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ABSTRACT: If hydrogen can be stored and carried safely at high density, hydrogen-fuel cells offer effective solutions for ve-
hicles. Stable chemisorption of atomic hydrogen on single layer graphene (SLG) seems a perfect solution in this regard, with
a theoretical maximum storage capacity of 7.7 wt%. However, generating hydrogenated graphene from H: requires extreme
temperatures and pressures. Alternatively, hydrogen adatoms can easily be produced under mild conditions by electroreduc-
tion of protons in solid/liquid systems. Graphene is electrochemically inert for this reaction, but H-chemisorption on SLG can
be carried out under mild conditions via a novel Pt-electrocatalyzed “spillover-surface diffusion-chemisorption” mechanism,
as we demonstrate using dynamic electrochemistry and isotopic Raman spectroscopy. The apparent surface diffusion coeffi-
cient (~10-5 cm? s1), capacity (~6.6 wt%, ~85.7% surface coverage), and stability of hydrogen adatoms on SLG at room tem-
perature and atmospheric pressure are significant, and they are perfectly suited for applications involving stored hydrogen

atoms on graphene.

1. INTRODUCTION

Hydrogen is the cleanest fuel with a high energy density,
but without the production or emission of carbon dioxide or
any other pollutants.! However, neither compressed gas nor
liquid hydrogen is safe for daily use in mobile applications.?
Therefore, sorbent approaches seem to be the best choice
for hydrogen storage. 34 Among the possible materials for
hydrogen storage, graphene (Gr) is considered to be one of
the most promising materials. >¢ The storage of hydrogen
molecules (Hz) on a Gr surface by physical adsorption re-
quires extreme temperatures and pressures even in the
presence of metallic/metal oxide nanoparticles, due to the
weak attractive van der Waals forces.*” In addition, the per-
formance of hydrogen storage on Gr and carbon nanotubes
by physisorption is disputed, because of the difficulties in
obtaining reproducible adsorption capacity measurements.
89 An alternative way to store atomic hydrogen on Gr is by
chemical adsorption based on a spillover mechanism 10-12: a
catalystis employed to dissociate hydrogen gas to hydrogen
adatoms (Had), which spill over from the catalyst onto Gr
and are stored there.!314 Theoretically, if each carbon atom
provides one adsorption site for Had, the saturated storage
capacity of Gr (i.e., surface coverage: 100%) would be 7.7
wt%.15> However, under solid/gas conditions, high pressure
and low temperature 16-18 are required to enable the disso-

ciation of Hz even in the presence of catalysts such as plati-
num (Pt), palladium (Pd), nickel (Ni), metallic alloys or ox-
ides, etc.19-23 Therefore, fulfilling this goal in this manner
would impose unrealistic conditions for daily use mobile
applications.

Relying on electrochemical solid/liquid systems appears
to be a more advantageous strategy for producing Haq under
ambient conditions, because the Had source simply consists
of the protons (H*) present in any acidic, neutral, or alkaline
aqueous electrolyte solution. Note that, in this respect, since
decarbonized Hz needs to be produced by electrochemical
reduction of protons, and since fuel cells already rely on
electrochemical technologies, if such a solution is techni-
cally practical, it would even suppress one crucial step since
it does not require any need for gaseous hydrogen. How-
ever, although carbon materials, including Gr, are inert for
electroreduction of H*, we demonstrate herein that this
problem can be easily overcome. Haa monolayers can be
readily electrodeposited and stably adsorbed on single-
layer Gr sheets (SLG) under mild conditions through a Pt-
electrocatalyzed “spillover-surface diffusion-chemisorp-
tion” mechanism. In the following we characterize this
mechanism electrochemically and then demonstrate by Ra-
man spectroscopy that Haa atoms are stably stored by chem-
isorption onto SLGs.



2. EXPERIMENTAL SECTION

Chemicals and Materials. Sulfuric acid (H2S0s, D2S04)
was purchased from Sinopharm Group Co. Ltd. and used as
received without further purification. Aqueous solutions
used in the experiments were prepared with deionized wa-
ter (18.2 MQecm, Milli-Q, Millipore Co.). Nitrogen gas (N2,
99.999%) was purchased from Linde Gas Co., China.
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trogen (N2) by bubbling the gas for at least 15 min to elimi-
nate the interference from oxygen (02). N2 gas was flowed
continuously into the headspace of the electrolytic cell to
maintain the inert gas environment during the measure-
ments. All electrochemical experiments were performed us-
ing a three-electrode system, Hg/Hg.S04+ with saturated
K2S04 solution was used as the reference electrode, and a
platinum mesh was used as the counter electrode. All poten-
tials (V) were converted to the RHE scale using the follow-

Figure 1. Pt-electrocatalyzed adsorption and desorption of atomic hydrogen on single layer graphene. (a) Cyclic voltam-
mograms of Pt/SLG/PET electrode (red; showing one CV every 20 voltammetric cycles), Pt/PET electrode (blue) and
SLG/PET electrode (grey) at 100 mV/s in 0.5 M H2S04 solution. The dimensions of the SLG flake were 2.1 mm x 1.8 mm.
(b) Schematic illustration of electrocatalytic “spillover-surface diffusion-chemisorption” mechanism on Pt/SLG/PET
electrode assuming a chemical adsorption of Haa adatoms onto the graphene matrix. (See SI, section S4 for the initial
voltammograms performed on a non-activated Pt/SLG/PET electrode.

Graphene sample preparation. SLG was grown via
chemical vapor deposition (CVD) on copper foils and then
transferred to an approximately 500 um thick polyethylene
terephthalate (PET) substrate and SiOz/Si substrate using
wet transfer techniques. The SLG flakes were prepared in
two sizes for different purpose of the experiments in order
to ensure the best accuracy possible of the measurements.
For determination of apparent Haa diffusion coefficient on
SLG, 4 mm X 4 mm rectangular flakes were used in order
that SLG loading process through the 3 mm length of the Pt-
microwire contact line could be described with classical
semi-infinite linear diffusion equation (see Section S1). For
measurements of Hada loading capacities, 2.1 mm X 1.8 mm
rectangular SLG flakes were used in order that the number
of carbon sites was known with sufficient precision as well
as to achieve faster loading times (note in this respect that
the exact placement of the Pt-microwire onto the flakes, viz.
centered and parallel to either sides, or along one diagonal,
did not led to any difference in the maximum loading capac-
ity which kept reproducible).

Electrochemical measurements. A CHI 631B potenti-
ostat (CH Instruments, Inc.) was employed to perform elec-
trochemical experiments at room temperature (298 K) as
well as over the temperature range (284-303 K) required to
determine the activation barrier of the site-exchange pro-
cess (see Figure 4 and Figure S10). Before each measure-
ment, the electrolyte was pre-saturated with high-purity ni-

ing formula: Erue = Ere + 0.65 + 0.059 X pH, where Ere is the
potential of Hg/Hg2S04 electrode.

Raman characterizations. All of the Raman measure-
ments were performed on Xplora confocal microprobe Ra-
man system (HORIBA Jobin-Yvon) with 532 nm laser exci-
tation, the laser spot was about 2 pum using a 50x micro-
scope objective (NA = 0.55). The graphene substrate mate-
rial used for most electrochemical experiments reported in
the main text was PET, but this was not suitable for Raman
characterization due to the strong background signals of
PET. Therefore, we used SiO2/Si wafer as the substrate for
Raman characterization of graphene. In the deuterium sub-
stitution experiment, ultrathin HOPG was used, because
Si02/Sihas a broad and strong background in the low wave-
number region from 780 cm! to 850 cm'..

3. RESULTS AND DISCUSSION

A 3-mm-long Pt microwire (diameter: 25 um) was tightly
inserted and centered between a flake of SLG supported by
a PET membrane and a Nafion membrane to construct a
well-defined Pt/SLG linear boundary (see Figure S1). The Pt
microwire flanks contacting both the aqueous electrolyte
and SLG acts as the catalytic zone for electrochemical gen-
eration of Haq, and the SLG provideds the storage zone for
Haa spilling and diffusing over it. The grey curve in Figure 1a
shows the cyclic voltammogram (CV) of SLG/PET electrode
in 0.5 M H2SO4 solution recorded in the absence of the Pt



a C 40 e,
4t ‘} m)
T
{ T 1o
5L 30 S e
< < | 2
2 N = z %
£ol ——— 4 5 20r 5
E /\/~/ 5 5 osr
= o =
Q ——20 mVis 60 mVi/s =
25 30 mVis 70 mVis 10- B o4 N
40 mvis 80 mVis S} ——SLG/PET
50 mV/is 100 mV/s GC.I ——— Pt/SLGI/PET
a 0.2+
4r ok, ; . 3 ; o
) . \ ) L . . . .
00 0.3 07 11 15 0.0 0.5 1.0Tim1e.5(5) 2.0 2.5 3.0 0 100 200 300 400
b Potential (V vs RHE) d f Time (s)
&
8r 16} x
w
-
=
LA ©
orr ?) 2
3 = 8
[e] [s]
Gl o
Al o 3 —30s
5 ——80s
10k - 02- 120s
a 180s
5 1 1 1 1 1 1 1 1 L 1 L O 1 1 1 1 L 1 1
3 4 5 6 7 04 06 08 10 12 14 0 100 200 300 400 500 600 700
I ()2 Square root of time (s'?) Time (s)

Figure 2. Quantitative measurements of the surface diffusion behaviors of electrodeposited hydrogen adatoms. (a) Cyclic
voltammetry of the activated Pt/SLG/PET composite electrode carried out at different scan rates. (b) Linear relationship
between the charge of Haa desorption and the reciprocal of the square root of the scan rate. (c) Chronoamperometry of the
activated Pt/SLG/PET composite electrode. The electrode potential was held at 0.10 V for 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
09,1,1.2,1.4,1.6,1.8,2,25,3,4,5,6,7,8,9,10,12, 14, 16, 18, 20, 25, 30, 40, 60, 80, 100, 120 s (from left to right), and then
stepped to 0.7 V. (d) Plot of the charge versus square root of time over the shortest [0.2 s~2 s] holding time range. (e) Open
circuit potential of the Pt microwire electrode alone (red), SLG/PET electrode (green), and Pt/SLG/PET system (blue). (f)
Plots of open circuit potential versus time for the Pt/SLG/PET assembly after it was held at 0.10 V during 30, 60, 120, and
180 s before measuring the open circuit potential. The dimensions of the SLG flake were 4 mm x 4 mm.

microwire. The CV exhibits the typical SLG capacitive be-
havior of the formed electric double layer (EDL), as ob-
served on conventional carbon electrodes. The blue curve
in Figure 1a is the CV of a Pt/PET electrode in 0.5 M H2S04
solution, which exhibits the classic voltammetric finger-
print of hydrogen adsorption/desorption in the “hydrogen
region” [0.05 V, 0.40 V], and that of water dissociation ad-
sorption/desorption in the “oxygen region” [0.50 V, 1.40
V].2425 The red voltammetric scans in Figure 1a show that
the Pt/SLG/PET electrochemical assembly exhibits drasti-
cally different behavior from that of Pt/PET in the hydrogen
adsorption region. In the cathodic scan, the two current
peaks corresponding to hydrogen adsorption are asymmet-
rical and show the characteristics expected for electro-
chemical mechanisms coupled with mass transfer pro-
cesses, rather than the simple Faraday adsorption onto a
small surface area. In the anodic scan, the desorption poten-
tials of Haa are shifted positively compared with those
shown by the blue CV in Figure 1a. Figure S4 shows that the
anodic stripping current correlates with the cathodic Had
deposition. Moreover, the two anodic CV peaks overlap, in-
dicating a different desorption mechanism and a higher de-
sorption energy than that measured on Pt/PET electrodes.
Note that both the adsorption and desorption currents con-
tinue growing during repetitive scans, indicating that they

are under kinetic control. Interestingly, the behavior ob-
served in the oxygen region remains identical to that ob-
served on the Pt/PET electrode. All of the above changes
demonstrate that there are important interactions between
Hada and SLG (see Figure S1-S3 for more detailed description
and analysis).

Haa generated during the cathodic scan is desorbed dur-
ing the anodic scan in the form of free protons in the elec-
trolyte solution.2¢ Therefore, the charge obtained from the
integrated current of the sharp anodic peak of the red CV in
Figure 1a is equivalent to the quantity of Ha (1 e/atom)
stored on the Pt/SLG/PET assembly during the cathodic
scan. This is far greater than that recorded in the absence of
SLG (blue curve in Figure 1a), demonstrating unambigu-
ously that the Haa adsorption capacity of the Pt/SLG/PET as-
sembly electrode greatly exceeds the maximum storage ca-
pacity of the Pt microwire alone. Even assuming a high
roughness factor of 2, the latter can be estimated to be less
than ca. 1 pC, considering the 210 uC/cm? adsorption capac-
ity of polycrystalline Pt.2” This is in contrast with the maxi-
mum Haa desorption charge of 19.73 uC obtained at the low-
est scan rates (see Figure S7b).



The only reasonable way to explain these numbers is to
assume that H atoms electrocatalytically generated by pro-
ton electroreduction onto the catalytic surface of the Pt mi-
crowire spill over onto the SLG by a surface “site-hopping
diffusion/chemisorption” mechanism, as depicted in Figure
1b. Within this framework, considering the 2.1 mm X 1.8
mm dimensions of the SLG flakes used for the determina-
tion of loading capacity, the reproducible 19.73 pC maxi-
mum charge value indicates a maximum mass ratio of Hag
over carbon atoms equal to 6.6 wt%, which corresponds to
an effective coverage of ca. 85.7%, i.e., the formation of al-
most a full monolayer of Hada on SLG (see Figure S7 a and b).
These interpretations are thoroughly verified by quantita-
tive investigations based on cyclic voltammetry and chron-
oamperometry, as discussed below.

Cyclic voltammetry was performed at different scan rates
using the activated Pt/SLG/PET electrode immersed in 0.5
M H2SO4 solution (Figure 2a). The adsorption of oxygen ad-
species at 0.78 V is characterized by a peak current that is
proportional to the scan rate (See Figure S5), as expected
for adsorption/desorption electrochemical processes. In
contrast, the Ha-desorption peak current is proportional to
the square root of the scan rate (See Figure S6), which is
characteristic of a mass-transfer-limited process. Since this
does not occur without an SLG in firm contact with the Pt
microwire, it confirms that most of the Haq generated on the
Pt electrocatalytic surface spills over onto the SLG surface,
which is consistent with the above result showing that the
Hada desorption charge is ca. 20 times greater than the stor-
age capacity of the Pt microwire surface. Since the 3.0 mm
length of the 25-pm-diameter Pt microwire is much greater
than the width of its tangential contact area with the 4 mm
X 4 mm SLG flake, Haa site-hopping diffusion on SLG ap-
proximately obeys semi-infinite linear diffusion laws for
short experimental durations, i.e., provided that the SLG is
far from being fully loaded (see more details below in
chronoamperometric experiments section). A value of D =
7.98x10¢ cm? s at 25 °C can be extracted for the apparent
surface-diffusion coefficient of Haa on SLG 28 from the slope
of the linear relationship between the charge (Q) of Had de-
sorption and the reciprocal of the square root of the scan
rate (v1/2) (Figure 2b and see Supporting information (SI)
section S1).

Chronoamperometric investigations were performed to
further validate the above-mentioned mechanism. The
curves performed at 0.7 V after different holding times at
0.1 V in the hydrogen region are shown in Figure 2c. The
current was recorded during this desorption process. For
holding times longer than 2 s, the desorption i-t curve ex-
hibits a plateau-like region whose duration increases with
increasing holding time. This non-classical behavior indi-
cates that, during the unloading (oxidative) phase, the sur-
face concentration of Hada on the Pt microwire surface is al-
most constant if the holding time was long enough. In other
words, the desorption of Had from the Pt surface due to its
oxidation is continuously compensated by a near steady-
state flux of Haq flowing back from the SLG surface, where it
had been loaded and stored during the holding time dura-
tion at 0.1 V. Observation of this behavior requires that the
SLG surface is significantly loaded during the cathodic

phase, i.e., sufficiently long charging times (> 2 s for the
Pt/SLG/PET assembly used in Figure 2c). For shorter load-
ing times (< 2 s), the current plateau is not apparent, and
the integrated charge of the Haa desorption peak varies lin-
early with the square root of the holding time (Figure 2d). A
surface diffusion coefficient of Haa on SLG can then be esti-
mated as ca. D = 1.2 x10-5 cm? s'1 (25 °C) from the slope of
the linear relationship (Figure 2d and Section S1 in SI), and
it is close to that already determined by voltammetry. Fi-
nally, a mass ratio of Haa per carbon atom is calculated as 6.2
wt%, i.e., a Hada coverage of 80.5%, is deduced from the max-
imum charge integral (18.25 pC) releasable after large hold-
ing times (Figure S7, c and d) upon using the 2.1 mm X 1.8
mm SLG. All these values are consistent with the results ob-
tained by CV, confirming the validity of the electrocatalytic
“spillover-surface diffusion-chemisorption” mechanism.
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Figure 3. Spectroscopic evidences of the formation of C-
H adsorption chemical bonds on graphene. Ex-situ Ra-
man spectra of pristine graphene (blue line), electro-
chemically activated graphene exhibiting a C-H band at
1194 cm™ (red line), and deuterium substitution experi-
ment on ultrathin HOPG, exhibiting a C-D band at 863
cm-! (gray line).

Open circuit potential (OCP) tests were performed to in-
vestigate the capacity of the Pt/SLG/PET assemblies to pre-
serve Had. Before loading the systems, the Pt microwire elec-
trode, the SLG/PET electrode, and the Pt/SLG/PET assem-
bly, showed OCPs of 0.92 V, 0.58 V, and 0.55 V respectively
(Figure 2e). After holding the Pt microwire electrode at 0.1
V for various holding times to load Haa onto the Pt/SLG/PET
assembly, the OCP was measured again. The OCP-time
curves of the loaded Pt/SLG/PET sample show an initial,
plateau-like transition feature at ca. 0.3 V before increasing
to eventually reach the 0.55 V value observed in the absence
ofloading (Figure 2f). The duration of this plateau-like tran-
sition feature increases with holding time, confirming that
this feature corresponds to the non-equilibrium system dy-
namics, in which Haa stored on SLG diffuses to the Pt/SLG
boundary and desorbs from the Pt surface to the electrolyte
solution as protons, as the system relaxes its energy via its
stray resistances. From all the above electrochemical meas-
urements, it is concluded that the reductive hydrogen ada-
toms (Had) generation (H* + e = Had) and their oxidative re-
lease (Haa = H* + €) occur on the Pt-wire surface while they



are mostly stored on the SLG surface. Pt performs mostly as
an electrocatalyst for each step while SLG, being inert for
these electrochemical reactions, offers a large storage ca-
pacity. It indicates that Haa adatoms generated at the Pt mi-
crowire surface during the cathodic step are spilling over
onto SLG and stored onto it.

Raman spectroscopy was used to characterize the gra-
phene surface changes during this process. Before the ca-
thodic loading phase, the G mode (1590 cm-1), the 2D peak
(2687 cm™1), and the D+D” peak (2465 cm~1) modes of the
pristine SLG were observed (Figure 3, blue curve). After
loading, a new Raman mode (Figure 3, red curve) appeared
at 1194 cm-1. This new mode is very close to the mode
(1184 cm™1) reported previously for catalytic hydrogena-
tion of carbons,?? and it is assigned to a non-covalent C--H
vibrational mode of the atomic hydrogen bound directly to
the graphene basal plane. If our assignment is correct, the
Raman peak at 1194 cm~! should shift to 853 cm™ upon ex-
changing H with deuterium (D). To test this hypothesis
while eliminating background interference from PET or
SiOz supports, ultrathin HOPG sheets, instead of SLG, were
electrochemically loaded in 0.5 M D2SO. solutions. The
change of carbon material did not modify the voltammetric
behavior (Figure S9a), and the Raman peak at 1194 cm-!
shifted down to 863 cm-! (Figure 3 gray curve and Figure
S9b). This series of Raman investigations confirm that Had
(or Dad) atoms electrogenerated on the electrocatalytic sur-
face of a Pt microwire can easily spill over onto ultrathin
carbon-sheet surfaces through site-hopping diffusion via
the formation of stable chemical C~H (or C~D) bonds. More-
over, these Raman spectroscopy experiments indirectly
confirmed the stability of these C~H (or C--D) bonds under
ambient conditions. Indeed, they were carried out ex-situ,
in a Raman spectrophotometer, after disconnecting the
electrochemically preloaded HOPG ultrathin sheets from
their Pt contacts and removing them from the electrochem-
ical cell. In addition, the enhancement of the D mode at 1352
cm~! (Figure 3, gray curve), which corresponds to the
breathing mode of the HOPG six-carbon-atom benzene
rings, demonstrates an increase in sp3 defects,?® indicating
that under our conditions, the chemisorption of Haq (or Dad)
on SLG preferentially binds to the closed, 6-member rings.
Nevertheless, the Ip/Ic ratio were calculated as 0.02 for pris-
tine SLG, 0.08 for Ha¢-SLG, and 0.03 for Dad-HOPG. According
to the evaluation criterion proposed previously3?, the inter-
defect distance (Lp) can be 27 nm or larger. The results
show that the spilling and storage of Had or Daq onto SLG in-
troduce too little sp3-defects to change the intrinsic struc-
ture of SLG. In summary, we obtained no convincing Raman
evidence for the presence of a significant amount of C-H co-
valent bonds, although the C-H stretch mode of hydrogen-
ated graphene (i.e., graphane) would be observable at 2500
cm! and 2800 cm! by IR-vis sum-frequency generation
spectroscopy based on previous authors’ reports.3233 All
these Raman results concur to corroborate the formation of
stable C~H adsorption bonds under the present electro-
chemical conditions.

To gain more insight into the kinetics of the site-hopping
surface diffusion of Had on SLG, the apparent surface diffu-
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Figure 4. Arrhenius plot of the variation of the apparent
surface diffusion coefficient, D, of Had on SLG with temper-
ature. Values were determined by performing cyclic volt-
ammetry on Pt/SLG/PET assemblies in 0.5 M H2S04 solu-
tion (see Figure S10). Error bars indicate standard devia-
tions.

sion coefficients, D, of Haa onto SLG were measured at differ-
ent temperatures using the 4 mm X 4 mm SLG flakes and
the voltammetric method detailed above (Figure S10).
These results show that the apparent surface diffusion coef-
ficient follows an Arrhenius-type equation (Figure 4 and
Section 2in SI), i.e., D = Do exp(-AEq/kT), where Do ~9.54x10-
2cm?s1is the pre-exponential factor,and 4E; ~21.34 k] mol-
1 (i.e, 0.22 eV per site) is the activation Gibbs free energy
associated with jumps between adjacent sites (k is the
Boltzmann constant, and T is the absolute temperature).

4. CONCLUSIONS

In conclusion, stable monolayer of atomic hydrogen can
be electrodeposited on single layer graphene (SLG) through
a Pt-electrocatalyzed “spillover-surface diffusion-chemi-
sorption” mechanism that was established and fully charac-
terized electrochemically. The stability of the chemically ad-
sorbed hydrogen atoms on SLG under ambient conditions
was demonstrated by using ex-situ Raman spectroscopy ex-
periments, including H/D isotopic assays for characterizing
the existence of C--H or C--D adsorption bonds by their wag-
ging modes. The site-hopping surface diffusion coefficient
and the corresponding activation Gibbs free energy were
measured as ~10° cm?s! and ~21.34 k] mol! (0.22 eV per
site), respectively. The adsorption capacity of Ha on SLG un-
der ambient conditions was shown to be 6.6 wt%, i.e., a cov-
erage greater than 85%, which is higher than the aim for
2025 published by the DOE (5.5 wt%).3* Since Hz can be re-
leased from the Had-chemisorbed graphene layers through
moderate heating, these results point to the value of the pre-
sent Pt-electrocatalyzed “spillover-surface diffusion-chemi-
sorption” mechanism on graphene as a very promising hy-
drogen storage process.
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Supporting Information.

The Supporting Information is available free of charge at
http://pubs.acs.org. Supplementary notes of the measure-
ments of the apparent surface diffusion coefficient and activa-
tion energy of surface diffusion, more experimental details and
Figures S0-S10 are included.
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