reduction
process [36]. The versatility of AFM can be exploited twofold. In the
first place, AFM can actively modify the flakes and create nanoscale
conductive pathways through local reduction of the GO sheets [37–
39]. Secondly, the evolution of the electrostatic properties can be
monitored through different scanning probe techniques: Scanning Po-
larization Force Microscopy (SPFM) and Electrostatic Force Microscopy
(EFM) [40–43], conductive AFM (c-AFM) [44], and Kelvin Probe Force
Microscopy (KPFM) [45,46].

In this work we study the transition from GO to rGO through
hydrazine chemical reduction at the nanoscale, focusing on individual
monolayer flakes. We have characterized the intermediate states and
monitored the evolution of the chemical and electronic properties
during the reduction process by using Kelvin Probe Force Microscopy
(KPFM) together with co-localized Raman spectroscopy. We show that
the reduction is non-uniform leading to the coexistence of GO and
rGO regions within the flakes, spanning a few hundred nanometers. By
adjusting the reduction time, we can finely tune the ratio and degree
of reduction of these specific regions. Furthermore, we demonstrate the
effectiveness of monitoring the capacitance of the tip-sample system
alongside local Raman spectroscopy data as a non-invasive and highly
sensitive method to gain valuable insights into the nanoscale reduction
process and its correlation with the local electronic properties.
2

Fig. 1. UV–vis absorbance spectra for GO and rGO.

2. Experimental

2.1. Sample preparation

The samples were prepared on 300 nm SiO2 thermally grown on
highly doped p-type silicon (1–10 Ω cm, Siltronix) by drop-casting of
ultradiluted (0.0004 wt%) GO and/or rGO solutions dispersed in Milli-
Q type I water (MQ water). These dispersions yield low coverage and
individual flakes. Prior to deposition, the substrate was rinsed with
ethanol, MQ water and then exposed to UV/ozone for 15 min to remove
organic contaminants and to ensure the hydrophilicity of the SiO2
surface.

GO purchased from Graphenea was used without further treatment,
while rGO with different reduction degrees was obtained from GO
by using a simple one-pot surfactant-free chemical method at room
temperature (T ≈ 25 ◦C). To start the reduction process, 0.05 mL of
hydrazine hydrate (50 − 60%, Sigma Aldrich) was added to a 0.004
wt% 2 mL GO dispersion. After a certain reduction time, a small
volume (200 μL) is extracted from the dispersion and further diluted
to reach the final concentration. In order to achieve different reduction
degrees, this process is repeated at increasing reduction times up to 4
days. After about 4 days, the original GO/hydrazine dispersion starts
to agglomerate, indicating a high degree of reduction. Our partially
reduced suspensions are stable for several weeks.

The reduction process can be visually confirmed through the change
in color, from light brown to black, of the solution before and after
reduction (Fig. 1). Additionally, the UV–vis absorbance spectra shows
a redshift of the characteristic 𝜋 − 𝜋∗ absorption band from 230 to
262 nm for GO and rGO, respectively. This indicates that the conjugated
structure is partially restored after the removal of some of the func-
tional groups. In our case, we expect rGO which is not totally reduced
as the maximum redshift reported with hydrazine reduction is found
to be at 268 nm [32]. In addition, we are able to obtain stable rGO
dispersions due to the low efficiency of hydrazine at removing hydroxyl
and carboxyl groups that favors the stability, thanks to the electrostatic
repulsion between the sheets. However, for increasing reduction time,
the electrostatic repulsion diminishes and agglomeration of the sheets
is observed [31]. Thus we expect rGO which is partially reduced and
full of structural defects with no large extended 𝑠𝑝2 domains since we
have not performed an additional annealing process to restructure the
carbon lattice [21].

An alternative procedure for chemical reduction with hydrazine
consists on casting a droplet of hydrazine on top of already deposited
GO samples. We have discarded this method however, as it worsened
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Fig. 2. Co-deposited GO and 16 h reduced rGO sample. (a)–(c) RH = 50%, (d)–(f) RH < 10%. (a) and (d) Topography (z scale 6 nm). (b) and (e) KPFM images (z scale 360 mV
and (c) and (f) 2𝜔elec images.
our control over the experimental conditions. First of all, exposing the
SiO2 surface to the hydrazine could modify it, introduce a higher vari-
ability in the properties of the measured flakes and make comparison
between different experiments difficult and unreliable. Additionally,
the small volume of the hydrazine droplet was very sensitive to changes
in temperature and prone to evaporation, not allowing a good control
of the reduction time.

2.2. Sample characterization

2.2.1. KPFM and 2𝜔elec signals
Topography and electrostatic measurements were performed as de-

scribed in Ref. [47]. Using a dual lock-in Amplifier (Zurich instruments,
HF2LI), two electrostatic signals can be measured simultaneously: (i)
KPFM to obtain the sample’s surface potential (SP); and (ii) the com-
ponent oscillating at 2𝜔elec which is related to the capacitance of
the system formed by the tip and the sample through the following
relation [48]

2𝜔elec ∝ 𝐶(𝑧)(𝑛) cos(2𝜔elec𝑡). (1)

With 𝐶(𝑧)(𝑛) being the 𝑛th derivative of the tip-sample capacitance,
𝑛 = 1, 2 when using the force (AM-KPFM) or the force gradient (FM-
KPFM) as feedback, respectively. Thus, this signal is used to gain insight
about the local tip-sample capacitance, which is closely related with the
relative permittivity of the sample and, consequently, with its ability to
screen electrical fields. All measurements were performed at controlled
relative humidity (RH) in a N2 atmosphere.

2.2.2. Colocalized KPFM-Raman measurements
Colocalized KPFM-Raman scattering maps have been carried out

with a Jobin-Yvon Xplora Raman confocal microscope attached to an
AIST-NT AFM. The measurement procedure was as follows: a first scan
over a square area was performed to record topography and SP of the
samples with a lateral spatial step of around 20 nm; in a second scan
over the same area Raman scattering was performed with a spatial
step between 350 and 500 nm (typical Raman maps were 40 × 40).
Topography and SP maps were recorded in a two-pass mode, the first
pass was done in tapping to get the topography and in the second one
the tip was lifted an additional 30 nm over the sample and a 2 V
3

AC bias was applied to detect and cancel the electrostatic force. The
noise fluctuations of the SP were below 5 mV. Raman spectra were
acquired in backscattering configuration with a 100× objective, using
the 600 groove/mm diffraction grating in a spectral range from 200 to
5000 cm−1. We used a 532 nm laser diode with an excitation power
of 20 kW/cm2. The accumulation time for each spectrum was 2 s.
KPFM measurements were carried out at RH < 10%. Raman scattering
measurements were insensitive to humidity.

3. Results and discussion

3.1. Characterization of GO and rGO with SFM techniques

The ability of the Scanning Force Microscopy (SFM) techniques to
record several interaction signals simultaneously has allowed us to dis-
tinguish between GO and rGO flakes and to correlate the experimental
data with their different chemical and electronic properties. First of
all we characterize simultaneously the two materials in samples were
GO and rGO are co-deposited in order to establish their fingerprints
in the different SFM channels. This way, problems such as changes in
the tip or the measurement conditions or variations in the substrate,
are avoided (characterization of GO and rGO individual samples are
shown in the SI.1, Fig. SI. 1). Fig. 2 shows the topography, KPFM and
2𝜔elec images of the co-deposited sample at both RH = 50% and RH <
10%. Although the two types of flakes are indistinguishable by their
topographic features (height ∼1.5 nm), they are clearly different in
the electrostatic images (KPFM and 2𝜔elec channels). Their signatures
depend strongly on RH, at RH ∼ 50% there is very little contrast
between the flakes and the substrate in the KPFM image. This is
explained by the screening effect of the physisorbed water molecules
on the surface (Fig. 2(b)). Despite the low contrast, two different types
of flakes are observed: while some flakes show no SP difference with
respect to the SiO2 substrate, others present a slightly negative SP.

Only after the humidity is decreased, RH < 10%, GO and rGO are
unambiguously distinguished (Fig. 2(e)). GO flakes contain character-
istic SP domains due to the presence of localized charges [49]. These
domains are not observed on the rGO flakes, instead they display a
nearly uniform SP. The absence of charge domains in rGO flakes is
consistent with their larger conductivity and more extended electron
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Table 1
Measured SP with respect to the substrate at RH = 50% and RH < 10%.

Flake SP RH < 10% (mV) SP 50% RH (mV)

A −630 70
B −260 −40
C 125 Within the noise
D Within the noise 20

wavefunctions as a result of the removal of the oxygen functional
groups, and consequent recovery of the local 𝑠𝑝2 hybridization [50,51].
While the SP is uniform within a given rGO flake, a significant SP
variability is found among different rGO flakes. Table 1 summarizes
the SP of the rGO flakes labeled in Figs. 2(a) and (d). For example,
the rGO flake at the bottom (labeled D) has mostly the same SP as the
substrate, while the rGO flakes located at the top (labeled A, B and C)
have a non-zero SP. Moreover, rGO flakes touching each other share the
same SP, which indicates a good electrical contact. On the contrary,
rGO flakes separated by a GO sheet (B and C) show a different SP
highlighting the insulating nature of GO. Since the flakes are supported
on an insulating substrate, they lack a well-defined potential reference
and thus their amount of charge, and therefore their SP, is affected by
their local environment. Moreover, rGO flakes can be easily charged or
discharged, which can happen through unintentional tip-sample con-
tact during scanning (e.g., flake A). Nevertheless, although the regions
of constant SP indicate the conducting nature of rGO, the measurement
of the SP does not provide information about the degree of reduction
of these flakes.

Moving on to the 2𝜔elec images (Fig. 2(c) and (f)) the phenomenol-
ogy is quite different: while GO flakes are not differentiated from the
substrate [49], all the rGO flakes show a large signal and are clearly dis-
tinguishable, independently of the RH. This signal has been previously
used to characterize a wide variety of systems, such as different human
cells [52], subsurface features of different systems [53,54] or to explore
the dielectric properties of different materials at the nanoscale [55,56].
The origin of the contrast is attributed to an increase in the tip-sample
capacitance, however, the contributions to this signal vary depending
on the system under study. The origin of the increased contrast over the
rGO flakes will be discussed in more detail below, but it is clear that the
local tip-sample capacitance is higher on the rGO flakes than on the GO
flakes. Therefore, the 2𝜔elec signal is sensitive to the reduction degree
of the flakes and can even resolve substructures inside individual flakes.

Further information is obtained by injecting charge in GO and rGO
at RH < 10% (Fig. 3). In these experiments, while measuring in non-
contact mode, the tip is brought into contact at a given point and a
bias voltage (typically 4 − 6 V) is applied between tip and sample for a
short period of time (35 ms) [57] . Then, we continue the 𝑥−𝑦 scanning
to monitor the evolution of the injected charge. A clearly different
behavior is found between the two types of flakes. In GO (Fig. 3(a) and
(b)), the injected charge spreads throughout the flake slowly enough
to monitor it. On the contrary, Figs. 3(c) and (d) show how the charge
distributes quickly over the whole flake when locally applying the
bias to a rGO flake, confirming their improved in-plane conductivity
as compared to that of GO. In fact, groups of flakes spanning tens of
microns are ‘‘instantaneously’’ charged (with respect to the acquisition
time), adopting the same SP. This implies a good electrical contact
between them (see SI, Fig. SI.2). Consecutive KPFM images acquired
after charging show that rGO flakes remain charged for a long period
of time, indicating that the charge loss through the SiO2 substrate is
small [57].

3.2. Co-localized Raman scattering

Raman spectroscopy, with its chemical and structural sensitivity,
provides complementary information on the composition and disorder
4

Fig. 3. Charge spreading in GO and RGO. (a) and (c) Topography (z scale = 4 nm), (b)
and (d) KPFM images (z scale = 0 − 3 V) of the GO and rGO flakes during the charge
injection experiments. The maps are recorded line by line from the top to the bottom of
the image. A horizontal dashed line points the time of charge injection. The upper and
lower sides of the images correspond to uncharged and charged flakes, respectively.

state of the GO flakes and thus could be a reliable metric for the reduc-
tion degree of the material. The Raman spectra of GO and rGO (see SI,
Fig. SI.4) are almost identical at first sight. As stated in the introduction,
an indepth quantitative analysis requires fitting the first-order Raman
spectrum to five different peaks, namely: D∗, D, D′′, G, and D′. The most
intense peaks are G (∼1585 cm−1) and D (∼1350 cm−1) and correspond
to the 𝐸2𝑔 optical phonon and a double resonant process mediated by
disorder, respectively. The D′′ band (∼1520 cm−1) arises from density
of states and is related to the amorphous phase. The D′ band (∼1620
cm−1) has been attributed to an intra-valley resonance mediated by
impurities. Finally, the D∗ band (∼1150 cm−1) is characteristic of sp3

phase and hexagonal diamond. In GO, this vibration is related to
oxygen functional groups, such as hydroxyl groups, attached to the
graphene plane. The implications of using different fitting function,
whether Lorentzian, Gaussian or Voigt, to deconvolve the spectrum
have been carefully analyzed (see SI.4). The data presented from now
on has been obtained with three Lorentzian and two Gaussian functions.

We have recorded co-localized Raman scattering and KPFM maps of
GO and rGO flakes dispersed on SiO2 substrates. Fig. 4 shows the results
corresponding to topography, (a) and (e), SP, (b) and (f), integrated
Raman intensity, (c) and (g), and 𝐼𝐷∗∕𝐼𝐺 ratio, (d) and (h) for two
samples consisting of GO and rGO, respectively.

In agreement with the findings of the previous section, GO and rGO
flakes present substantial differences in their SP values when measured
at RH < 10%. Concerning Raman scattering, several spectral features
have been explored. The most reliable one is the intensity ratio of the
D∗ and 𝐺 peaks (𝐼𝐷∗∕𝐼𝐺) for which a consistent increase is observed
when comparing GO and rGO flakes: the average ratio is 0.072 for
GO (Fig. 4(d)) and 0.145 for rGO flakes resulting from 48 h chemical
reduction (Fig. 4(h)). Our results corroborate the relationship between
the C/O ratio and 𝐼𝐷∗∕𝐼𝐺 observed by Young Lee et al. [27] for
thermally reduced rGO and provide an additional confirmation about
the origin of the D∗ band and its dependence on oxygen-containing
groups.
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Fig. 4. Co-localized KPFM-Raman scattering maps corresponding to GO and rGO flakes. For GO: (a) topography; (b) SP; (c) integrated Raman intensity; (d) 𝐼𝐷∗∕𝐼𝐺 ratio. For rGO:
(e) topography; (f) SP; (g) integrated Raman intensity; (h) 𝐼𝐷∗∕𝐼𝐺 ratio. 𝑧 scales are: 10 nm for topography; 200 mV for SP; 12 000 arbitrary units for Raman intensity; and 0.2
for 𝐷∗∕𝐺 intensity ratio.
Fig. 5. Flakes with varying degrees of reduction: (a)–(e) Topography (z scale 4 nm) and (f)–(j) 2𝜔elec images. In (f) and (g) the color scale is magnified by 50% to enhance the
contrast of small signal shifts (bottom-right corner shows the color scale as in (h), (i) and (j)).
3.3. Intermediate reduction states: formation of GO/rGO hybrid flakes

The results presented above demonstrate that, although GO and rGO
possess very different electronic properties, not all signals are suitable
for identifying the different types of flakes or to evaluate the nanoscale
reduction state. While topography and SP show no consistent differ-
ences and can be highly dependent on the experimental conditions,
2𝜔elec and Raman scattering reveal a different picture for GO and rGO,
independently of RH values or charge state. In order to explore the
capabilities of these techniques, we have tracked the reduction of the
GO sheets by monitoring the evolution of the 2𝜔elec signal and the
𝐼𝐷∗∕𝐼𝐺 ratio as a function of the reduction time. Samples with varying
degrees of reduction (ranging from 15 min to 4 days) were prepared
following the procedure detailed in the experimental section. As in any
AFM related technique, the reliability of the results obtained from the
2𝜔elec signal depends on the stability of various parameters during the
experiment, such as the tip’s radius and composition, the tip-sample
distance or the RH, among others. For this reason, we have established
a rigorous measurement protocol, which is explained in SI. 8
5

The evolution of the 2𝜔elec signal is shown in Fig. 5. In the first
stages of the reduction process, small bright randomly distributed spots
appear over the GO sheets (Fig. 5(f)). As the reduction process goes
on, the amount, size, and contrast of these spots increases, forming
small domains (Fig. 5(g)). These regions keep growing in size until they
merge, forming extended domains with a lateral size between 30 and
400 nm that percolate through the flakes (Fig. 5(h)). Darker domains
are regions with a lower degree of reduction. As the reduction process
carries on, these structures extend over the flake until it becomes
roughly homogeneous (Fig. 5(i)). The flakes can be further reduced,
increasing the overall contrast of the 2𝜔elec signal (Fig. 5(j)). A detailed
inspection reveals that these flakes are not completely homogeneous
but, even at this reduction stage, there are still regions with different
degrees of reduction (see SI, Fig. SI. 3). We recall that, as mentioned
in the experimental section, with the reduction method employed here
we do not achieve a complete reduction.

Based on our results, it is evident that an increase in the reduction
degree leads a corresponding increase in the 2𝜔elec signal. This suggests
that higher reduced regions are able to screen the electric fields within
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Fig. 6. Normalized 2𝜔elec value and 𝐼𝐷∗∕𝐼𝐺 displayed as a function of the reduction
time of rGO flakes.

the tip-sample capacitor more efficiently. These results are in line with
our expectations for a material displaying a more pronounced metallic
behavior. Consequently, this signal proves to be highly suitable for
evaluating the local degree of reduction, owing to its sensitivity and
lateral resolution that allows for the differentiation of distinct regions
within a single flake. However, a quantitative interpretation of the
2𝜔elec signal is still lacking. Even at a theoretical level, the study of
the electrostatic screening of two-dimensional nanomaterials represents
a major challenge. In particular, the screening of the electric field
generated by a point charge located at a distance 𝑧 on top of a 2D
material has been studied when it is measured below the material [58].
The response of the system depends on many parameters: charge dis-
tance, local polarizability, surface conductivity and in a non trivial way
on band structure, density response nonlocality, strain or number of
layers.

Although there are several contributions to the 2𝜔elec signal, in the
context of SFM, the tip-sample distance can be maintained constant,
and it is reasonable to assume that the rest of variables will have a
monotonic variation as a function of the degree of reduction. This opens
up the possibility of using it for a quantitative estimation of the average
degree of reduction. To confirm it, we compare the evolution of the
𝐼𝐷∗∕𝐼𝐺 peaks ratio from colocalized Raman spectra as a function of
the reduction time, with the corresponding average value of the 2𝜔elec
signal across multiple flakes at a given reduction time (Fig. 6). As
the units of this signal are arbitrary, we have normalized the values
by dividing them by the maximum measured value. Consequently, the
signal ranges from 0 to 1, with 0 corresponding to GO and 1 to our most
reduced flakes respectively. As previously argued, the evolution of this
signal exhibits a clearly increasing trend as a function of the reduction
time which completely aligns with the trend of the 𝐼 ∕𝐼 ratio, hence
6

𝐷∗ 𝐺
confirming its value as an estimator of the degree of reduction and its
correlation with the C/O ratio.

Finally, the electrical properties of the different regions observed
in the partially reduced flakes have been investigated. We study how
injected charge is distributed within the different zones and how it
correlates with the 2𝜔elec signal (Fig. 7). Before charging, the SP image
shows little contrast and different regions are nearly indistinguishable
(Fig. 7(b)). After positive (negative) charge injection, the whole flake
becomes ‘‘instantaneously’’ positively (negatively) charged (Fig. 7(c)
and (d)), respectively. The brighter (more reduced) regions in the 2𝜔elec
image (Fig. 7(a)) tend to concentrate more charge, independently of the
sign of the injected charge. This confirms a more metal-like character of
the bright regions, which is the cause of the increased contrast of the SP
image and the correlation (anti-correlation) that arises between the SP
and the 2𝜔elec images after charging. This proves that ‘hybrid’ partially
reduced flakes exhibit different local properties, and opens up the
possibility of using them as a template for selective functionalization.

4. Conclusions

In summary, we have investigated the evolution of the nanoscale
electronic properties of monolayer GO flakes as they undergo gradual
transformation to rGO through hydrazine chemical reduction. We find
that KPFM is a valuable technique for qualitatively assessing the in-
crease in conductivity with the reduction degree, as observed through
the SP maps and by monitoring the spread of the injected charge.
However, we demonstrate that KPFM alone is not sufficient to fully
characterize the reduction state, and complementary local techniques
should be applied. In this regard, we show that the combined capabil-
ities of co-localized KPFM-Raman measurements provide information
that correlates the structure and composition of the flakes with their
electronic properties, while the 2𝜔elec signal grants remarkable sensi-
tivity to the degree of reduction. Through the careful implementation
of fitting routine of the Raman spectral features, we have successfully
identified that the intensity ratio 𝐼𝐷∗∕𝐼𝐺 consistently increases with the
degree of reduction and provides a reliable metric for the degree of
reduction. Furthermore, this trend exhibits a strong correlation with the
evolution of the 2𝜔elec signal as a function of the reduction time, which
confirms the capability to identify the degree of reduction through
2𝜔elec signal. Consequently, these two contactless techniques serve
as suitable complements to KPFM, with the additional advantage of
being less sensitive to the relative humidity than KPFM. Additionally,
leveraging the excellent lateral resolution of the 2𝜔elec signal, we show
that different regions with different degree of reduction coexist within
a single flake. Thus, we unveil a non-uniform reduction process in
which domains with distinctly different properties are differentiated,
providing individual sheets with the rich chemistry of GO and the
increased conducting properties of rGO.
Fig. 7. (a) 2𝜔elec (b) SP image of a partially reduced flake (𝑧 scale 200 mV). (c) SP image of a positively charged (𝑧 scale 660 mV). (d) SP image of a negatively charged, partially
reduced flake (𝑧 scale 500 mV). The z scale has been adjusted around the mean SP value in each image.
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