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ABSTRACT: Few-layer graphenes, supported on Si with a
superficial oxide layer, were subjected to a Birch-type
reduction using Li and H2O as the electron and proton
donors, respectively. The extent of hydrogenation for bilayer
graphene was estimated at 1.6−24.1% according to Raman and
X-ray photoelectron spectroscopic data. While single-layer
graphene reacts uniformly, few-layer graphenes were hydro-
genated inward from the edges and/or defects. The role of
these reactive sites was reflected in the inertness of pristine
few-layer graphenes whose edges were sealed. Hydrogenation
of labeled bilayer (12C/13C) and trilayer (12C/13C/12C)
graphenes afforded products whose sheets were hydrogenated
to the same extent, implicating passage of reagents between
the graphene layers and equal decoration of each graphene face. The reduction of few-layer graphenes introduces strain, allows
tuning of optical transmission and fluorescence, and opens synthetic routes to long sought-after films containing sp3-hybridized
carbon.

■ INTRODUCTION

The functionalization of graphene perturbs both its physical
and chemical properties. Fully hydrogenated graphene, often
referred to as graphane, is a wide band gap material according
to theoretical calculations.1,2 The removal of H atoms from one
side of graphane affords graphone, a semihydrogenated
graphene predicted to be a ferromagnet with an estimated
Curie temperature of 278−417 K.3 While stoichiometric
graphane (CH)n and graphone (CH0.5)n have not, to the best
of our knowledge, been prepared, the partial hydrogenation of
graphene leads to “hydrogenated graphenes”4 whose electronic
band gap,5−7 optical transmittance,7 fluorescence,8 and
chemical reactivity9 differ from that of the starting material.
In this context, graphene hydrogenation is typically induced by
exposure to hydrogen plasma5−7,9−11 or by solution methods
such as Birch-type reduction.8,12−19

In contrast to single-layer graphene (SLG), few-layer
graphene (FLG, number of layers (n) ≥ 2) and bilayer
graphene (BLG) in particular have nonzero band gaps as well
as electronic structures that depend strongly on the stacking
arrangement.20 In terms of chemical reactivity, it is noted that
BLG on SiO2/Si is less prone to covalent functionalization
relative to SLG on SiO2/Si.

11,21 When considering the
hydrogenation of SLG and BLG, the latter may afford a greater
range of new materials, including one in which two graphane
layers stack through van der Waals interactions.22 A related
material is H-terminated diamane,23 which comprises two
carbon sheets whose outer faces are hydrogenated. The inner
faces are linked by C−C bonds between sp3-hybridized C
atoms in an arrangement reminiscent of diamond. Since such

Received: August 18, 2016
Published: November 2, 2016

Article

pubs.acs.org/JACS

© 2016 American Chemical Society 14980 DOI: 10.1021/jacs.6b08625
J. Am. Chem. Soc. 2016, 138, 14980−14986

pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.6b08625


two-dimensional materials typically sit atop a substrate, their
individual layers are nonequivalent. Regardless, conversion to a
diamane-like structure that features interlayer C−C bonds
might be possible if, for example, the top face can undergo
hydrogenation while the bottom bonds to a metal sub-
strate.24,25 A detailed study of FLG hydrogenation is necessary
to delineate mechanistic and mass transport phenomena.
The Birch reduction involves the partial hydrogenation of

aromatic molecules,26 and although such a reaction is typically
applied to small molecules, it has also been shown to be
applicable to bulk carbon materials including graphite,8,12−14

nanotubes,12 and graphite oxide.15,16 Recently, the scope of the
reaction has been extended to include SLG on SiO2/Si,

17,18

although detailed characterization of the products, including the
final H atom coverage and distribution, has yet to be reported.
The Birch-type reduction of atomically thin carbon materials is
thus only lightly studied,17,18 despite being necessary to
understand the reactivity of carbon materials.
Aside from the fundamental value of investigating Birch-type

reductions of carbon materials, the efficiency and scalability of
the transformation make it potentially attractive for hydrogen
storage.16 The reaction gives rise to fluorescent graphitic
materials,8 and can also be used to finely tune electrical
conductivity. For example, the Birch-type reduction of SiO2/Si-
supported SLG affords an insulator17 which loses hydrogen at
elevated temperatures. The dehydrogenated material exhibits
electrical conductivity comparable to that of SLG, even though
Raman spectroscopy indicated that the former contained a
number of defects. Hydrogenated SLG bears a magnetization
that has been studied using magnetic force microscopy, and the
patterning of magnetic regions can be achieved using electron
beam irradiation.18

Despite the attractive properties of hydrogenated graphenes,
the mechanism by which SLG undergoes Birch-type hydro-
genation has yet to be thoroughly explored. We not only
address this deficiency, but also extend the methodology to the
more challenging precursors, including BLG and trilayer
graphene (TLG). The hydrogenation of FLGs may involve
several processes such as diffusion of reagents at edges and
defects, as well as mechanisms in which the supporting SiO2
plays a role. The reactivities of FLGs are readily studied using
Raman spectroscopy, which we apply to multilayered graphenes
prepared from natural abundance as well as isotopically
enriched sources of carbon (e.g., 13C/12C BLG and
12C/13C/12C TLG). To gain additional insight into the
hydrogenation mechanism, FLG samples with sealed edges
were also examined. By monitoring the regiochemical outcomes
of these reactions, a deeper understanding of Birch-type
reductions of graphenes is obtained and described below.
Also presented is a comparison of the structural characteristics
and optical properties displayed by the starting materials and
their reduced products.

■ RESULTS AND DISCUSSION
Wet-Chemical Hydrogenation and Thermal Dehydro-

genation. A graphene flake containing SLG and AB-stacked
BLG (AB-BLG) regions was prepared by mechanical exfoliation
onto SiO2 (300 nm)/Si. Atomic force microscope (AFM)
images of the material revealed two regions whose darker and
lighter contrast are attributed to SLG and BLG, respectively
(Figure 1a). While the regions are discernible in terms of their
height profiles (see Figure S1a), the number of layers and
stacking order in few-layer graphene (FLG) is also clear from

Raman spectroscopic analysis.27 The SLG regions give rise to
sharp 2D bands, with uniform full width at half-maximum
(FWHM2D) values of 30 cm−1. The 2D bands of the AB-BLG
regions are uniformly broader (∼55 cm−1, Figure 1b). The D
band, characteristic of defects and edge states, is absent for both
SLG and AB-BLG. These apparently pristine materials (SI,
Figure S2b) were subjected to Raman analysis, and full spectra
at the three positions marked in Figure 1b are consistent with
the assignment of SLG and AB-BLG regions (Figure 1c).
Birch-type reactions were performed by immersing SiO2/Si-

supported graphenes into Li/NH3 solutions for 10 min to
facilitate reduction. In a subsequent protonation step, the
resulting reduced sheets, termed graphenides, were quenched
by the addition of H2O as the H+ donor, a reaction signaled by
a disappearance of the blue color characteristic of Li/NH3
mixtures (see Experimental Section). The structures of SLG
and AB-BLG are significantly altered by the Birch-type
reduction, with the products exhibiting uniformly high Raman
AD/AG values (∼2) over the entire flake (Figure 1d). Modes
giving rise to the D band can be populated upon introduction
of sp3-hybridized C centers in the form of C−H as well as C−
O/N groups, the latter arising from side reactions (as
determined using X-ray photoelectron spectroscopy (XPS),
SI, Figure S3). Such sp3-C sites break the translational
symmetry of the hexagonal lattice,28 and hydrogenated SLG
and BLG, denoted here as H-SLG and H-BLG, respectively,
thus give rise to weaker 2D bands and lower A2D/AG values
(Figure 1e). The Raman spectra acquired at the three positions
marked in Figure 1e all feature a strong and broad D peak at
1322 cm−1, a broad G peak at 1595 cm−1 (merged with the D′
peak), a less intense 2D peak at ∼2650 cm−1, and a new weaker

Figure 1. Mechanically exfoliated BLG before and after exposure to
Birch-type reduction conditions as well as after annealing. (a) AFM
topography image and (b) Raman map of the 2D peak width
(FWHM2D) for pristine graphene. (c) Raman spectra acquired at the
SLG and AB-BLG positions marked in b. (d) Raman map of the
intensity (area) ratio of the D and G bands (AD/AG) and (e) Raman
map of the intensity (area) ratio of the 2D and G bands (A2D/AG)
after reduction in solution of Li in liquid NH3 for 10 min. (f) Raman
spectra acquired at the positions marked in part e. (g) Raman map of
the AD/AG ratio and (h) Raman map of the A2D/AG ratio after
annealing at 700 °C in Ar for 3 h. (i) Raman spectra obtained at
positions marked in part h. The scale bars are 3 μm.
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D + G band at ∼2890 cm−1 (Figure 1f).28 The data indicate
that the Birch-type reaction conditions induce extensive
functionalization of SLG and AB-BLG within the 10 min
reduction time.
The extent of hydrogenation was estimated by a detailed

analysis of the Raman bands, although it is noted that this
method likely affords lower bounds (see below). Raman
spectroscopy enables one to conveniently quantify the defect
density in graphene,29−31 with diagnostic Raman parameters
(i.e., AD/AG and A2D/AG ratios, 2D band energies, and D and
2D peak widths) for materials described here being compared
to those recorded for SLG/BLG materials whose defects are
induced by ion bombardment.29−31 Our measurements indicate
that each of the hydrogenated materials is a “stage II”
graphene,29−31 in which the average defect distance (LD) is
1.5 ± 0.3 nm. In this context, the “defects” are assigned as sp3-
hybridized C atoms bonded to H, although the presence of
trace amounts of C−O and/or C−N groups cannot be ruled
out. In this case, 1.6 ± 0.6% of the C atoms are functionalized, a
value that corresponds to a defect density of 6.3 ± 2.5 × 1013

cm−2. Such sp3-hybridized C atoms are known to give rise to D
modes within an “activated region” of radius ∼3 nm,31 a value
considerably larger than LD. Thus, each “activated region” will
on average contain more than one sp3-hybridized C site,31 and
the density of these sites, as determined from LD, will represent
a lower limit. For comparison, when hydrogen coverages were
estimated using XPS (C 1s peak deconvolution), the values for
H-SLG and H-BLG were calculated to be 30.5 ± 1.5% and 24.1
± 2.1%, respectively (SI, Figure S3).
The thermal stabilities of the hydrogenated graphenes were

probed by heating samples under Ar (1.5 × 10−1 Torr), first at
300 °C, then 500 °C, and finally 700 °C (SI, Figure S4). Raman
analysis of the annealed samples indicates that H-BLG has a
higher thermal stability than H-SLG. After annealing at 700 °C,
the AD/AG ratios of H-SLG and H-BLG in the Raman map
decrease significantly (Figure 1g), while the A2D/AG ratios show
the opposite trend (Figure 1h), a result consistent with
dehydrogenation to the respective SLG and BLG starting
materials. The Raman bands (Figure 1i) acquired at multiple
positions (Figure 1h) narrow upon annealing of H-SLG and H-
BLG, while the 2D peaks hypsochromically shift to 2692 and
2700 cm−1, respectively. The latter result may be due to doping
induced by exposure to H2O and O2 in the atmosphere.32−34

Aside from thermal annealing, laser irradiation also appears to
be a rapid and efficient means to convert H-SLG or H-BLG to
their respective starting materials (Figure S5).
Elucidation of the Hydrogenation Mechanism. The

hydrogenations of SLG and FLG were monitored by Raman
spectroscopy, and it was found that each sample followed
different reaction pathways. SLG on either SiO2/Si or h-BN/
SiO2/Si can be hydrogenated uniformly by treatment with a
solution of Li in NH3 for 2 min, followed by subsequent
exposure to H2O (SI, Figure S6). The hydrogenation appears
to be even and rapid, which suggests to us that the reaction
occurs at comparable rates across the carbon material. While no
D band was observed in the Raman spectra recorded for AB-
BLG on SiO2/Si (Figure 2a and Figure S7), a band emerged at
the perimeter after exposure of the material to the reaction
conditions described above (Figure 2b). The edges give rise to
AD/AG ratios that are high (∼1.8) when compared to those of
the interior (∼0.3). When subjected to Li/NH3 for a further 8
min, the sample flake afforded uniform AD/AG ratios (Figure
2c). Thus, while the final product is uniform, the reaction

appears to proceed preferentially from the perimeter to the
interior.
The role that edges play in the reaction mechanism was

probed by sealing the perimeter of a FLG sample with an inert
gold film before subjecting it to the hydrogenation conditions
(Figure 2d and SI, Figure S8). Analysis of the Raman 2D band
for the sealed FLG indicated it to be a pristine material
containing more than three layers (Figure 2d). The sealed FLG
is largely unaffected by exposure to the Li/NH3 solution for 2
min (Figure 2e) followed by quenching with H2O; no D peaks
are observed at the FLG/gold boundaries, which apparently
remain pristine. This observation implies that the Birch-type
hydrogenation of FLG does not proceed unless defects or edges
are exposed. Indeed, the only region of the sealed sample to be
hydrogenated was an interior region that had likely been
damaged during the sealing or hydrogenation step. When the
sample was returned to the Li/NH3 solution for an additional 8
min, the hydrogenation proceeded further from the damaged
regions (Figure 2f). Although a torn region was found after the
second hydrogenation step (see arrows in SI, Figure S9), the
FLG/gold boundaries appeared to remain pristine.
In general, the Birch-type reduction of graphene requires two

steps: (i) addition of alkali metal in liquid NH3 to reduce the
carbon and (ii) addition of a H+ donor to complete the
hydrogenation. In the first step, solvated electrons from the
alkali metal are thought to reduce the graphene to the
corresponding graphenide. Other reductants that afford similar
outcomes, such as KC8, are known, and their formation
involves the intercalation of an alkali metal into the carbon
matrix. Likewise, intercalation appears to be involved in the
reduction of FLG and may initiate at edges and defects.
Hydrolysis of the graphenide may then result in the formation
of C−H bonds, with the conversion ceasing once the
characteristic blue color of the Li/NH3 solution disappears
(∼2 min). Indeed, leaving BLG exposed to media that contain
H2O for durations up to 60 min affords samples whose Raman
data are virtually identical to those treated as described above
(Figure 1).
The efficiency of the Birch-type graphene hydrogenation

depends on the H+ donor, and CH3OH, despite being a widely

Figure 2. Structural evolution of BLG and edge-covered FLG during a
Birch-type reduction. (a−c) Evolution of the Raman AD/AG map for
AB-BLG during Birch-type reduction (a) before reduction, (b) after
exposure for 2 min to a solution of Li in liquid NH3, and (c) after
further exposure for 8 min. (d) Optical image of the edge-covered
FLG. The FLG 2D peak is shown as inset image. (e, f) Raman AD/AG
map of the edge-covered FLG (e) after exposure for 2 min to a
solution of Li in liquid NH3 and (f) after further exposure for 8 min.
The scale bars in parts a−c and d−f are 3 and 20 μm, respectively.
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used H+ donor in such reactions, is less efficient than H2O for
hydrogenating mechanically exfoliated FLG (SI, Figures S10
and S11). A less important factor in the reaction is the mode of
interlayer stacking, and differently orientated CVD-grown BLG
and TLG regions afford similar results (SI, Figures S12 and
S13).
Hydrogenation of Isotopically Labeled BLG and TLG.

Additional insight into the Birch-type reductions of FLGs was
gained by studying isotopically labeled BLG and TLG. The
enriched BLG material features a layer of 13C atoms and
another layer of carbon atoms in their natural abundance
(98.9% 12C). Such materials were prepared using the CVD
pocket method35,36 and feature sheets that are spectroscopically
distinguishable, as the greater mass of 13C relative to 12C results
in the former giving rise to lower energy Raman G bands (ω13G
= 1523 cm−1) than the latter (when ω12G = 1585 cm−1).37−39

The labeled BLG was characterized by Raman spectroscopy,
and a map of the intensity (area) ratio of 12C and 13C G bands
(A12G/A13G) is presented in Figure 3a. While the left region

only features bands arising from 13C SLG (Figure 3b), the right
region has both 12C- and 13C-derived G bands. The similar
intensities of these bands are consistent with an isotope ratio of
∼1:1. The bilayer gives rise to resolvable 12C and 13C Raman G
bands, but only a single broad 2D peak (2638 cm−1, Figure
3b).39 The overlap of phonons of the AB-stacked 12C and 13C
layers results in the 2D peak not being split, although it can be
fitted with eight Lorentzians (Figure 3c).39 The absence of a D
band in both the SLG (13C) and BLG (13C and 12C) regions
indicates that the graphene layers are of high quality (Figure
S14b).
The labeled BLG was exposed to a solution of Li/NH3 for 10

min before being quenched with H2O, after which the region

shown in Figure 3a gave rise to intense D peaks. Upon
hydrogenation, the D peaks recorded for 13C and 12C BLG are
broader than those observed for 13C SLG (Figure 3d). Raman
data for the 13C SLG region (Figure 3e) features bands similar
to those for hydrogenated graphene, albeit bathochromically
shifted. In contrast, hydrogenated BLG gives rise to a broader
D band at 1303 cm−1, as well as two G peaks and a relatively
broad feature between 2400 and 3000 cm−1. The D peak was
fitted with Lorentzians centered at 1325 and 1273 cm−1, which
corresponded to the 12C and 13C D bands, respectively (Figure
3f). The bands are similarly intense, implying that the 12C and
13C BLG layers are hydrogenated to the same extent.
A labeled TLG was studied to help determine if hydro-

genation of the bottom layer requires intercalation of reagents
between graphene layers or between the SiO2/graphene
junction, as well as to ascertain which faces are hydrogenated.
The material was prepared by sequentially transferring 12C, 13C,
and 12C sheets onto SiO2/Si. The TLG used was of high
crystallinity, with the low defect density apparent from the low
D band intensities AD (and, hence, AD/AG) across the surface
(Figure 3g and SI, Figure S15). After exposure of the material
to the reduction conditions described above, a D peak appears
over the entire TLG region studied (FWHMD ∼100 cm−1,
Figure 3h), a result consistent with a reaction occurring at all of
the layers (Figure 3i). Fitting the D peaks with Lorentzians
revealed contributions from 12C and 13C D bands centered at
1325 and 1273 cm−1, respectively (SI, Figure S15g−i). The
hydrogenation of the middle 13C layer suggests to us that
intercalation of reagents between the graphene layers must play
a role in hydrogenation. Since both faces of the 13C layer are
covered by graphene, the extent of hydrogenation is likely to be
similar on both faces of the middle layer. The reactivity of
individual graphene faces is rarely considered, and the present
data indicate that each face in TLG is comparably reactive. If
this were not to be the case, one would expect the layers to be
hydrogenated to different extents. Although it is unclear how,
or even if, the SiO2 layer influences TLG reactivity, the similar
reactivity of the individual layers indicates that any substrate
effects are similar in nature for each layer. It is also not known
how the lower layers accept protons, although graphene’s
permeability may be important in this regard.40 A possible
reaction sequence may first involve Li intercalation to give the
corresponding Li graphenides. Then, H2O could deliver H+

either at the edges or to the topmost graphene face, through
which H+ might tunnel and be relayed to lower layers.

Hydrogenation-Induced Surface Strain/Deformation.
The Birch-type reduction of FLGs not only influences the
intensities of the material’s Raman bands but also their
energies. Spectra recorded for graphenes exposed to the
hydrogenation conditions feature D, G, and 2D bands at
energies that are ∼20, 19, and 39 cm−1 lower than those for
graphene reduced by hydrogen plasma (Figure 4a).28 The
spectral shifts for the reduced graphenes are independent of the
substrate (SiO2/Si, h-BN, Cu, Ni or Cu/Ni alloy (90/10)), the
number of layers, and the H+ donor source (H2O, CH3OH, or
CH3CH2OH). In general, graphene band energies are sensitive
to any physical or chemical perturbation. For example, when
pristine graphene is subjected to mechanical strain, a shift ratio
of Δω2D/ΔωG = 2.2 ± 0.2 is observed;34,39 in comparison, the
use of defect-rich graphene was reported to result in a shift ratio
of Δω2D/ΔωD = 2.05.41 Compared to the effects of strain,
spectral changes resulting from hole doping (Δω2D/ΔωG =
0.75 ± 0.04) or electron doping (Δω2D/ΔωG < 0.75) are

Figure 3. Raman maps of isotopically labeled graphene on SiO2/Si. (a)
A12G/A13G map of a selected region covered by SLG and BLG. (b)
Raman spectra obtained at the positions marked in part a. (c) Fitting
of 2D peak for 12C/13C BLG. (d) FWHMD map of the same region in
part a after Birch-type reduction. (e) Raman spectra obtained at the
positions marked in part d. (f) Fitting of D peak for 12C/13C BLG after
hydrogenation. (g) AD/AG map of sequentially transferred
12C/13C/12C TLG before hydrogenation. (h) FWHMD map of the
same region in part g after Birch-type reduction. (i) Raman spectra
obtained at the positions marked in parts g and h. The scale bars are
10 μm.
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relatively small.34 When graphene undergoes covalent
functionalization (e.g., using diazonium chemistry), Δω2D/
ΔωG falls in the range 1.0−5.5 and is nonlinear with the extent
of reaction because ωG is sensitive to the presence of defects
and structures that give rise to a D′ band.42 These values
indicate that strain can not only be effected mechanically, but
also chemically, as the introduction of sp3-hybridized C sites
give rise to a D band (Δω2D/ΔωD = 1.8 ± 0.2).42 As
mentioned above, the data recorded for H-SLG, H-BLG, and
H-TLG afforded similar ratios (Δω2D/ΔωG = 39/19 = 2.1,
Δω2D/ΔωD = 39/20 = 2.0) consistent with the introduction of
strain (Figure 4b). Indeed, the bathochromic shifts observed for
the D, G, and 2D bands are greater than those obtained by
doping (described above) or by Ar+ ion bombardment,29

underscoring the strained nature of the H-SLG and H-BLG
materials prepared here.34,41−43

The presence of strain in H-SLG and H-BLG is to be
expected as the newly formed sp3-hybridized C sites would
have elongated C−C bonds, although the resulting compres-
sion of the surrounding region may be attenuated by the sp3-
hybridized C atoms shifting from the basal plane. The
formation of sp3-hybridized C sites was investigated by
transmission electron microscopy (TEM), using H-SLG and
H-BLG obtained by the Birch-type reduction of CVD-grown
SLG and BLG, each atop a TEM grid (Au Quantifoil). Signals
were observed at 13.4 and 7.6 eV in the electron energy loss
spectrum (EELS, Figure 4c) recorded for H-SLG. The former
signal is assigned to the ground state excitation of bonded
hydrogen,44 whereas the latter is similar in energy to that
reported for unpassivated diamond surfaces, in which trans-
formation of dangling bonds into π-bonded chains induces
partial graphitization.44 These results, combined with the
observations of a π-plasmon at ∼5 eV, suggested to us that
some of the carbon atoms present in the product were not
bonded to at least one hydrogen atom. Moreover, the
hydrogenation methodology appears to induce structural
deformation,45 as dark- and bright-field TEM analyses reveal
wrinkles in H-SLG (marked by arrows in Figure 4d,e), whose
structure contrasts the flat morphology of SLG (SI, Figure
S16a−d). Similarly wrinkled structures are present in H-BLG

(Figure 4f and SI, Figure S16e), and are consistent with the
roughness of hydrogenated SLG/BLG on SiO2/Si, as
determined using AFM (SI, Figure S1b).

Optical Spectroscopy of Hydrogenated Graphene.
The effects of hydrogenation on the optical and electronic
properties of graphenes were studied using UV−vis spectros-
copy. On quartz, both H-SLG and H-BLG derived from CVD-
grown graphenes featured a broad absorption at 267 nm
(Figure 5a), whose corresponding energy (4.64 eV) is close to

the π-plasmon energy of graphene.7 The transparencies of SLG
and BLG at 550 nm are 97.7% and 95.0%, respectively, with the
optical absorbance for SLG (2.3%) being consistent with a
value reported in the literature.46 After hydrogenation, the
absorptions shift from 267 to 226 nm (5.49 eV), with H-SLG
and H-BLG becoming more transparent at 550 nm (98.9% and
96.8%, respectively), consistent with an opening of a band gap.
The optical absorbance of H-BLG (3.2%) is more than double
that of H-SLG (1.1%), a result that, along with the XPS data,
indicates that the Birch-type reduction is less effective for BLG
than for SLG.
The fluorescence of graphenes subjected to Birch-type

reductions was also investigated (Figure 5b−d). Emission
spectra of mechanically exfoliated SLG and BLG (SI, Figure
S17, λex = 457 nm), as well as those for H-SLG and H-BLG, are
presented in Figure 5b. While neither pristine SLG nor BLG
exhibit noticeable fluorescence, strong and broad emission
bands for H-SLG and H-BLG were observed.8,14 The
fluorescence of graphite oxide has been attributed to nano-
graphene domains surrounded by functionalized carbon
groups;47 similar chromophores may also exist on the
hydrogenated graphenes.8,14 The emission intensities for both
H-SLG and H-BLG are nonuniform across the sheets, being
strongest at the H-SLG and H-BLG edges (Figure 5c,d),
consistent with these regions being the most reactive. It was
also noted that the graphite flake exhibits the strongest
fluorescence at its edges (Figure 5c). Finally, it is noted that

Figure 4. Structural deformation of hydrogenated graphene. (a)
Raman spectra of SLG after hydrogenation by either Birch-type
reduction or exposure to hydrogen plasma. (b) Raman map of D band
frequency (ωD) of the hydrogenated SLG flake shown in Figure 1a.
The scale bar is 3 μm. (c) EELS of hydrogenated CVD-grown SLG
after Birch-type reduction. (d) TEM dark-field image and (e) bright-
field image of SLG after Birch-type reduction. The inset shows a
higher magnification. (f) TEM dark-field image of BLG after Birch-
type reduction. The scale bars in parts d−f are 300 nm.

Figure 5. UV−vis transmittance spectra and fluorescence map of
hydrogenated graphene. (a) UV−vis transmittance spectra of CVD-
grown SLG and BLG on quartz before and after hydrogenation. (b)
Fluorescence spectra of mechanically exfoliated SLG and BLG on
SiO2/Si before and after hydrogenation. (c) Fluorescence map of
hydrogenated SLG (with graphite flake). (d) Fluorescence map of
hydrogenated BLG. In parts c and d, the fluorescence intensity is
integrated over 485−680 nm, and shown as the logarithm to base 10.
The scale bars in parts c and d are 3 μm.
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the centers of H-SLG flakes give rise to greater emission than
those of H-BLG, in line with the extent of hydrogenation at the
SLG interior being higher than that of BLG (Figure 5c,d).

■ CONCLUSION
Employing Li as the reductant and H2O as the proton source,
Birch-type reduction methodology was used to hydrogenate
graphene, the extent of which has been quantified by Raman
and X-ray photoelectron spectroscopies. Evolution of Raman
maps as a function of reduction time revealed that FLG
hydrogenation proceeds inward from defects or edges, a
pathway often assumed but rarely investigated. Accessible
defects/edges are not only the most reactive regions, but are
also necessary. Indeed, pristine, gold-sealed FLG is inert toward
the reagents employed, an observation that implicates an
intercalation process. The hydrogenation of labeled 12C/13C
bilayer and 12C/13C/12C trilayer graphenes resulted in products
whose individual sheets are comparably reduced, consistent
with a reaction that proceeds from the graphene perimeter to
the interior, and one in which the reagents must pass between
graphene layers. The effects of Birch-type hydrogenation
include strain, as revealed by bathochromically shifted Raman
bands and surface deformation apparent in TEM and AFM
images. Hydrogenation affects electronic band structure and
leads to higher visible light transparency. Clear differences are
also found in the fluorescence of H-SLG and H-BLG, with the
latter exhibiting greater emission at its edges. In sum, our
results describe the progress and products by subjecting well-
defined carbon materials to a Birch-type reduction and are
expected to facilitate the realization of ultrathin reduced motifs,
including diamane, whose significance may grow beyond mere
theoretical curiosity.

■ EXPERIMENTAL SECTION
Graphene Preparation. Kish or highly oriented pyrolytic graphite

(HOPG) was mechanically exfoliated onto SiO2 (300 nm)/Si using
the Scotch-tape method.48 CVD SLG was grown on Cu foil (Alfa
Aesar, 25 μm) using natural abundance (98.9% 12CH4) or 13CH4
carbon sources. CVD graphene with FLG patches was grown by the
pocket method.49 Isotopically labeled graphene with FLG patches was
grown using the pocket method, where the bilayer graphene was
formed on the outside Cu surface as reported previously.35,36 After Cu
foil was annealed in vacuum at 1030 °C for 10 min, 13CH4 at a flow
rate of 5 sccm and hydrogen at a flow rate of 50 sccm were introduced
for 30 min. Then, the 13CH4 was turned off, and 12CH4 turned on and
flowed at 5 sccm for another 30 min. The as-prepared graphene was
transferred onto SiO2 (300 nm)/Si using PMMA as a protective
layer.50 The 12C/13C/12C TLG was constructed from SLG samples.51

Graphene employed in the TEM study was grown by CVD, and then
transferred directly onto Quantifoil micromachined holey carbon TEM
grids on 200 mesh Au. SLG and BLG samples used for XPS and UV−
vis spectroscopy were, respectively, grown using CH4 on Cu foil (Alfa
Aesar, 25 μm, 99.8%) and Cu/Ni (90/10) foil (All Metal Sales, Inc.,
100 μm, weight percent: 88.00% Cu, 9.90% Ni, 0.44% Mn, 1.54% Fe,
and 0.10% Zn).52 The as-prepared graphene was then transferred onto
SiO2 (300 nm)/Si for XPS or onto quartz for UV−vis characterization.
Birch-Type Reduction. Lithium (Honjo Metal Co., Ltd., >99.9%)

foils were cut into small pieces under Ar. Deionized H2O, CH3OH
(Sigma-Aldrich, anhydrous, 99.8%), and CH3CH2OH (Sigma-Aldrich,
99.8%) were used as H+ donors. In a typical reaction, a 100 mL three-
neck round-bottomed flask equipped with a dry ice condenser and a
Dewar flask was flushed with Ar. Ammonia (∼50 mL) was condensed
into the flask at −78 °C, and the addition of lithium (105 mg, 15
mmol) afforded a blue solution that was stirred for 30 min. The
supported graphene sample was immersed into the solution for the
prescribed reduction time. A H+ donor (5 mL) was added to the

solution by syringe while keeping the sample inside, and the Dewar
flask was removed. Unless otherwise mentioned, the graphene sample
was taken out after the blue color of the solution disappeared (∼2 min
after H2O addition). The sample was washed with several portions of
CH3OH and dried under a flow of N2.

Thermal dehydrogenation was performed by placing hydrogenated
graphene samples in a tube furnace under Ar (1.5 × 10−1 Torr) and
ramping to the target temperature (300, 500, or 700 °C) over 30 min.
The temperature was held constant for 3 h, after which the samples
were cooled to room temperature and removed.

Characterization. AFM imaging was performed using a Bruker
Nanoscope V ultralow current system. Measurements made use of the
tapping mode to characterize surface morphology and the number of
layers in the graphene samples. Raman data were acquired using two
confocal microspectrometers (Alpha 300 R or Alpha 300 M+, WITec
GmbH), each with a 532 nm laser source. Unless otherwise
mentioned, a laser power of 1 mW was used to avoid sample damage.
TEM images were acquired using a Cs image aberration-corrected FEI
Titan (3) G2 60-300 with an electron monochromator set to 80 kV. In
order to acquire DF-TEM images, the {101 ̅0} spot diffracted from a
hydrogenated graphene sheet was selected in a diffraction mode with
an objective aperture diameter of 1.28 nm−1. The acquisition time for
DF-TEM was 3 s per frame. EELS data were recorded using a Gatan
GIF Quantum 965 electron energy loss spectrometer. XPS data were
acquired with a Thermo Fisher K-Alpha spectrometer system. UV−vis
spectra were recorded using an Agilent Cary 100 UV−vis
spectrometer. Fluorescence spectra were obtained in the backscattered
geometry with a 40× objective lens (numerical aperture is 0.60) on a
home-built Raman spectrometer,34 with a diode-pumped solid-state
laser (λ = 457.0 nm) as the excitation source. The spectral width of the
Rayleigh scattering peak was 0.3 nm, and spectral precision was ∼0.1
nm. The average power of the excitation laser beam was 0.1 mW, and
the laser was focused into a spot of diameter ∼1 μm. The
backscattered signal was fed into a spectrograph (focal length 300
nm) equipped with a N2-cooled CCD detector. Two-dimensional
fluorescence maps were obtained every 1 μm using an x−y motorized
stage.
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