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Experiments have shown that nanoscale ripples in a graphene
membrane exhibit unexpectedly high catalytic activity with respect
to hydrogen dissociation. Nonetheless, the catalytic selectivity of
nanorippled graphene remains unknown, which is an equally
important property for assessing a catalyst's potential and its
fit-for-purpose applications. Herein, we examine the catalytic
selectivity of nanorippled graphene using a model reaction of
molecular hydrogen with another simple but double-bonded mole-
cule, oxygen, and comparing the measurement results with those
from splitting of hydrogen molecules. We show that although
nanorippled graphene exhibits a high catalytic activity toward
hydrogen dissociation, the activity for catalyzing the hydrogen—
oxygen reaction is quite low, translating into a strong catalytic
selectivity. The latter reaction involves the reduction of oxygen
molecules by the dissociated hydrogen adatoms, which requires
additional energy cost and practically determines the selectivity. In
this sense, the well-established information about reactions in
general of atomic hydrogen with many other species in the litera-
ture could potentially predict the selectivity of nanorippled
graphene as a catalyst. Our work provides implications for the
catalytic properties of nanorippled graphene, especially its selec-
tivity. The results would be important for its extension to a wider
range of reactions and for designer technologies
hydrogen.
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New concepts

Graphene is highly stable in air and is believed to inherit this extreme
chemical inertness from graphite. To induce catalytic activity in the
otherwise chemically inert graphene, structural modifications such as
heteroatomic dopants, functional groups, edges or mechanical strain are
generally required. Different from those well-established defect-type active
sites, recent experiments have shown that nanoscale ripples that are
ubiquitous and unavoidable in free-standing graphene membranes are
highly reactive toward hydrogen dissociation. The catalytic activity of
nanorippled graphene was mostly overlooked before, which could
potentially provide another degree of freedom for tuning the catalytic
properties of graphene-based materials. Despite the known information
about the catalytic activity of nanorippled graphene, its selectivity remains
unknown. Our present work provides experimental information on this
aspect by showing that nanorippled graphene exhibits a high selectivity
towards different reactions involving hydrogen and the well-documented
information in the literature about the very general reactions of atomic
hydrogen with many other species could provide potential prediction on
the catalytic selectivity of nanorippled graphene, even if such information
was from a different system and irrelevant to graphene. Our results would
be important not only from a fundamental perspective on the catalytic
properties of nanorippled graphene, but also for the development of new
hydrogen technologies.

Introduction

It is generally believed that graphene inherits chemical inert-
ness from its parent material, graphite, and is highly stable in
air. Nonetheless, this two-dimensional (2D) crystal is still
widely considered for use in catalysis mainly due to the follow-
ing reasons. " First, graphene exhibits a huge surface area
that can efficiently support catalytically active nanoparticles.'™
Second, it is relatively easy to modify the defect-free 2D struc-
ture by introducing such as for example, heteroatomic dopants,
functional groups and mechanical strain so that catalytic
activity can be induced in the otherwise chemically inert
graphene.'”” Moreover, graphene and other 2D crystals can
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be used as atomically thin coatings to confine reactions to the
interface formed with chemically reactive metals, allowing for
precise control over the metals’ activity and selectivity.®™**

On the other hand, it has also been observed in a few
experiments that defect-free graphene can be more reactive than
graphite.”>™> For example, monolayer graphene displays less
resistance to thermal oxidation in air compared with few-layer
graphene and graphite.'”> Wrinkles and strained areas present in
graphene are also reported to be more reactive than the flat
regions and can promote surface functionalization by certain
chemicals."*"®> These experiments imply that the described
structural modifications are perhaps unnecessary in terms of
inducing catalytic activity in graphene. Recent experiments'®"”
have made it clear by showing that nanoscale ripples'® > that are
ubiquitous and unavoidable in monolayers of graphene exhibit
strong catalytic activity with respect to splitting molecular hydro-
gen. These ripples/corrugations can be either dynamic (due to
thermal fluctuations) or static (due to local strain caused by
adsorbates or contaminants). Their presence has been predicted
in theory'® and visualized in experiments using high-resolution
tools such as electron and tunneling microscopy.'® ' Moreover,
simulations®® have been employed to estimate the density dis-
tribution of different-size nanoripples in a freestanding graphene
membrane. Using monocrystalline containers that were tightly
sealed by such freestanding graphene monolayers, a slow but
steady transport of molecular hydrogen through defect-free gra-
phene membranes was detected under ambient conditions,
whereas these membranes were found to be completely
impermeable to the smaller and generally much more permeable
helium atoms.'® The anomalous hydrogen transport was
explained by a two-stage mechanism, which involved dissociation
of molecular hydrogen on graphene’s surface followed by cross-
membrane flipping of adsorbed protons or hydrogen atoms by
overcoming a 1-eV barrier.'® The flipping step is supported by
proton transport measurements>>° where the same 1-eV barrier
was observed and, by the fact that a proton being adsorbed on
graphene can easily capture one of the latter’s electrons and
becomes indistinguishable from a hydrogen adatom. However,
the dissociation step is somewhat unexpected especially intui-
tively considering the fact that graphite is one of the most stable
materials in nature and its elementary constituent, graphene,
should inherit most of graphite’s properties, including the
chemical inertness. To rationalize this experimental observation
from a theoretical viewpoint, simulations'®**">° have suggested
that the nanoripples present in graphene exhibit catalytic
activity toward hydrogen dissociation and higher curvatures
generally result in a lower dissociation barrier. More recently,
experiments'” have proved this theoretical prediction. First,
Raman measurements of monolayer graphene crystals that were
exfoliated on an oxidized silicon wafer and conformal to its
nanoscale roughness (inducing static nanoripples) showed the
formation of C-H bonds in a hydrogen atmosphere. In contrast,
these C-H bonds were absent from similar crystals but being
placed over the atomically flat surface of graphite."” Second,
measurements using a hydrogen isotope exchange reaction,
H, + D, < 2HD, and a powder material containing mostly
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isolated and highly corrugated graphene monolayers, revealed
that the activity of nanorippled graphene for catalyzing hydro-
gen dissociation was strong and even comparable to that of
metals and other known catalysts.'” Furthermore, temperature
dependence measurements yielded the same activation energy
of about 0.4 eV in both experiments, suggesting the same
mechanism (nanoripples) governing those observations in dif-
ferent setups."” In spite of the known information about the
catalytic activity of nanorippled graphene, its catalytic selectivity
toward other hydrogen-related reactions remains unknown,
which is an equally important property for evaluating the
potential of a tested catalyst.

In the described hydrogen dissociation processes where
nanorippled graphene was exposed to a pure hydrogen atmo-
sphere and at an elevated temperature T, the split atomic
hydrogen is known to be highly reductive. If we deliberately
introduce a small amount of oxidizing species (for example, O,)
into the reaction chamber, we would expect the reaction of
hydrogen atoms with O, (in addition to their recombination into
H,) and hence, a pressure change on condition that the reactants
(H, and O,) and products constituting the gas phase are in
different amounts. Detecting such pressure changes allows a
careful analysis of the model hydrogen-oxygen reaction catalyzed
by graphene and also, provides additional information about the
latter’s catalytic selectivity toward reactions and species other
than hydrogen and its dissociation. Bearing these considerations
in mind, we performed the following experiments.

Results and discussion

We used the same graphene powder as in the previous study,"”
where the catalytic activity of the present nanoripples toward
hydrogen dissociation was corroborated. It was commercially
supplied (by ACS Material) and has been well-characterized
before'’*° and also in the present study (Fig. 1 and ESI,} see
below). Its constituent flakes were mostly isolated monolayers
(Fig. S1, ESIT) and highly corrugated (Fig. 1a). By comparing the
catalytic activity of this monolayer graphene powder with that of
few-layer graphene (obtained by sonication)*’ and charcoal in
the reported hydrogen-deuterium exchange experiments,'” it
was confirmed that nanoripples are more important in hydro-
gen dissociation than other suspicious active sites such as edges
and functional groups. This powder was put into a quartz tube.
The latter was sealed and connected (via a larger gas chamber)
to a pressure gauge (Leybold). All connections were vacuum-
tight. If elevated temperatures 7 were necessary to accelerate the
reaction and measure T dependences, only the quartz tube (that
is, the graphene powder) was slowly heated up, leaving the
pressure gauge together with the gas chamber far from the
heating zone and at room T (inset of Fig. 2b and Fig. S2, details
and analyses see ESIt). Then we pumped the setup and put a gas
mixture of H,, O, and Ar into it. Changes in the total pressure P
was recorded from the pressure gauge as a function of time ¢.
The partial pressures of H, and O, (Py,, Po,) were carefully
controlled. Ar was used as a carrier gas such that we could keep

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) Electron micrographs of the graphene powder before and after the reaction. 10 mg of the powder was annealed at 600 °C for more than 10 h
inaH,-0, (20 :1) mixture. Scale bars, 500 nm. (b) FTIR spectra of the monolayer graphene powder before (black) and after (red) the reaction. The spectra
are normalized to have the same amplitude of the C—C band at 1595 cm™* and shifted vertically for clarity. (c) XPS C 1s spectra of the graphene powder
before and after annealing in H,/O, mixtures having different O, concentrations. The symbols coded in red denote the same sample as that being
annealed in a H,/O, mixture (10 : 1, coded in green) but further subjected to a second annealing in pure Ar. The spectra are normalized to have the same
amplitude at ~284.5 eV, assigning to sp? C—C bonds. In principle, the C 1s spectra of graphene-based materials that are derived from graphene oxide
typically include contributions from sp? C—C, sp® C—C, C-OH, C-O (epoxy or ether) and C=O0, etc. However, for all spectra in (c), contributions from

C=0 groups (namely, carbonyl, carboxyl and ester, etc.) account for less than 1% and hence, they were neglected in our analysis.

the total gas pressure at P & 1 bar. To minimize the oxidization
of graphene,'” the concentration of O, was normally kept below
5%. This value was determined on the basis of the following
test. We first mechanically exfoliated monolayer graphene crys-
tals on an oxidized silicon wafer and then annealed them in a
gas mixture containing O, and H, (or Ar). As shown in Fig. S3a
and b (ESIt), we could hardly observe any oxidation induced
defects after annealing the exfoliated crystals at 600 °C in either
a H,-0, or Ar-O, mixture with the concentration of O, being
limited up to 10%. In contrast, similarly exfoliated graphene but
annealed in an Ar-O, mixture containing 20% of O, was found
to be severely oxidized (Fig. S3c, ESIt). The absence of graphene
oxidation using the described O, concentration was also con-
firmed by the following experimental and theoretical facts:
(1) systematic characterizations of the graphene powder before
and after the reaction using electron microscopy, Fourier-
transform infrared spectroscopy (FTIR) and X-ray photoelectron
spectroscopy (XPS) showed negligible changes in both morpho-
logical and chemical structures (in terms of the C-O bands in

FTIR and XPS spectra, to be discussed in detail later); (2) our
simulations found that the energy barrier for direct oxidation of
graphene is much higher than its hydrogenation even in the
presence of nanoripples (details see ESL,} Fig. S7).

In the absence of graphene powder, no changes in P (better
than a few mbar) could be detected over one day’s time
regardless of the partial pressures of H, and O, even if we
heated the quartz tube to 600 °C (Fig. S4, ESIt). To initiate the
reaction, we added a certain amount of graphene powder into
the quartz tube as a catalyst and heated it to a higher T (at room
T, P still remained the same). As exemplified in Fig. 2a, notable
pressure changes were observed at 600 °C. The pressure first
decayed and then gradually saturated as a function of time,
resulting in a total pressure drop (—AP) about twice that of P .
The same relation of —AP ~ 2P, was also found for other Py,
and Po, values, if Py, was much higher than P, (for example,
Py [Po, was set to 10 and 20, respectively, with the concen-
tration of O, varying from 0.5% to 5%, see Fig. 2b. For Po_ =0,
AP =~ 0, as shown in Fig. S5, ESIt). This cannot be due to
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(a) An example of P(t) during an entire thermal cycling. The quartz tube (containing 10 mg of graphene powder) was first heated from room T (RT)

to 600 °C, then annealed at 600 °C for a few days until a saturation in P was observed and finally cooled down to RT. The three stages are clarified by
vertical dashed lines. The total pressure drop (—AP) and initial reaction rate (—dP/dt) at high T are illustrated. Before the reaction, Py, 450 mbar; Po,,
45 mbar; Ar was added to keep the total pressure at 1 bar. (b) Total pressure drop (—AP) as a function of Po, for PHZ/F’O2 ~ 10 and 20 (color coded) at
600 °C. Solid line: guide to the eye showing —AP = 2P. Inset, schematic of the measurement setup. (c) Initial reaction rate, —dP/dt, as a function of the
weight of graphene catalyst. PHz’ 450 mbar; Poz, 45 mbar. Symbols: experimental data. Error bars: SD based on 3 different measurements, shown only if
larger than the symbols. Red line: best linear fit.
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graphene oxidation because on the one hand, we did not
observe any oxidation induced features either in the graphene
powder (Fig. 1) or in the mechanically exfoliated graphene
crystals (Fig. S3, ESIT) after the same annealing procedures
and in the same gas atmosphere; on the other hand, the same
powder but being annealed in a 95% Ar-5% O, gas mixture
yielded negligible changes in P (Fig. S6, ESIf). Instead, we
attribute the observation to H,-O, reaction catalyzed by gra-
phene. At a constant T (e.g., 600 °C), the pressure in the initial
reaction stage decreased approximately in a linear trend as a
function of time (Fig. 2a) and the slop of P(¢), —dP/dt, estimates
the initial reaction rate. As shown in Fig. 2c, the reaction rate
scales linearly with the amount of graphene powder. Taken
together the absence of any morphological changes and sign of
oxidation (Fig. 1 and Fig. S3, ESIt), it is concluded that the
graphene powder was as a catalyst for speeding up the reaction.

Trying to understand the mechanism of the observed H,-O,
reaction, we measured P(t) at different T (Fig. 3). The reaction
progressed faster at a higher 7 and the T dependence of initial
reaction rate followed the Arrhenius-type behavior. Its expo-
nential fit allows us to estimate the reaction activation energy
as 1.1 £ 0.1 eV, which is notably higher than that for hydrogen
dissociation (~0.4 eV)."” These results indicate that the mono-
layer graphene powder exhibits a higher catalytic activity and
hence, a strong selectivity toward hydrogen dissociation over
the tested reaction of hydrogen with oxygen. Because the latter
reaction also involves hydrogen dissociation and, the disso-
ciated hydrogen adatoms should have higher reducibility than
hydrogen molecules, we believe it is the atomic hydrogen that
results in the reduction of oxygen molecules. In this context,
the active sites on graphene should be the same as that for
hydrogen dissociation, that is, nanoripples, as previously
corroborated,’” and the elementary step of O, reduction by
the hydrogen adatoms, which requires additional energy cost,
should practically determine the selectivity. These experimental
observations have been reproduced in simulations (details see
ESL T Fig. S7 and S8).
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Fig. 3 Temperature dependence of initial reaction rates. Py, 450 mbar;
Po,. 45 mbar; weight of graphene powder, 10 mg. Symbols: experimental
data at different T (color coded) with error bars indicating SD. Inset: AP(t) at
different T (same color coding as in the main panel) in the initial reaction
stage.
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The overall reaction is described by xH, +yO, < z (product),
where x, y and z are stoichiometric coefficients and the product
could be H,0,, H,O or other intermediates and/or their mix-
tures. Because we are only interested in the initial reaction rate
(measured by the rate of total pressure change, —dP/dt), which
is mostly determined by Py, and Py, the details regarding the
nature of the product are less important at the moment.
Nonetheless, FTIR and XPS were employed to examine the
changes in graphene’s chemical structure and the potential
composition of the product (Fig. 1 and 5). If we define the
forward and backward rate constants of this reaction as k; and
k_1, using the rate law for a chemical reaction,* the reaction
rate can be written as

dPH') X 4 z
5= —xki Pfy, P, + xk_1[product] (1)
Or alternatively,
dPo, - i
d?_ = —yki Py, Py, + vk [product]” (2)

where [product] denotes the concentration. In the initial reac-
tion stage, [product] can be neglected with respect to that of H,
and O,. Therefore, the overall pressure change rate can be
estimated by the sum of eqn (1) and (2),

dp .
T (x + »)ki Py, Po, (3)

To determine the stoichiometric coefficients x and y in the
described overall reaction, we measured the initial reaction
rates as a function of Py, and Py (Fig. 4). Qualitatively, the
reaction proceeded faster at higher P, and Py, (Fig. 4a and b),
in accordance with the rate equation of eqn (3). To be quanti-
tative, we first fixed Po, and measured the initial reaction rates
as a function of Py (Fig. 4a). For both P, values (11 and 45
mbar), the observed —dP/dt (Py,) relation can be well fitted into
a square root dependence, suggesting that the reaction rate
scales as a function of PHZU ?. Secondly, we allowed both Py; and
Py, to vary but fixed their ratio Py /Po, and then measured the
reaction rates (Fig. 4b). For a fixed Py /Po , the initial reaction
rate increases linearly with P, . Taken together the results in
Fig. 4a, it is inferred that the reaction rate also scales as P, .
The overall dependence of —dP/dt versus PHzl/Z Pozl/ 2 is further
corroborated by the following analysis. If we plot the slopes of
the linear fits for —dP/d¢(Po,) as a function of Py /P , we would
obtain another quantitative relation between the reaction rate
and Py . This is shown in Fig. 4c and a square root dependence
is again evident, in agreement with the results in Fig. 4a. Same
square root dependence is also found from analysis for the
same data but by plotting the linearly fitted slops of —dP/d¢(Py,)
as a function of Py /Py, which essentially quantifies the reac-
tion rate versus Po, (inset of Fig. 4c). Therefore, our experiments
prove that the change rate of total pressure as described by
eqn (3) scales as Py, and P, ', that is, the stoichiometric
coefficients x =y = 1/2, which in turn agrees with the observed
relation —AP ~ 2P, in Fig. 2b for the case of excessive H,.

This journal is © The Royal Society of Chemistry 2024
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(a) Initial reaction rates versus Py, for Po, ~ 11 mbar and 45 mbar (color coded). Solid curves, best square root fits. (b) Initial reaction rates as a

function of Po; at fixed Py,/Po; ratios (color coded). Solid lines are best linear fits. (c) Main panel: slopes of the linear fits in (b) as a function of Pu/Pos.
Inset: Linear fits for the same —dP/dt but versus Py, (not shown) with the resulting slopes being plotted as a function of Po,/Py2. Solid curves: best square

root fits. Different ratios of Pn,/Po, are coded by the same colors as in (b).

The same stoichiometric coefficients for H, and O, imply
that the final product contained equivalent amount of hydrogen
and oxygen atoms, presumably hydroxyl groups. The latter might
either bond to graphene or with each other to form small
molecules such as H,O, (or H,0), reminiscent of the typical
oxygen reduction reactions.’*”* These expectations from experi-
mental measurements are fully supported by our simulations
(details see ESLt Fig. S8). To seek for any presence of hydroxyls,
we carefully examined the FTIR and XPS spectra of the graphene
powder before and after the reaction (Fig. 1b, ¢ and 5).

We notice several important features in the FTIR spectra
(Fig. 1b). The intensity of the band located at ~3430 cm™*
exhibits a pronounced increase (by a factor of ~2) after the
reaction. This band is typically assigned to hydroxyl groups and
hence, proves our analysis for the pressure dependence

Temperature, 600 °C; weight of graphene powder, 10 mg.

measurements described above (Fig. 4). Furthermore, the inten-
sity of the band assigned to C-O bonds (epoxy or ether) remains
approximately the same, indicating the absence of graphene
oxidation, whereas that of C-H bonds was increased by about
40% after the reaction. The formation of more C-H bonds is a
direct proof for hydrogen dissociation on graphene’s surface,
which has also been well-documented in the previous work."”
In principle, the features observed in the FTIR spectra
should also be present in the XPS spectra if the same samples
are characterized. This is indeed the case for the evolution of
C-0 bonds, whereby changes in both FTIR and XPS C 1s spectra
are negligibly small (Fig. 1c). Unfortunately, the formation of
C-H bonds cannot be distinguished from the XPS C 1s spectra
because its characteristic band (284.6-284.8 eV) overlaps with
that of the C-C bonds (Fig. 1c). On the other hand, we note that
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Fig. 5 XPS O 1s spectra of the graphene powder before and after its annealing in H,/O, mixtures having different O, concentrations. (a) Before and (b)
and (c) after annealing the powder in gas mixtures of PHZ/PO2 ~ 20 and 10, respectively. (d) Same powder as in (c) but subjected to a second annealing in
a pure argon atmosphere at the same T. For all our measurements, T = 600 °C and the annealing was lasted for more than 10 h. (e) The relative amount of
hydroxyls with respect to that of C-O calculated from the integral area of the O 1s spectra in (a)—-(d).
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the H,-O, catalytic reaction leads to the formation of more
hydroxyl groups, as clearly evidenced in the FTIR spectra shown
in Fig. 1b. However, these hydroxyl groups do not bond to
graphene’s surface, otherwise this could be easily distinguished
from the XPS C 1s spectra shown in Fig. 1c. Alternatively, the
final product containing these hydroxyls would physically
adsorb on graphene.

It is instructive to analyze the XPS O 1s spectra of the
annealed graphene powder, which could provide additional
information about the relative amount of hydroxyls being
produced. Such analysis is shown in Fig. 5a-d. As per Fig. 1c,
the C-O component remains unchanged after annealing the
powder in various H,/O, mixtures. Accordingly, the contribution
of hydroxyls relative to that of C-O in the O 1s spectra serves as a
measure for the amount of hydroxyls produced by the catalytic
reaction. These results are summarized in Fig. 5e. It is evident
that increasing the O, concentration in the gas mixture gener-
ally produces more hydroxyls. Notably, the relative amount of
hydroxyl groups after annealing the graphene powder in the gas
mixture of Py [Py, = 20 is about twice that of the initial value
before the reaction, in good agreement with the FTIR results in
Fig. 1b. Moreover, the powder that was first annealed in the
mixture of Py /Po, = 10 was then heated to the same T = 600 °C
but in a pure argon atmosphere. We found the relative amount
of hydroxyls decreased significantly and approached that before
the reaction. This suggests the product of H,-O, catalytic
reaction can desorb from graphene’s surface relatively easily
(compared with covalent bonding) with the assistance of heat-
ing, which echoes the above characterizations inferring physi-
sorption of the hydroxyl-containing product. This is also
supported by our calculations revealing that further dissociation
of the physisorbed product (presumably, H,O,, as suggested by
simulations), resulting in the chemisorption of hydroxyls,
requires overcoming another high energy barrier (Fig. S8, ESIT).

Conclusion

To conclude, our experiments using a powder material contain-
ing highly corrugated and mostly isolated graphene monolayers
(Fig. 1 and Fig. S1, ESIT) show that it displays a much higher
catalytic activity toward H, dissociation over the H,-O, reaction
and therefore, a strong selectivity. The H,-O, reaction was
proceeded by the dissociation of H, on graphene’s surface
followed by the reduction of O,. Hydrogen dissociation most
probably occurred on the nanoripples ubiquitous in graphene,
by overcoming a relatively low barrier of ~0.4 eV, as well-
documented before,'” whereas the resulting hydrogen adatoms
further reduced molecular oxygen with the assistance of addi-
tional energy input, as supported by both experiments (Fig. 2-4)
and simulations (Fig. S7 and S8, ESIf), which resulted in a
much higher and overall barrier of >1 eV (Fig. 3). The latter
step determines the catalytic selectivity of nanorippled gra-
phene. In this context, the available information in the litera-
ture about the very general reactions of atomic hydrogen with
other species could provide a potential prediction for the
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catalytic selectivity of nanorippled graphene, even if such infor-
mation is gained from a different system and irrelevant to
graphene. Our work provides insights in the catalytic properties
of nanorippled graphene, especially its selectivity. The results
can be important for the research and application of nanor-
ippled graphene in a wider range of reactions involving hydro-
gen (e.g., water electrolysis and other electrochemical reactions).
Furthermore, in addition to reacting with other species, the
dissociated hydrogen by the nanorippled graphene might also
be stored in confined systems, for example, the interior of
nanotubes®® and nanoporous materials (e.g., metal-organic
frameworks or covalent organic frameworks),**"*® which would
promise new technologies for hydrogen storage and application
using their dedicatedly designed combinations.
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