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Reversible hydrogenation restores defected graphene to graphene
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Graphene as a two-dimensional material is prone to hydrocarbon contaminations, which can significantly alter its intrinsic
electrical properties. Herein, we implement a facile hydrogenation-dehydrogenation strategy to remove hydrocarbon contaminations and preserve the excellent transport properties of monolayer graphene. Using electron microscopy we quantitatively
characterized the improved cleanness of hydrogenated graphene compared to untreated samples. In situ spectroscopic investigations revealed that the hydrogenation treatment promoted the adsorption ofytyt water at the graphene surface, resulting in
a protective layer against the re-deposition of hydrocarbon molecules. Additionally, the further dehydrogenation of hydrogenated
graphene rendered a more pristine-like basal plane with improved carrier mobility compared to untreated pristine graphene. Our
findings provide a practical post-growth cleaning protocol for graphene with maintained surface cleanness and lattice integrity to
systematically carry a range of surface chemistry in the form of a well-performing and reproducible transistor.
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1 Introduction
Graphene applications require a high cleanness and a precise
knowledge of the chemical structure of the basal plane [1–4].
Surface contaminations are generally introduced during
chemical vapor deposition (CVD) growth [5,6], post-growth
transfer [7] and air exposure [8]. However, they can alter the
intrinsic properties and performances of CVD graphene, e.g.,

large resistance fluctuations and batch-to-batch variations
[7–10]. In fact, amorphous hydrocarbon, which can originate
from both the CVD growth process [5] and any ambient
environment, is one of the most encountered contaminants.
Such hydrophobic contaminants can drastically alter the
wettability [8] and the electrochemistry [11,12] of graphene.
To date, quite a few post-growth methods have been explored to eliminate these surface contaminants, such as
current annealing [13], mechanical removal [14,15], chemical etching [16], and plasma cleaning [17,18]. Among

*Corresponding author (email: g.f.schneider@chem.leidenuniv.nl)
© The Author(s) 2021. This article is published with open access at link.springer.com

link.springer.com link.springer.com

2

Jiang et al.

them hydrogen plasma technique has the advantage of largescale applicability and uniformity [19,20]. Most importantly,
3
the introduced hydrogenated defects (H-sp sites) can be
completely removed by annealing, thus leading to a recovered high carrier mobility of the dehydrogenated graphene [21].
Here, we employed a mild hydrogen plasma on graphene
3
followed by dehydrogenation and restoring the sp defect
2
sites to sp for yielding cleaner graphene samples. The mild
hydrogen plasma, which was initially designated to chemically functionalize graphene (referred to as H-G) in previous
work [12,22], was employed to clean off the surface hydrocarbons. Statistical analysis of aberration-corrected highresolution transmission electron microscopic images (ACHRTEM) confirmed that hydrogenated graphene maintained
a good lattice integrity and enhanced surface cleanness (less
hydrocarbon contaminations) compared to untreated, but
hydrocarbons-contaminated, graphene. As a result, we hypothesized that, in addition to chemically modifying the
2
3
basal plane from sp to sp , hydrogenation also cleans graphene by removing surface adsorbed hydrocarbons. Furthermore, in situ spectroscopic techniques including
temperature programmed desorption-infrared spectroscopy
(TPD-IR) and near-ambient pressure X-ray photoelectron
spectroscopy (NAP-XPS) demonstrated a layer of water
adsorbed on the surface of hydrogenated graphene preserving the cleanness of the basal planes, as predicted [12,23].
Additionally, the dehydrogenation of hydrogenated graphene
2
yields, reversibly, the original sp hybridized lattices with
improved surface cleanness and high carrier mobility compared to untreated graphene.

2 Experimental
2.1

Materials and chemicals

CVD graphene was purchased from Graphenea SA. Poly
(methyl methacrylate) (Sigma Aldrich) was used to transfer
CVD graphene. Potassium chloride (KCl, ≥99.0%), ammonium persulfate ((NH4)2S2O8, ≥98.0%) and tris-buffer (2amino-2-hydroxymethyl-propane-1,3-diol) were purchased
from Sigma Aldrich. The electrolyte solution was prepared
with ultrapure water (Millipore Milli-Q gradient A10 system,
18.2 MΩ cm ).
2.2
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plasma chamber, a perforated Faraday cage was used to
shield energetic hydrogen ions to form mild radical plasma to
react with graphene. In detail, argon plasma composed of
ions can physically bombard the carbon lattices [24] while
hydrogen plasma (in combination with the Faraday cage)
containing chemically reactive radicals was expected to react
with and functionalize the lattices [19] (Scheme 1).
2.3

(HR)TEM characterization

CVD graphene (Graphenea) was employed to prepare the
samples. We deliberately opted for commercial graphene to
assure reproducibility. No extra polymer was used to transfer
graphene onto TEM grids. After rinsing the grid and CVD
graphene on copper foil with acetone and isopropanol, a
droplet of ultrapure water (Millipore Milli-Q gradient A10
system, 18.2 MΩ cm) was added between the grid and graphene-copper foil. After the water dried out graphene was
then attached to the grid, following the chemical etching of
copper foil in 0.5 M ammonium persulfate solution. ACHRTEM imaging was conducted on an FEI Titan 80–300
microscope at an acceleration voltage of 80 kV (Ulm University). TEM images were collected on a Tecnai F20 microscope (Thermo-Fisher Scientific) operating at 200 kV
(Leiden University Medical Center, LUMC).
2.4

In situ TPD-FTIR

The temperature programmed desorption-infrared spectroscopy (TPD-IR) was performed in a custom-made high vacuum system, comprising a central high vacuum chamber
with a closed-cycle helium refrigerator mounted on top.
Water deposition on a BaF2 window mounted on the tip of a
cold finger was monitored using a Fourier transform infrared
(FTIR) spectrometer. IR spectra in the range of
−1
−1
700–4,000 cm and with a resolution of 1 cm were collected in transmission mode at normal incidence every 90 s.
CVD graphene films were transferred onto the BaF2 window
via a biphasic method developed by the co-authors [25].
2.5

In situ NAP-XPS

NAP-XPS spectra were recorded with a SPECS XPS spec-

Plasma conditions

A capacitively coupled plasma system with a radio-frequency (RF) of 40 kHz and a base pressure below 0.02 mbar
(Diener electronic, Femto) was employed at room temperature. The power/pressure ratio used for controlled surface
modifications was 10 W/1.0 mbar for hydrogen plasma and
8 W/0.85 mbar for argon plasma, respectively. Inside the

Scheme 1 Illustration of a hydrogen plasma reactor with a perforated
Faraday cage (color online).
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trometer equipped with a monochromatic small-spot
(300 µm) X-ray source, an Al anode (Al Kα = 1,486.6 eV)
and a 180° double-focusing hemispherical analyzer working
with a multichannel 1D delay-line detector. XPS measurements at pressures of up to 20 mbar were possible using a
differential pumping system, which separates the electron
analyzer (SPECS Phoibos NAP-150) from the reaction area
via a nozzle with an aperture of 300 µm. Filling of the NAPcell with water vapor was performed by means of piezoelectric leak valve. The water reservoir was kept at room
temperature. Further details about the design of the NAPXPS cell can be found in literature [26]. Ultra-high vacuum
(UHV) measurements were conducted at a chamber pressure
−9
of <10 mbar. XP spectra were processed by CasaXPS
software using Shirley background subtraction.
2.6

3

sphere) for 1 h to dehydrogenate the H-G. A traditional
polymer (polymethyl methacrylate, PMMA) assisted method
was employed to transfer graphene onto a silicon wafer with
a 300-nm thick oxide layer on top. Afterwards, the gold/
chromium (50 nm/5 nm) electrodes were thermally deposited on graphene-SiO2/Si, functioning as the source (S)
and drain (D) electrodes. The dimensions of graphene
channel were about 2–3 mm in length and 1.4–5 mm in
width. Clean epoxy resin was used to seal the electrodes. A
SR830 DSP lock-in amplifier was employed to measure the
transport characteristics of graphene field effect transistors
(GFET) devices. Electrolyte-gating voltage was applied by a
reference electrode (Radiometer Analytical Red Rod)
through a solution of 0.1 M KCl containing 10 mM Tris as
the buffer (pH 8). A fixed alternating current (AC) of 1 μA
was applied between the source and drain electrode.

Raman characterizations

Raman spectra were collected on a WITEC alpha300 R
confocal Raman imaging with a laser wavelength of 532 nm.
Laser power was set to <2 mW to minimize potential damages from laser induced heating of the samples. All measurements were performed under ambient conditions at room
temperature.
2.7
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GFET fabrication and electrical measurements

CVD graphene grown on copper foil was first hydrogenated
for 60 s and then annealed at 350 °C (under argon atmo-

3 Results and discussion
3.1

Cleaning effect of hydrogenated graphene

The cleaning effect of hydrogen plasma on graphene films
grown by a CVD method [27] was studied by AC-HRTEM.
Hydrogenated graphene (H-G) was obtained from untreated
graphene upon 60 s of hydrogen plasma treatment. The asreceived graphene without plasma treatment (referred to asuntreated G) was used as a control sample. Figure 1(a) shows
the AC-HRTEM images of untreated G with the lattice fully
covered with amorphous contaminations which are mainly

Figure 1 Improved surface cleanness of graphene upon hydrogenation. (a) HRTEM image of untreated graphene. The inset of FFT patterns shows six
−1
reflections at 4.7 nm , demonstrating the crystallinity of monolayer graphene. (b) HRTEM image of hydrogenated graphene (H-G) after 60 s of hydro−1
genation of untreated graphene (G), showing a decreased level of contaminations. The six reflections of FFT patterns (scale bar: 4.7 nm ) indicate the
preservation of graphene lattice integrity. (c) A zoomed-in HRTEM image of H-G. (d) A TEM image of H-G (60 s) and its corresponding binary image
distinguishing the clean and contaminated areas, respectively, with white and black colors. The cleanness (~59%) is derived from dividing the number of
white pixels by the total number of pixels in the image. (e) Cleanness comparison for untreated G vs. H-G (color online).
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composed of hydrocarbons [28,29]. The first-order reflection
in the fast Fourier transform (FFT) patterns (in the inset)
indicates the preserved crystallinity of monolayer graphene.
By contrast, H-G in Figure 1(b) shows larger visible areas of
the graphene lattice surrounded by less amorphous patterns.
The preserved crystallinity of H-G is confirmed by the six
reflections FFT patterns in the inset. Particularly, a magnified
HRTEM of H-G in Figure 1(c) confirms the clean and wellpreserved lattice integrity in H-G.
To further evaluate the cleaning effect by hydrogenation,
we prepared a graphene sample treated with argon plasma
(Ar-G) containing a comparable level of defect density as HG (Figure S1) [12]. As shown in Figure S2, the cleanness of
H-G is estimated to be as ~3-fold as that for Ar-G at similar
magnifications. More importantly, the surface of H-G exhibits a clear contrast between the clean lattice and amorphous patterns, which allows for further statistical analysis of
lattice cleanness. Such cleaning contrasts between hydrogen
and argon plasma should mainly be related to the plasma
conditions employed in this work. In fact, the energies of
plasma particles (i.e. ions, radicals) determine the degree of
functionalization, defect generation or etching of graphene
lattices, and/or cleaning effect by removing hydrocarbons
adsorbed on the surface of graphene [20,30]. Argon plasma,
mainly composed of energetic argon ions, physically bombards the carbon lattice to generate vacancy defects, reflected
by the D peak in Raman spectra and the reported I(D)/I(D’)
ratio of seven (Figure S1) [31]. By contrast, hydrogen plasma
(with the graphene sample in a Faraday cage) mainly in3
troduces sp defects (Figure S1) and cleans off hydrocarbons
from the lattice [12]. From the overall cleanness comparison,
we conclude that, without sacrificing the conjugated carbon
network and crystallinity, the hydrogen plasma cleans off the
amorphous contaminants on the graphene surface and uni2
3
formly hybridizes graphene lattice from sp to sp .
All the TEM characterizations were performed within
three to five days after the sample preparation using a nonpolymer transfer method [2,32]. In view of the cleanness
contrast between H-G and G in Figure 1, it is concluded that
the cleaned H-G is, to a certain degree, resistant to the recontamination of hydrocarbons. When the ambient exposure
time extends to longer than two weeks, no contrast in surface
morphology between H-G and untreated G was observed
(Figure S3). The mechanism responsible for such a behavior
was therefore investigated further.
To gain a quantitative insight into the cleaning effect upon
hydrogenation, a statistical analysis of the TEM images of
graphene acquired with a larger field-of-view was performed. As contaminations appear in patterns with more
rough sites while smooth clean lattice in H-G, the cleanness
within the field-of-view, could therefore quantitatively be
evaluated by converting the TEM image into a black-white
binary image. We first developed a MATLAB script (see
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Supplementary Note 1) to process TEM micrographs and to
identify the surface contaminations automatically. Table S1
details the process within the script. Figure 1(d) illustrates a
selected region in the TEM image of H-G before (left) and
after (right) image processing. The black pixels in the right
panel correspond to the identified contaminations in graphene. Using the processed images, the graphene “cleanness” is defined as the number of pixels representing the
clean area divided by the total number of pixels in the image.
Specifically, the cleanness of the image is calculated as the
sum of the number of white pixels (clean graphene area)
normalized by the total number of pixels. Based on a statistical analysis of thirteen to fifteen images for both G and
H-G, the quantitative evaluation of the cleanness summarized in Figure 1(e) indicates that contaminations on the
surface of H-G (average cleanness: 50%) are considerably
less than that of untreated G (average cleanness: 20%). In
particular, the cleanness of H-G ranging from 40%–72% is
superior to previous work using dry-cleaning method with a
cleanness of 15%–40% [28]. Moreover, the amorphous
contaminations exhibit a thinner and more homogeneous
morphology after hydrogenation than that of untreated G
(Figure 1(a)) and Ar-G (Figure S1). This is the first time to
quantitatively demonstrate the cleaning effect of hydrogenation towards hydrocarbon contaminations adsorbed on
graphene surfaces.
3.2

Mechanistic study of the cleaning effect

3.2.1 In situ TPD-IR spectroscopy
The p-doped H-G was previously reported to show n-doping
behavior after heating the sample in vacuum to reduce water
adsorption at the surface [23]. Taking the observed cleaning
effect in H-G, we hypothesize that the adsorption of water on
H-G surface is closely related to the cleaning effect mentioned above. Therefore, in situ temperature-programmed
desorption-infrared spectroscopy (TPD-IR) and near-ambient pressure X-ray photoelectron spectroscopy (NAP-XPS)
were further used to mechanistically understand the cleaning
effect introduced by the hydrogenation of graphene.
For in situ TPD-IR, a piece of CVD graphene is transferred
via a biphasic polymer-free transfer method [25] on one side
of an infrared-transparent BaF2 window that is mounted on
the tip of a 15 K cryostat, positioned at the center of a high
vacuum (HV) chamber in which the measurements are per−9
formed [33]. The HV chamber has a base pressure of 5×10
mbar when the cryostat is on, and residual gas in the chamber
is dominated by H2O and H2. Sample temperatures are set
with ~2 K precision using thermocouples and a temperature
controller. It should be noted that we intentionally set the
temperature during water deposition through a separate gas
manifold to be higher than the typical thermal desorption
temperature of water ice (~160 K), ensuring that water ice
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does not build up on the sample. Prior to the TPD-IR experiment, the monolayer quality and the lattice integrity of
the transferred untreated G and H-G have been confirmed by
−1
the sharp and single-Lorentz fitted G peak (~1,588 cm ) and
−1
2D peak (~2,670 cm ) of the Raman spectra in the inset of
−1
Figure 2(a, b). Specifically, the D peak (~1,350 cm ) and D’
−1
peak (~1,620 cm ) as indicators of the presence of defects in
graphene lattices are confirmed to be more intensive for H-G
after 60 s of hydrogenation [34].
After the cryostat has cooled down, the sample is heated to
324 K (highest accessible temperature) to degas any water
potentially adsorbed to the sample during transfering through
the atmosphere. Then the sample is cooled down to 180 K;
and at this stage any water adsorption is expected to happen
through accretion from the background gas. During water
deposition, we observe almost no change in the IR spectra,
indicating that during cooling down from 324 K to 180 K,
the graphene surface is already saturated by water. Further
exposure to water does not lead to a further increase of H2O
related bands in the IR spectra. After water deposition, the
sample is heated up at a linear ramp rate of 3 K/min to 324 K
to desorb the water from the graphene. Typically, physisorbed water desorbs below 180 K, and chemisorbed water
desorbs above this temperature [35]. Therefore, IR spectra
collected during the heating process records mainly the relative changes induced by the desorption of chemisorbed
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water molecules at each temperature. A schematic of the HV
chamber is shown in Figure 2(d).
Figure 2(a, b) shows the IR absorption spectra of the untreated G and H-G during heating up from 180 K to 324 K.
Each spectrum is calculated with respect to the background
scan performed at 180 K to obtain the desorption signals (see
background spectrum in Figure S4(a, b). The two peaks
−1
appearing at ~2,924 and ~2,852 cm , respectively, corresponds to the asymmetric and symmetric stretching modes of
the C–H bond, which has been confirmed to be induced by
the adsorbed hydrocarbon contaminations on the graphene
surface [36]. Particularly, the broad band appearing at
−1
~3,250 cm is the OH stretching vibrational modes of water
and illustrates the desorption level of chemisorbed water
from the graphene surfaces. Increasing the temperature,
more water molecules desorb from the surface of H-G and
result in a larger change in the peak intensities in the IR
spectra than that of untreated contaminated G. Figure 2(c)
plots the water desorption rates of untreated G and H-G
during the heating process from 180 to 320 K. Within the
same temperature interval, the amount of water desorbed
from H-G is almost as two times as that from the untreated
one. In other words, such a contrast supports the proposition
that hydrogenation treatment increases the water adsorption
on graphene surface, assuming that the adsorption energies
are similar. Meanwhile, the increasing intensity of C–H

Figure 2 Water adsorption experiments on graphene surfaces characterized by in situ TPD-IR. IR spectra of untreated G (a) and H-G (60 s, b) for
temperatures increasing from 180 to 320 K with increments of 15 to 20 K. The insets in (a, b) are the corresponding Raman spectra of untreated G and H-G on
a BaF2 substrate, respectively. (c) Water desorption rates for untreated G and H-G when temperature increases from 180 to 320 K. The dash lines are guidance
for eyes. (d) Schematic of the HV chamber for TPD-IR measurement. All graphene samples are deposited on a BaF2 window via a polymer-free transfer
method. All the graphene samples were characterized within 3 days after preparation (color online).
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stretching peaks in Figure 2(a, b) may originate from the
desorption of hydrocarbons adsorbed on the graphene surface. With similar ratio of the peak intensity between C–H
bonds and the water peak for both untreated G and H-G (~0.3
to 0.4), we hypothesize that water tends to desorb together
with hydrocarbons. The relative stronger C–H peak intensities of H-G than that of untreated G can be related to the
weakened binding between hydrocarbons and H-G due to the
presence of more water molecules adsorbed on the graphene
lattice. In addition, the IR spectra on H-G when cooling
down from room temperature to 180 K exhibit a similar
change in the peak intensity (Figure S4(c)), indicating the
reversible water adsorption process.
3.2.2 Near-ambient pressure X-ray photoelectron spectroscopy
In situ NAP-XPS was used to further analyze the affinity of
water towards the surface of graphene upon hydrogenation at
a water vapor pressure of 1 mbar. The characterization was
conducted directly on the CVD graphene as-grown on copper foil to avoid unnecessary transfer-related contaminations. Figure 3(a, b) shows the C 1s and O 1s spectra for
graphene samples under ultra-high vacuum (UHV) at a
−9
chamber pressure of <10 mbar. The C 1s peak can be de2
3
convoluted into sp C (284.2 eV), sp C (284.8 eV), C–O
(286.3 eV) and C=O (288.3 eV) components. The origin of
3
sp C in untreated G is speculated to be mainly the hydrocarbons adsorbed on the surface. The O 1s spectra in UHV
can be fitted by three main components: Cu2O (530.3 eV),
C=O (531.3 eV) and C–O (532.3 eV) (Figure 3(b)). The
presence of Cu2O originates from the underlying copper
substrate for graphene growth as the employed Al Kα radiation leads to a probing depth of 2–5 nm. At near-ambient
pressure conditions in the presence of 1.0 mbar of H2O,
another peak arises at ~535.3 eV (Figure 3(c)), which is
ascribed to water molecules chemisorbed at graphene surfaces [37]. The atomic ratios (at.%) of the C 1s components
2
(UHV) in Figure 3(d) show that the ratio of sp C keeps
increasing when untreated G (0 s H-G) is hydrogenated (i.e.,
30 s and 60 s H-G) and decreases for longer hydrogenation
3
times (i.e., 120 s H-G). Meanwhile, sp C ratios increase
monotonously corresponding to the increase of hydrogenation time as shown by Raman spectroscopy (inset of Figure 2
(b)). By contrast, the content of C=O and C–O both decreases upon hydrogenation. Considering the synchronized
2
ratio variations between sp C and C–O/C=O groups, the rise
2
of sp C content (0–60 s H-G) can be mainly ascribed to the
chemical reduction and/or removal of oxygenated groups
adsorbed at the graphene surface. When continuous hybridization change takes over the reduction/removal effect,
2
the sp C ratio starts to drop upon 120 s hydrogenation. In
short, the lattice of hydrogenated graphene, particularly after
30 s and 60 s of hydrogenation, contains less oxygenated
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adsorbates and more sp C content than that of the untreated
graphene.
To compare the difference of water adsorption for untreated G and H-G, we calculated the ratios of the component
areas of H2O versus Cu and versus the peak area of C spectra
(Figure 3(e)). The ratios of H2O/Cu are considered to give
more reliable details for water adsorption preference than
H2O/C ratios because graphene prevents copper to be oxidized. The ratios of H2O/Cu are generally higher in H-G
(>15 %) than that of the untreated G (14.7%) with 30 s H-G
plateaued (26.7%), which suggests that H-G presents a
higher water affinity. For complement, the H2O/C ratios are
higher after 30 s of hydrogenation (from 17.1% to 24.7%)
but drop again upon 60 s (16.4%) to 120 s (14.7%) of hydrogenation. In brief, the ratios of H2O/Cu reach the plateau
for medium hydrogen coverage (30 s) compared to higher
coverages (60 and 120 s). On one hand, water adsorption on
graphene may be saturated at low hydrogenation degree and
then tend to decrease with the higher hydrogenation content.
On the other hand, other factors impacting the interaction
between water and graphene including work function [38],
adsorption energy [39], doping effect [40,41], substrate effect [40], to name a few, may also contribute to the observed
phenomenon. More detailed insight into the interaction between hydrogenated graphene and water is worth of further
investigations. To sum up, hydrogenated graphene presents
higher ratios of water adsorption than untreated graphene.
Figure 3(f) plots the positive correlation between the surface
cleanness and relative ratios of water adsorption for graphene
samples, further suggesting that the cleaned surface for H-G
exhibits a higher water affinity. Despite of more water adsorption on the graphene surface after hydrogenation (Figure
3), the hydrophilicity of hydrogenated graphene measured by
water contact angle measurements is similar [42]. Interestingly, a recent theoretical work reports that hydrogenated
graphene is more hydrophobic than untreated graphene because of a decrease of surface energy upon hydrogenation
[43]. Separately, several experimental work supports that
hydrogenation changes graphene from hydrophobic to highly
hydrophilic [2,44]. These controversial results, indeed, point
out the necessity to systematically control and investigate the
surface/interface chemistry of graphene, where cleanness
plays an important role in understanding the wetting properties of graphene-on-surfaces [41].
The underlying mechanism of the observed cleaning effect
on H-G is ascribed to water adsorption. It is well-known that
hydrocarbon contaminants interact with graphene via van der
Waals interactions to minimize the intrinsically high surface
energy of graphene [8,45]. As H-G adsorbs more water
molecules than untreated graphene, the van der Waals interaction distance between hydrocarbons and graphene is
extended, thus leading to less hydrocarbon adsorption or
slowing down this process for H-G [45]. Additionally, the
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Figure 3 Ultra-high vacuum (UHV) and in situ near-ambient pressure (1 mbar H2O, NAP-) XPS analysis of untreated and hydrogenated CVD graphene
(untreated G and 30 s, 60 s, 120 s H-G). (a) High-resolution carbon (C) 1s spectra in UHV. (b) High-resolution oxygen (O) 1s spectra in UHV. (c) Highresolution O 1s spectra in the presence of 1 mbar of H2O. (d) Atomic ratios of C 1s in UHV. (e) Corresponding atomic ratios of chemisorbed H2O versus Cu
(black) and C (red) obtained from calculating the peak area. (f) Correlation between surface cleanness and water adsorption for untreated G and 60 s H-G
(color online).

possibility for hydrocarbons to re-contaminate graphene is
lowered when water molecules occupy most of the adsorption sites. Therefore, the water adsorption on the clean lattice
of H-G, which is surrounded by hydrocarbons, prevents or at
least effectively slows down the process of hydrocarbon
contaminations.

3.3 Dehydrogenated graphene for high quality electronics
It is known that H-G can be reversibly recovered to graphene
by annealing under argon atmosphere without structural
2
damage or broken symmetry in the sp carbon network [21].
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Therefore, the recovered graphene after dehydrogenation is
2
expected to present a clean and high quality sp hybridized
carbon lattice with few carrier scatterings from defects or
charged contaminations than that of untreated graphene [10].
Therefore, CVD graphene on copper foil was first hydrogenated for 60 s prior to annealing at 350 °C for 1 h under an
argon atmosphere, referred to as DH-G. Then both untreated
G, 60 s H-G and DH-G samples were transferred using
PMMA on SiO2/Si wafers.
Figure 4(a) shows the optical microscopy images of untreated G and DH-G on a SiO2/Si wafer. DH-G shows a clean
surface with less polymer residues than that of untreated G.
The reduced polymer contaminations of transferred DH-G is
in line with the reports claiming that CVD graphene on
copper with less hydrocarbon contaminations tends to leave
less transfer-related polymer residues [14,16]. Furthermore,
Raman spectroscopy further confirmed the lattice integrity of
DH-G (Figure 4(b)). After annealing, DH-G is restored to
3
2
pristine-like status by recovering the sp C–H bonds to sp
C–C bonds, reflected by the dramatically decreased D peak
in comparison with that of H-G. Similar Raman spectra for
DH-G and untreated G also corroborate the restored carbon
lattices. In particular, the slight change in the width and intensity of the D peak in DH-G can be attributed to the strain
in graphene introduced during the annealing process [46].
Strain fields in graphene induced by the underlying support
are able to activate intrinsic defects like interstitials and
vacancies along the grain boundaries, which normally does
not contribute to the D peak in non-strained graphene [47].
Electrical characterizations of untreated G and DH-G were
performed with field-effect transistors architectures to verify
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if upon dehydrogenation, the charge carrier mobilities in
graphene can be restored to the values higher than that of
untreated and contaminated graphene. The transport properties of as-prepared GFETs were measured in a liquid gating
configuration (0.1 M KCl solution containing 10 mM pH 8
Tris as the buffer) at room temperature (Figure 4(c)). Figure
4(d) plots the typical conductance (G) of a untreated G, H-G
(60 s) and a DH-G as a function of the gate voltage (Vg). As
3
H-sp defects introduce short-range scattering into the lattice
[12], H-G shows degraded conductivity and mobilities
2 −1 −1
(~160–180 cm V s ) compared to untreated G
2 −1 −1
(~500–840 cm V s ). In contrast to untreated G, DH-G
exhibits a higher minimum conductance (Gmin) value at the
charge neutrality point (CNP) and p-doping behavior. On one
hand, such a contrast can be attributed to the reduction of
scattering events induced by hydrocarbons in DH-G [48], as
Gmin is dominated by the density of charged impurities according to the Boltzmann theory [49,50]. On the other hand,
the observed contrast in Gmin and p-doping effect are also
related to the residue water molecules on DH-G as the
physisorption of water is reported to slightly increase the
minimum conductance while induce p-doping effect in grapheme [23]. Considering short duration in the annealing step
(~1 h) to dehydrogenate H-G, the pre-existing water molecules on H-G are likely to retain on the surface of DH-G after
annealing. From the G(Vg) curves of six different GFETs, the
mobilities for DH-G are (high) standard for CVD graphene,
2 −1 −1
i.e., from ~1,150 to ~1,630 cm V s (Figure 4(e)), which
are about two to three-fold higher than that of the untreated
2 −1 −1
contaminated G we started with (~500–840 cm V s ).
Given that the adsorbed water molecules decrease the

Figure 4 Optical and electrical properties of graphene after dehydrogenation. (a) Optical microscopy image of untreated G and DH-G transferred on a Si
wafer. Red circles indicate spots contaminated with polymer residues. (b) Raman spectra of 60 s H-G, DH-G after annealing at 350 °C for 1 h, and untreated
G on a Si wafer. The spectra were recorded using a 2.33 eV (532 nm) laser excitation. (c) Schematic of the GFET fabricated in a liquid gating configuration.
(d) Conductance (G) as a function of gate voltage (Vg) for untreated G, H-G (60 s) and DH-G transferred on a Si wafer. (e) Comparison of mobility (μ) values
for untreated G and DH-G. All the measurements were done at room temperature in ambient conditions. All the graphene samples for GFETs were
characterized within 3 days after preparation (color online).
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mobility of graphene by increasing its carrier concentration
[51], the improved mobilities in DH-G may originate from
the less scattering from the adsorbed hydrocarbons. XPS
characterization was performed to further confirm the high
crystallinity and surface cleanness of DH-G (Figure S5). The
2
atomic ratio of sp C in the C 1s peak is around 96% for DHG, which is higher than that of untreated G (89.2%). It is
found that the content of hydrocarbon contaminations
3
(mainly represented by sp C) is significantly reduced from
2.7% for G to 0% for DH-G (Figure S5(c)). The content of
other carbon-oxygen groups in graphene also decreased after
the reversible hydrogenation-dehydrogenation (i.e., reduction of oxidized groups by hydrogen radicals). Therefore,
reversible dehydrogenation can effectively yield clean graphene since hydrogenation first removes hydrocarbon contaminations while chemically functionalizing graphene, and
the following dehydrogenation annealing step maintains the
3
2
surface cleanness when recovering the lattice from sp to sp
hybridization. More importantly, the hydrogenation-dehydrogenation strategy could yield superior graphene for
electronic devices exhibiting good mobility and surface
purity. For the practical operation, delicate design and setup,
i.e., transferring the processed graphene in a clean protection
atmosphere, minimizing the exposure to air or containers
made by hydrocarbons, slowing down the re-deposition of
hydrocarbons in low temperature, could also be taken into
account for highly sensitive device fabrication.

4 Conclusions
Graphene as a two-dimensional surface is prone to be contaminated by airborne hydrocarbons to minimize its surface
energy. Confirmed by HRTEM images and XPS characterizations, hydrogenation of graphene can remove partially the
adsorbed hydrocarbons without damaging the lattice integrity and crystallinity. Quantitative analysis of TEM images shows that hydrogenated graphene generally presents
and keeps a cleaner surface than the untreated, contaminated
samples. Moreover, a water desorption experiment using in
situ TPD-IR and NAP-XPS characterizations in the presence
of 1 mbar H2O further confirmed that graphene adsorbs more
water after it has experienced a hydrogenation treatment. The
mechanistic investigation shows that hydrogen radicals first
remove surface-adsorbed hydrocarbons and then chemically
2
3
functionalize the underlying graphene lattice from sp to sp ,
resulting in an increased water adsorption of H-G to prevent
further hydrocarbon contaminations. The reversible dehydrogenation of H-G recovers the intrinsic lattice, yielding a
cleaner graphene with higher carrier mobilities than that in
the untreated G. We therefore believe that reversible (de)hydrogenation treatment of CVD graphene can be employed
to fabricate high-performance graphene electronic devices
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with sustainable surface cleanness. Moreover, the low level
of contaminations from hydrocarbons allows a better control
of the surface chemistry of graphene, facilitating more surface-/interface-related studies and applications including
wettability and sensors.
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