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A B S T R A C T   

The effects of optical excitation on fully hydrogenated free-standing nanoporous graphene have been charac
terized by pump–probe X-ray photoemission spectroscopy. Hydrogenated graphene, known as graphane, is 
characterized by a sp3 hybridization, which induces a sp3 component in the C 1s core level whose intensity can be 
used to monitor the hydrogen content. Under optical excitation we observe a partial dehydrogenation of 
graphane, which we attribute to local laser-induced heating; such result allows us to estimate the thermal 
conductivity of the material, for which we found an upper limit of 0.2 W/(m K), four orders of magnitude smaller 
than that of graphene. Such stark difference, combined with the possibility of dehydrogenating the graphane 
substrate via laser exposure, may be exploited to engineer nanostructured heat conduction channels in organic 
and hybrid organic–inorganic devices. We then explored the sub-nanosecond dynamics of the C 1s core level, 
which displays a kinetic energy shift and a peak broadening with two different decay constants, 210 ps and 130 
ps, respectively. We assign the former to surface photovoltage, and the latter to transient lattice heating.   

1. Introduction 

Chemical functionalization is a feasible way to tailor the electronic 
properties of graphene; in particular, by saturating the aromatic sp2 

bonds with atomic hydrogen for sp3 bonds, it is possible to synthesize a 
semiconducting 2D hydrocarbon: graphane [1–2]. In addition to the 
experimentally observed opening of a band gap [3], the hydrogenation 
of graphene is also expected to modify its thermal conductivity, which 
may offer new possibilities for thermal energy harvesting and manage
ment in electronic devices [4]. Monolayer graphene possesses a thermal 
conductivity as high as 5000 W/(m K) [5–7], making it an ideal heat 
transport material; on the other hand, for graphane, depending on the 
hydrogen coverage and isomeric type, a reduction of more than one 
order of magnitude is expected [8–11]. Hydrogenation can thus be 
exploited to accurately tune the thermal conductivity of graphene, 
allowing to engineer insulating patterns inside a heat conducting 

template, for achieving efficient thermal rectification [12–13]. 
To date, reliable experimental assessments on the physical properties 

of graphane are however lacking, due to its challenging synthesis pro
cess. In fact, although a large variety of methods have been tested to 
incorporate atomic H in the graphene lattice [14–21], the samples were 
characterized by considerable density of structural defects and thermal 
instability, with hydrogen desorption temperatures well below 770 K 
[19–20,22]. To improve these, we used a high-quality and free-standing 
nanoporous graphene (NPG) [23–25] for the graphane template, and a 
low energy atomic hydrogen in-vacuum capillary as the source [26]. 
NPG samples are continuous turbostratic single and bilayer free- 
standing graphene with low density of defects and all the hallmarks of 
an ideal semi-metallic graphene [24–25]. Recently, we demonstrated 
thermally stable (up to 920 K) [27], structural defect free and highly 
hydrogenated graphane [3,27–30]. Our procedure enables a reliable 
synthesis of stable graphane samples, which are the ideal platforms to 
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experimentally measure the physical properties of the material. 
In this paper, we use pump–probe X-ray photoemission spectroscopy 

(XPS) to characterize the response of free-standing hydrogenated-NPG 
to photoexcitation: the chemical selectivity of XPS allows us to resolve 
the sp3 and sp2 components in the C 1s spectra, and thus to monitor the 
hydrogen content as a function of the increasing laser fluence. By 
identifying the hydrogen desorption threshold, with aid of a theoretical 
model of pulsed laser local heating [31], we estimate a maximum value 
for the thermal conductivity of graphane of 0.2 W/(m K), which is 4 
orders of magnitude smaller than that of graphene. Besides the chemical 
analysis, XPS may also provide information on phonon excitation and 
other many-body effects directly related to heat transport properties, 
which are detectable by analyzing the photoemission line shape. By 
exploiting the ~100 ps X-ray pulses delivered by the synchrotron, we 
thus analyze the excited state evolution in the sub-nanosecond range via 
time-resolved XPS, with the aim of observing the phonon dynamics of 
graphane. Our data show transient kinetic energy shift and broadening 
of the photoemission line with different decay rates, that we assigned to 
surface photovoltage effects and lattice heating, respectively. 

2. Materials and methods 

The fully freestanding NPG was obtained by a chemical vapor 
deposition (CVD) procedure at 1173 K using benzene as precursors, 
applied to a nanoporous Ni template. The latter was synthesized by 
using a Ni30Mn70 alloy sheet, etched with 0.5 M ammonium sulfate at 
50 ◦C. Eventually, the bare NPG was obtained after 1.0 M hydrochloric 
acid treatment of the graphene-Ni template. Details and complete pro
cedures for the NPG preparation and characterizations were reported 
elsewhere [23,32–36]. 

The NPG sample was thereafter mounted in an UHV chamber where 
it was annealed for a few hours at about 890 K, to let any residual 
contamination desorb from the graphene surface [28]. Atomic hydrogen 
was produced in the same UHV chamber by using a Focus GmbH 
apparatus, where a flux of the molecular gas is let flow through a 
capillary heated at about 2400 K by electron bombardment, thus 
obtaining more than 95% of the H atomic species [26], with an average 
energy of less than 0.2 eV. We exposed the NPG sample to 3600 L of 

atomic H (1 L = 1.33 × 10− 6 mbar s), in a global chamber pressure of 
1.0 × 10− 6 mbar. 

The so-obtained H-NPG sample has been first tested by using an XPS 
apparatus with a Mg Kα photon source (PSP TA10) and a hemispherical 
VG Microtech Clam-2 electron analyzer, used at constant pass energy 
(50 eV), with an overall energy resolution better than 1 eV. The esti
mated sp3/(sp3 + sp2) intensity ratio of the two main components in the 
C 1s spectrum results in about 60% of H:C uptake. After this calibration, 
the graphane sample has been dry-transferred to the Elettra synchrotron 
radiation facility (Italy) at the ANCHOR-SUNDYN endstation [37] of the 
ALOISA beamline. The transfer among laboratories of H-NPG with this 
method of hydrogenation has demonstrated not to modify the very 
stable H-C bond, only requiring a mild annealing (420 K) once in the 
new UHV apparatus, for getting rid of adventitious contamination. 

Pump-probe XPS spectra were measured with laser and synchrotron 
beams impinging on the sample in a quasi-collinear geometry; the laser 
was focused to a diameter of 300 µm, which is a slightly larger spot size 
compared to the synchrotron probe. The fluence dependent data was 
acquired using the synchrotron multibunch radiation while illuminating 
the sample with the optical pump pulses. Such method allows for 
detecting irreversible modifications of the photoemission line shapes 
due to the laser excitation, and long-lived photo-induced effects with 
decay times at least comparable to the time between two consecutive 
laser pulses [38], which is 8 µs at a repetition rate of 128 kHz. The sub- 
nanosecond dynamics were instead probed using the hybrid mode filling 
of Elettra, acquiring only the electrons photoemitted by the isolated 
synchrotron pulses, as detailed in Ref. [39], and the pump–probe delay 
was scanned by an electronic phase shifter. The temporal resolution in 
such measurements was ~120 ps, as determined by the cross-correlation 
of pump (~300 fs) and probe (~120 ps) pulses. 

3. Results and discussion 

The effects of optical laser excitation on highly hydrogenated 
nanoporous graphene (H-NPG), have been monitored by X-ray photo
electron spectroscopy. A clear signature of the formation of C–H sp3 

bonds is the distinctive C 1s component observed at about 0.5 eV higher 
binding energy with respect to the well-known sp2 peak of graphene 

Fig. 1. (a) Evolution of the C 1s photoemission spectra of H-NPG under laser excitation at 128 kHz, acquired at a photon energy of 400 eV. The three different 
components used to fit the spectrum of the pristine sample (blue) are reported below the experimental curves. As indicated by the arrows, the increasing pump 
fluence leads to a visible reduction of the sp3/(sp2 + sp3) intensity ratio, which is also reported in the inset. The color of each circle matches that of the corresponding 
spectrum of the series. The sp3/(sp2 + sp3) ratio is reported for datasets acquired at different repetition rates as a function of the applied fluence (b) and power (c). The 
overlap of the data points in the latter case indicates that the observed effect is thermally activated. 
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[3,27–30]. The hydrogen coverage (θ) in at.% can be estimated by the 
intensity ratio among the two spectral components, namely θ = sp3/(sp3 

+ sp2). In Fig. 1a, we show a series of C 1s XPS high-resolution spectra of 
highly hydrogenated graphene, acquired at a photon energy of 400 eV, 
as a function of the increasing laser fluence. 

The blue spectrum represents the C 1s peak of the pristine H-NPG 
sample, prior to laser exposure, the green to orange spectra represent the 
C 1s peak at increasing laser fluence. All C 1s curves have been fitted 
after removing the Shirley background to reduce the number of fitting 
parameters involved. The C 1s peak is best fitted using three separate 
components found at binding energies of 284.5 eV, 285.0 eV and 285.8 
eV, assigned to sp2 and sp3 coordinated C atoms, and to a minor 
contribution due to COx contamination, respectively. The sp2 peak was 
fitted using a Doniach-Sunjic line shape, with an asymmetry associated 
to the expected semi-metallic nature of graphene [40]. To fit the sp3 

component a pseudo-Voigt line shape was used, namely a curve 
combining the intrinsic Lorentzian line shape of the excitation with a 
Gaussian response, the latter associated to the overall experimental 
resolution. The COx peak is fitted only with a Gaussian line shape, being 
associated to the convolution of different residual unresolved C-O bonds 
[27–29] and presenting however a small area in all spectra (below 6%). 

Starting from a high initial hydrogen coverage (θ ≈ 60%), we excited 
the H-NPG sample with laser pulses at a repetition rate of 128 kHz and at 
a wavelength of 515 nm (2.4 eV photon energy). As reported previously 
[41], we note irreversible changes in the C 1s line shape which occur 
immediately after laser exposure. In particular, the sp3 component de
creases in intensity, while most of the spectral density remains in the sp2 

peak. Such changes are enhanced at increasing laser fluence, and do not 
depend on the exposure time at a given fluence (i.e., the relative dis
tribution of components is stable in time under prolonged illumination). 
The spectral modifications are assigned to the local partial dehydroge
nation of graphane, with θ decreasing from 60% to 20%, for a fluence of 
1.6 mJ/cm2, with an apparent threshold at about 0.75 mJ/cm2, as 
shown in the inset to Fig. 1a. These results imply that laser exposure can 
be used to precisely etch graphitic channels with high thermal con
ductivity inside a graphane matrix with low thermal conductivity, which 
could prove useful for managing heat dissipation in nanoscale devices. 

Analogous measurements have been performed on different areas of 
the pristine H-NPG sample, with the laser operated at 77 kHz and 385 
kHz: the evolution of the hydrogen content (θ) is reported in Fig. 1b and 
1c as a function of the applied laser fluence and power, respectively. The 

perfect overlap of the three datasets in the latter plot suggests that the 
dehydrogenation threshold is not related to the pulse energy, but is 
rather due to the local temperature increase. Indeed, it was observed 
that only annealing to 920 K causes a complete desorption of hydrogen 
in H-NPG, restoring the clean NPG template [27]. Electronically induced 
dehydrogenation has been predicted theoretically [42], although the 
high fluence used in the calculations (in the order of 10 mJ/cm2) and the 
power-dependent decrease of θ as determined by our measurements, 
suggest to exclude such scenario as very origin of the induced 
dehydrogenation. 

These observations can be used to evaluate the largely unknown 
thermal properties of graphane, based on the solution of the heat 
equations for pulsed laser excitation. After a large number of laser 
pulses, the system reaches a steady state and the sample base tempera
ture increase (ΔTCW) can be estimated as in the continuous wave (CW) 
regime [31]: 

ΔTCW ≈
P (1 − Rc)

2
̅̅̅
π

√
k w

, (1)  

where P is the impinging laser power, Rc is the reflection coefficient, k is 
the thermal diffusivity of the material, and w is the beam radius. The 
temperature increase therefore is directly proportional to (1 − Rc), 
which accounts for the absorbance of the material, and is inversely 
proportional to the thermal diffusivity. To our knowledge, neither 
parameter has ever been determined experimentally for graphane. 
Based on our data, with w = 150 μm and a power of 75 mW, we can 
estimate the limits of the thermal diffusivity required for reaching ~920 
K (i.e., a temperature jump ΔTCW ≈ 650 K from room temperature) 
necessary for the dehydrogenation. Depending on the graphane absor
bance, the factor (1 − Rc) may vary from 1 to 0.023 (the absorption of 
single layer graphene [43]). With these assumptions, we obtain a ther
mal diffusivity 0.005 < k < 0.2 W/(m K). Theoretical models simu
lating heat transport in graphene flakes [44] and chemically 
functionalized graphene [8–9] indeed show that the thermal conduc
tivity of the system may be strongly reduced with respect to the values 
k > 1000 W/(m K) experimentally reported for pure graphene [5–6]. 
Our experimental result is in qualitative agreement with the theoretical 
predictions, clearly bringing to light the reduction by orders of magni
tudes of the thermal conductivity of graphane with respect to graphene. 

The sub-nanosecond response of graphane to optical excitation has 

Fig. 2. False-color plot of the C 1s photoemission intensity as a function of binding energy and pump–probe delay, shown as raw data (left) and after subtraction of 
the unpumped reference (right). Significant energy shift and line broadening are observed around time zero. The applied fluence was 1.6 mJ/cm2, at a repetition rate 
of 128 kHz. 
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then been studied by time-resolved XPS, using a pump energy of 2.4 eV 
at a repetition rate of 128 kHz and probing the excited system with 
synchrotron pulses of 400 eV photon energy. Further experimental 

details are reported in the Materials and Methods section. We examined 
two excitation fluence regimes: 0.4 mJ/cm2, below the dehydrogenation 
threshold, and 1.6 mJ/cm2, when the hydrogen content is reduced to 
20%. Fig. 2 shows the C 1s data in a false-color plot as a function of the 
pump–probe delay for the high fluence case. In the right panel, the signal 
after the subtraction of the unpumped spectra is also shown, to highlight 
the photo-induced effects. 

A clear energy shift of 100 meV to lower binding energies and a 
spectral line broadening are observed around time zero, on a time scale 
shorter than 1 ns. The C 1s spectra at each delay time have been fitted to 
quantify such effects, and the obtained broadening and binding energy 
shift of the sp2 and sp3 peaks are reported in Fig. 3, for both the 0.4 mJ/ 
cm2 and 1.6 mJ/cm2 fluences. At high fluence the energy shift is 
accompanied by a significant broadening of the photoemission line, 
while at low fluence only the spectral shift is observed. In both cases no 
significant difference is observed between the time-dependence of the 
sp2 and sp3 components. 

It has to be reminded that while in the 0.4 mJ/cm2 fluence regime (at 
128 kHz) the hydrogen content is unaltered, with 1.6 mJ/cm2 it is 
significantly reduced, meaning that the sample has a more graphenic 
character with respect to the pristine H-NPG; this implies that the 
thermal and electronic properties of the sample are irreversibly modified 
at the higher laser power. Nevertheless, a direct comparison of the en
ergy shifts in the two cases, displayed in Fig. 4a, indicates that the dy
namics are essentially unaltered. Rigid shifts of photoelectron spectra as 
the ones observed here are usually due to space charge [45–47] or 
surface photovoltage (SPV) [48–50] effects: the former is due to the 
cloud of low-energy electrons photoemitted by the pump pulse, while 
the latter is related to the transient electric field arising after exciton 
separation. The low pump-induced photoemission intensity in this 
experiment allows us to attribute the observed shift to SPV effects, which 
are expected considering the semiconducting character of the material 
[3]. Furthermore, the presence of SPV shifts at the higher fluence, sug
gests that the partially dehydrogenated sample retains its semi
conducting properties. 

In Fig. 4b we compare the dynamics of broadening and energy shift 
measured at 1.6 mJ/cm2 fluence. The temporal dependence of shift (red 
circles, left axis) and broadening (blue circles, right axis) of the sp2 

component have been fitted with exponentially modified Gaussian dis
tributions (solid lines). In particular, the Gaussian full width at half 
maximum (FWHM) was constrained to 120 ps to account for the 

Fig. 3. Broadening and binding energy shift of sp2 (closed circles) and sp3 (open circles) components as extracted from the fits of C 1s spectra as a function of the 
pump–probe delay. At low fluence (a), shifts towards lower binding energies for both components are the only noticeable effects, while at high fluence (b) a sig
nificant peak broadening is also observed in addition to the shift. 

Fig. 4. (a) Comparison of energy shift for the 1.6 mJ/cm2 (red, left axis) and 
0.4 mJ/cm2 (orange, right axis) measurements, showing that the dynamics of 
the effect are unchanged. (b) Shift (red, left axis) and broadening (blue, right 
axis) of the sp2 component at 1.6 mJ/cm2 fluence. Both trends have been fitted 
with exponentially modified Gaussian distributions (solid curves), obtaining 
time constants of 210 ± 10 ps for the energy shift and of 130 ± 20 ps for 
the broadening. 
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temporal resolution of the system, which was determined by the 
pump–probe cross correlation function, measured prior to the experi
ment. It readily emerges that the decay rates of broadening and shift are 
significantly different, with the fit yielding time constants τB = 130 ± 20 
ps and τS = 210 ± 10 ps, respectively. Another clear difference is that 
while the exponentially modified Gaussian curve well reproduces the 
broadening dynamics in the whole temporal range, it does not correctly 
fit the shift at negative delay times: this has to be expected with transient 
SPV effects, in which the rising edge of the measured shift is related to 
the time of flight of the photoelectrons from the sample to the analyzer, 
rather than to the actual time constant of the SPV onset [51–52]. 

The origin of the broadening is instead less obvious, and its lifetime 
comparable to the probe pulse width prevents an unambiguous mea
surement of its decay. An analogous pump-induced broadening at the 
sub-picosecond time scale has been observed on the C 1s level of gra
phene [53], and was attributed to the high electronic temperature 
reached after photoexcitation. At a longer time scale only the phononic 
contribution is expected, although for a 300 meV broadening to be 
purely phonon-related a temperature of more than 3000 K is required 
[53–54]. Based on the observed dehydrogenation dependence on the 
average power rather than on the pulse energy, such high temperature 
seems overestimated. Nevertheless, it is not trivial to model heat dissi
pation in the partially dehydrogenated sample, which could present 
inhomogeneous domains with different electronic and thermal proper
ties. In perspective, shorter probe pulses to examine the decay rates at 
higher temporal resolution, would allow a deeper understanding of the 
photo-induced dynamics of graphene. 

4. Conclusions 

We have shown that upon laser exposure with a suitable applied 
power (> 75 mW) a partial dehydrogenation of highly hydrogenated 
graphene can be triggered, which we ascribed to the local temperature 
increase, up to ~920 K. Our data point to a significant reduction of the 
thermal conductivity of graphane with respect to that of pristine gra
phene, from more than 1000 W/(m K) to less than 0.2 W/(m K), due to 
hydrogen functionalization. To our knowledge, this is the first experi
mental assessment of the thermal conductivity of free-standing hydro
genated graphene. Our experiments also suggest that laser-controlled 
hydrogen desorption on graphane may be used as a potential method for 
patterning heat conduction channels in nano-scale devices. Via time- 
resolved XPS, we have then characterized the photo-induced dynamics 
of graphane. We observed a transient energy shift and a line broadening 
which decay with two different time constants, 210 ps and 130 ps, that 
we attribute to surface photovoltage and lattice heating, respectively. 
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[47] G. Schiwietz, D. Kühn, A. Föhlisch, K. Holldack, T. Kachel, N. Pontius, Dynamics of 
Space-Charge Acceleration of X-Ray Generated Electrons Emitted from a Metal 
Surface, J Electron Spectros Relat Phenomena 220 (2017) 40–45, https://doi.org/ 
10.1016/j.elspec.2017.03.003. 
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