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Gas separation membranes based on single-layer-graphene are highly attractive because the size of graphene
nanopores can be tuned to separate gases by the size-sieving mechanism. A prerequisite for this, the synthesis of
high-quality polycrystalline single-layer graphene film by chemical vapor deposition (CVD), is extremely crucial.
The quality of graphene in the context of membranes is reflected by the size and the density of the intrinsic
vacancy defects, and is affected by the catalytic metal substrate and the CVD environment. Generally, expensive
high-purity Cu foil is used to obtain gas-sieving performance from single-layer graphene. For the eventual scale-
up of graphene membranes, it is highly attractive to use low-cost Cu foils, however, as we show here, these Cu
foils are rough and graphene membranes derived from these foils do not yield gas-sieving performance. Herein,
we conduct a systematic high-temperature annealing study on two separate, commercial, low-cost Cu foils
leading to their transformation to Cu(111). The annealing process smoothened the Cu surface, decreasing the
root mean square (RMS) surface roughness from over 200 nm to close to 100 nm. The RMS roughness on the
individual Cu step, measured using the scanning tunneling microscopy (STM), was only 0.23 nm. The smooth,
oriented Cu grains yielded single-layer graphene with a significantly lower defect density with Ip/I; ratio
decreasing from 0.18 + 0.02 to 0.04 + 0.01. Finally, single-layer graphene films, synthesized on the annealed
low-purity Cu foil, yielded Hg-selective membranes with Hy permeance reaching 1000 gas permeation units
(GPU) in combination with attractive Ho/CH,4 and Hy/C3Hg selectivities of 13 and 26, respectively.

1. Introduction For membrane-based separation, graphene is almost always synthe-

sized by the chemical vapor deposition (CVD) method [11,12], mainly

Single-layer graphene hosting subnanometer-sized nanopores have
shown attractive gas separation performances by molecular sieving
where separation takes places based on differences in size of the mole-
cule [1-5]. The ultrashort diffusion path of gas molecules across the
sieving nanopore, involves only one rate-limiting transition state when
the molecule arrives at the center of the nanopore [6]. With a narrow
pore-size-distribution (PSD) in graphene, this manifests in a selective gas
flux [7,8]. The development of graphene-based membranes is gaining
momentum from the fact that the size of graphene nanopores can be
tuned, increased or decreased, in a controlled fashion by various
chemical or physical etching techniques and post-synthetic functional-
ization [9]. For example, recently, we reported an angstrom resolution
in differentiating gas molecules [10]. Further advances in pore-size
engineering, for example, by developing a self-limiting etching condi-
tion, is likely to allow sub-angstrom resolution in molecular
differentiation.
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because the CVD synthesis can be carried out rapidly on the m?-scale,
and is conducive to scale-up. Synthesis of graphene in a roll-to-roll basis
by CVD has been already demonstrated [13,14]. For the synthesis of
single-layer graphene, Cu foil is the preferred catalytic substrate because
Cu has a low carbon solubility (<0.001 atomic%) and graphene syn-
thesis proceeds predominantly by nucleation and growth on the Cu
surface, which is referred to as the surface-diffusion-directed growth
mechanism [15]. Typical grain growth rates of 1-10 pm/min have been
reported [16]. Once a polycrystalline film is formed, the growth is
somewhat self-limiting with respect to the exposure time of the carbon
precursor. In contrast, on metals with high carbon solubility (e.g., Ni), a
carbon reservoir is formed at high temperature and a multilayer gra-
phene film is precipitated during the cooling step [12].

Typically, a small population of intrinsic vacancy-defects is incor-
porated in the graphene lattice during CVD. These defects have origin in
an incomplete intergrowth of misaligned grains [17,18] as well as the
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Fig. 1. a) Schematic of the setup for annealing Cu and LPCVD of graphene. b) Temperature and pressure profiles as a function of time for the high-temperature
annealing of Cu, and subsequent synthesis of graphene. The colored sections refer to the following: I) removal of organic contaminations by CO5 at 1000 °C, II)
heating foil at 1077 °C, III) controlled cooling at 1 °C/min, IV) LPCVD of graphene, and V) rapid cooling to stop crystallization. c¢) Ip/Ig ratio in the Raman spectra of
graphene synthesized on as-received as well as thermally-annealed and polished Cu foils. The error bar represents the standard deviation in the Ip/I ratio obtained
by mapping (16 spectra or more). SEM images of the graphene grown on commercial Cu inside a quartz reactor (d), and inside the quartz reactor lined with the

alumina tube (e). The scalebar is 2 pm. f) EDX analysis of the particles in (d).

etching of graphene lattice in the presence of oxygen leak in the CVD
reactor [19]. Nevertheless, the vacancy-defects that have missing 10-16
carbon atoms can be attractive for gas separation by the size-sieving
mechanism [7,8]. For example, Huang et al. reported that
as-synthesized graphene with a low-density (0.025%) of intrinsic defects
can separate Hy from CHy4 with selectivity up to 25 [20]. Kidambi et al.
showed that by reducing the CVD temperature to 900 °C, the density of
intrinsic subnanometer-sized vacancy-defects could be increased [21].
Yuan et al. investigated gas transport from intrinsic defects in
as-synthesized graphene on electropolished Cu foil and reported the
evidence of molecular sieving [22]. Khan et al. reported that Hy-sieving
vacancy defects can be incorporated in graphene at lower CVD tem-
perature when benzene is chosen as the carbon precursor [23]. Most of
these studies used expensive high-purity Cu foil with prohibitive cost for
scaling-up graphene membranes. In fact, as we show here, as-received
low-cost, low-purity polycrystalline Cu foils do not lead to
high-quality graphene membranes attributing to high surface roughness
and mixed crystallographic orientation of the as-received foils. There-
fore, optimization of the low-cost Cu foils is crucial to realize a scalable
production of the gas-sieving graphene membranes.

Herein, we demonstrate a facile crystallographic and morphological
optimization protocol, applied to two different low-cost Cu foils, which
successfully transforms them into smooth Cu(111) substrates, resulting
in the synthesis of higher-quality single-layer graphene which ultimately
led to hydrogen-sieving membranes. Briefly, a slow and controlled
annealing close to the melting point of the Cu was carried out which
annealed the Cu grains orienting them along the (111) out-of-plane di-
rection. The high-temperature annealing also smoothened the Cu sur-
face, with root-mean-square (RMS) roughness over a large area down to
ca. 100 nm, and on a single Cu step as low as 0.23 nm. This treatment
greatly improved the gas separation performance from the intrinsic
defects of graphene membranes. For example, before the optimization of
Cu foil, gas selectivities were close to those expected from the Knudsen
transport, indicating the domination of large non-sieving vacancy-de-
fects in graphene. After the treatment of the Cu foil, attractive Hy/CHy4

and Hy/C3Hg selectivities of 13 and 26, respectively, were achieved
along with a Hy permeance of 1000 GPU (1 GPU = 3.35 x 10"1° mol m™®
s1 Pal). We attribute this to (i) smoothened surface of Cu foil post-
annealing, and (ii) crystallographic re-orientation to Cu(111). This is
because the smoothened Cu surface facilitates fabrication of high-
quality membranes by perhaps avoiding nanoscale cracks during the
graphene transfer step. The Cu(111) surface reduces the grain-boundary
defects attributing to the fact that there is only a small mismatch (3-4%)
between the lattice constants of the (111) facet of Cu and that of gra-
phene [24,25].

2. Experimental
2.1. Annealing and smoothening of commercial Cu foils

Heat treatment of the commercial Cu foils was carried out in a three-
zone high-temperature furnace equipped with a high-purity alumina
tube (99.8% purity, diameter: 5 cm, length: 1.2 m, MTI Corp.) housed
inside a fused quartz tube (diameter: 6 cm, length: 1.4 m, MTI Corp.) as
shown in Fig. S1. The quartz tube was used for making leak-tight con-
nections with the gas lines and the vacuum source, whereas the alumina
tube was used to prevent the silica contamination, originating from
quartz tube, onto graphene. In each run, a piece of Cu foil (2 x 5 cm?)
was placed on a high-purity alumina boat (99.8% purity, Almath Cru-
cibles Ltd) and was heated to 1000 °C. The organic contaminants on the
foil were removed by treating the sample at 1000 °C and 800 torr in a
CO9 atmosphere for 30 min. Then, the system was evacuated and was
filled with Hy/Ar (1:10) to the pressure of 1 bar. After this, annealing
was performed by two methods. In the first method, referred to as high-
temperature annealing or Ay, the foil was heated at 1077 °C for 1 h.
After this, the temperature was reduced at a rate of 1 °C/min to 1000 °C.
In the second method, referred to as low-temperature annealing or Ay,
the foil was just annealed at 1000 °C for 1 h. Post annealing, the foil was
either cooled down to room temperature for further characterization or
was immediately used to synthesize graphene. Optionally, the foils were
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also polished to further smoothen their surface. Polishing was carried
out using a mechanical polisher (UNIPOL-1210, MTI Corp.) for 10 min
using a diamond polishing paste (particle size of ca. 0.25 pm, MTI
Corp.). After polishing, foils were rinsed by deionized (DI) water and,
subsequently, were cleaned by sonication treatment in isopropyl alcohol
(4 times for 10 min).

2.2. Graphene synthesis

Single-layer graphene was synthesized by the low-pressure chemical
vapor deposition (LPCVD) [20] on three separate kinds of 25-pm-thick
Cu foils (Fig. 1a). Two kinds of foil from Alfa Aesar, with purities of
99.8% and 99.999% were used. These are referred to as « and wpyre,
respectively. Another foil with a purity of 99.98% was sourced from
Sigma Aldrich and is referred to as ¢. Briefly, for LPCVD, a piece of
as-received or annealed Cu foil (2 x 5 ¢cm?) was placed inside the reactor
and was treated at 1000 °C and 800 Torr in CO3 atmosphere for 30 min
to remove the organic contaminations. Then, the reactor was evacuated
to 1 mTorr, and subsequently, 8 sccm of Hy was introduced for 30 min,
increasing the pressure to 80 mTorr, to anneal the Cu surface and to
reduce the surface oxides. Finally, 24 sccm of CH4 was added for 30 min
to synthesize a polycrystalline graphene film. In the end, the CH4 flow
was cut off while maintaining the H; flow, and the foil was pulled out of
the heating zone to stop the crystallization.

2.3. Homemade Cu foil

Smooth Cu foils were synthesized by the template-stripping strategy
[26] using a combination of thermal- and electro-deposition techniques.
First, a 1-pm-thick Cu film was deposited on a Si wafer (300 nm SiO2 top
layer) by thermal evaporation (Edwards Auto 306 thermal evaporator)
of 99.999% purity Cu pellets (Kurt J. Lesker) at 10°® mbar. The depo-
sition rate was ca. 1 nm/s. Next, following the report of Prochazka et al.
[27], ca. 25-pm-thick Cu film was electrodeposited on top, increasing
the mechanical robustness of the film for handling and further pro-
cessing. Briefly, the electrodeposition was carried out in an acidic CuSO4
solution prepared by mixing CuSO4 powder (purity>99%), HoSO4 so-
lution, and deionized water to achieve a pH of ca. 2.3. A piece of Cu foil
(2.5 cm x 5 cm, thickness: 0.127 mm, purity: 99.9%, Alfa Aesar) was
used as the anode. The cathode (evaporated Cu) was placed 1.5 cm from
the anode (Fig. S2). Electrodeposition was carried out at 60 °C by
applying 0.3 V in a constant voltage mode leading to a current density of
ca. 20 mA/cm? and a deposition rate of ca. 20 pm/h. After 75 min, the
sample was removed from the solution and was rinsed by DI water
before letting it dry at room temperature. Finally, the Cu foil was gently
peeled off from the Si/SiOy substrate for further characterization and
graphene synthesis.

2.4. Membrane fabrication

The graphene membranes were fabricated using a nanoporous car-
bon (NPC)-assisted method reported in the previous study (Fig. S3) [20].
Briefly, a solution of 0.1 g block copolymer, poly(styrene-b-4-vinyl
pyridine) and 0.2 g turanose in dimethylformamide (DMF) was aged
in an autoclave at 180 °C for 3 h to form a precursor solution. Then, the
as-synthesized graphene on Cu was spin-coated (2 min at 2000 rpm)
with the precursor solution. The film was pyrolyzed in Ar/Hy atmo-
sphere at 500 °C for 1 h, yielding the NPC film. Subsequently, the un-
derlying Cu foil was etched using 0.2 M sodium persulfate solution, and
the floating graphene/NPC film was rinsed with DI water several times
before transferring it onto a porous tungsten support, fabricated by
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drilling 2500 5-pm-sized holes in a W foil using a high-energy laser
(Potomac Photonics LLC).

Two graphene membranes were fabricated using a poly(1-trime-
thylsilyl-1-propyne) (PTMSP) assisted method reported in the previous
study [28]. Briefly, a thin PTMSP film was coated onto the top of gra-
phene on Cu by spin-coating as mechanical support, in order to prevent
the graphene film from cracking during the transfer step. For this, a 1.25
wt% of PTMSP solution in toluene was spread on the graphene on Cu,
followed by spinning at 1000 rpm for 30 s, and then 2000 rpm for 30 s.
The resulting film was dried in ambient conditions for 12 h, and then in a
vacuum oven for 12 h at room temperature. Subsequently, the under-
lying Cu foil was etched using 1 M FeCls solution, and the floating
graphene/PTMSP film was rinsed with DI water several times before
transferring it onto a porous tungsten support.

2.5. Characterization

Scanning electron microscopy (SEM) images were acquired by FEI
Teneo scanning electron microscope at an operating voltage of 1-2 kV
and a working distance of 3-7 mm. Micro-Raman spectroscopy was
carried out using Reinshow inVia™ instrument equipped with a 457 nm
excitation source to directly characterize as-synthesized graphene on
Cu. A 100x objective lens yielding a spot size of ca. 1 pm was used. The
laser power was kept below 1 mW to reduce the localized heating led
damages to graphene. Typically, 16 or more spectra were collected for
each sample. After the background subtraction, the acquired data were
analyzed using MATLAB.

X-ray diffraction (XRD) measurements were carried out in a Bruker
D8 Discover X-ray diffractometer equipped with a laser-based alignment
system. Surface roughness measurements were performed by Bruker
DektaXT stylus profilometer with a 2-pm stylus radius and 3 mg force.
The Bruker Vision64 v5.51 software was used for data processing.

The gas permeation tests were performed in a homemade permeation
setup (Fig. S4) consisting of a leak-tight membrane module (details are
reported in the previous studies [10,20]). Briefly, the W support was
sandwiched between the Swagelok VCR fittings as a gasket. The setup
was housed inside a temperature-controlled oven. Ar at 1 bar was used
as the sweep gas. The permeation measurements were carried out for Hy,
CH,4, C3Hg, and SFg gases in a single-component mode with a feed
pressure of 2 bar. A pre-calibrated mass spectrometer (Hiden Analytical,
HPR-20) was used to analyze the permeate stream. Before measure-
ments, membranes were heated to 150 °C to desorb the atmospheric
contaminants.

STM was carried out by the Createc low-temperature scanning
tunneling microscope at 77 K and 2 x 1071 mbar. Before imaging, the
Cu foil was annealed at 673 K for 30 min inside the STM chamber to
clean the surface from contaminations. The image tilt was reduced by
flattening in Gwyddion software.

3. Results and discussion

Single-layer graphene was synthesized on as-received Cu as well as
Cu subjected to various annealing and polishing steps (Fig. 1a and b).
The commercial Cu foil is usually rough hosting several micron-sized
grooves attributing to the mechanical rolling process involved in the
production of thin foils. Further, the surface of Cu is decorated with
surface oxides [23,29]. As a result, thermal annealing of the foil is
required to grow high-quality graphene [30]. Extended annealing near
or above the melting point of Cu has shown to smoothen the Cu surface
which in turn can improve the grain-alignment and reduces the
nucleation density, and therefore, can reduce the grain-boundary
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Fig. 2. XRD patterns of as-received Cu (blue trace), Cu annealed at 1000 °C during LPCVD (red trace), and Cu exposed to high-temperature annealing (orange trace).
The results on ¢, a, and ap,r. samples are shown in (a), (b), and (c), respectively. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

defects. Further, controlled annealing leads to a reorientation of Cu
grains to (111) out-of-plane direction attributing to a lower surface
energy of these facets [31,32]. In this work, we investigated the effect
of high-temperature annealing on the intrinsic vacancy-defects in CVD
graphene and subsequently the gas sieving performance. Two separate
as-received low-cost Cu foils (¢ and o) were studied and contrasted to
high-cost, high-purity Cu foil (apye with 99.999% purity). When
annealing or polishing was carried out, the corresponding sequence is
indicated in the nomenclature of the foil. For instance, the
high-temperature-annealed «a foil is referred to as a-Ay. Similarly,

the sequence of high-temperature-annealing/polishing/high
-temperature-annealing on the « foil is referred to as a-Ay-P-Ap.

3.1. Intrinsic defects in graphene

Graphene was synthesized in the presence of Hy to minimize the
defects caused by the unavoidable leakage of atmospheric O, into the
evacuated CVD reactor [19]. Raman spectroscopy was used to quantify
the density of intrinsic defects and the overall quality of as-synthesized
graphene. Consistent with the literature, three characteristic peaks were
observed in the Raman spectra: D peak near 1350 cm ™!, G peak near
1585 cm™!, and 2D peak near 2700 cm™!. The estimation of defect
density was carried out by using the carbon amorphization trajectory
[33,34], by investigating the ratio of the intensities of D and G peaks, i.e.
Ip/I. This is mainly because the D peak is activated in the presence of
symmetry-breaking or symmetry-distorting defects such as sp>-sites or
carbon vacancies [34].

As-synthesized graphene films with different annealing/polishing
history of the Cu foils were analyzed. When the annealing was not
carried out, the apy foil yielded the lowest Ip/I; ratio (0.04 £ 0.01),
followed by « foil (0.07 + 0.02). The o foil yielded a much higher Ip/I;
ratio (0.18 + 0.02). As we show later, this has roots in the grain-
orientation and surface roughness of the Cu foils. When the foils were
subjected to annealing/polishing steps, the defect density in graphene
could be reduced (Fig. 1c). The trends were similar for all low-purity Cu
foils. After the high-temperature annealing (1077 °C for 1 h followed by
cooling to 1000 °C at 1 °C/min), the Ip/Ig ratio from the resulting gra-
phene decreased significantly (Fig. 1c). Polishing the low-purity Cu
surface followed by high-temperature annealing further reduced the
defect density. Overall, the low-cost foils could be modified by annealing
and polishing (a-Ay-P-Ap) to yield Ip/Ig ratio comparable to that from
pure. To understand the reason behind the obtained results, crystallo-
graphic and morphological changes in the Cu foil were studied and are
discussed in the next sections.

We would like to note that the Cu annealing was carried in a furnace
lined with high-purity alumina tube (Fig. S1) to prevent build-up of SiOx
particles on the surface of Cu [35,36]. Briefly, the phase transition (a/f)
of quartz at 573 °C allows Cu atoms and hydrocarbon to diffuse into the
quartz tube, leading to the release and the precipitation of the SiOy

particles onto the Cu foil and graphene. The density of SiOy particles on
the surface increases by repeated usage of the quartz tube. By adding the
high-purity alumina tube inside the quartz tube, the number of particles
could be significantly reduced (Fig. 1d, e, f).

3.2. The orientation of Cu grains

The in-plane orientation and intergrowth of graphene grain are
affected by the arrangement of Cu atoms and grains because graphene
growth involves the assembly of the dehydrogenated carbon radicals in
energetically-favorable sites on top of the Cu lattice [37]. For example,
Murdock et al. demonstrated that at LPCVD condition, shape and
orientation of graphene grains change conforming to the grain orien-
tation of Cu [38]. Luo et al. achieved adlayer-free single-crystal gra-
phene using Cu(111) foil [39] and concluded that the significantly lower
carbon content inside the Cu(111) foil compared to the commercially
available polycrystalline Cu foils is the main factor in eliminating the
growth of adlayers. It is well-known that the (111) facet promotes an
epitaxial-like growth of graphene [26] attributing to an extremely small
mismatch in their lattice constants [24,25]. The XRD of as-received Cu
foil, before graphene growth, indicated that grains were either
completely (a and apyre) or predominantly (o) oriented along the (200)
direction. ¢ Cu hosted 31 and 10% of grains oriented along the (111) and
(220) direction, respectively (blue trace in Fig. 2a). The low temperature
annealing, 1000 °C for 1 h, similar to the typical Cu annealing during
graphene crystallization by LPCVD, does not alter the grain orientation
significantly (red traces in Fig. 2). Therefore, the typical short annealing
of Cu foil carried out for the conventional LPCVD synthesis of graphene
at 1000 °C is not sufficient to obtain Cu(111). Since the graphene grown
on the ¢ Cu had the highest defect density (Fig. 1c), we hypothesize that
the possible cause could be a less-perfect intergrowth of the graphene
grains when the underlying Cu grains have a varying orientation. In
other words, a single crystallographic orientation of Cu could improve
the intergrowth of graphene grains, lowering the grain-boundary de-
fects. Upon high-temperature annealing, all Cu foils converted to (111)
out-of-plane orientation irrespective of their prior orientation (orange
traces in Fig. 2). The top side as well as the bottom side of the annealed
Cu foil indicated (111) out-of-plane orientation (Fig. S5), indicating that
the whole Cu foil was transformed by the annealing process.

During the high-temperature annealing, the Cu foil was heated to
1077 °C, near its melting point of 1083 °C, and was subsequently slowly
cooled to 1000 °C to provide enough time for a uniform grain growth
and reorientation to Cu(111) attributing to the fact that the (111) facet
has the lowest surface energy compared to the other facets [40,41].
Confirming our prior hypothesis, the single crystallographic orientation
of annealed low-purity Cu, (111) in this case, significantly reduced the
defect density in graphene (Fig. 1c). We note that there are several other
advantages of synthesizing graphene on the (111) facet of Cu. A lower
adsorption and decomposition energy for CH4 [42], and a higher rate of
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Fig. 3. Profilometer-based surface topography for o (a) and « (b) foils. Panels I and II refer to as-received, and high-temperature annealed foils, respectively. Panel III
refers to foil treated to high-temperature annealing, polishing, and high-temperature annealing in a sequential manner. The scale-bar is 50 pm. The corresponding
SEM images for ¢ (c) and «a (d) foils with a scale-bar of 3 pm. STM images of the a-Ay foil displaying the overall smoothness (e), and atomic lattice of Cu (f and g). A
bias voltage of 1 V and a tunneling current of 0.2 nA was used for image in panel (e). For images in panels (f) and (g), a bias voltage of 0.1 V and a tunneling current of

0.2 nA was used.

carbon diffusion on the Cu surface [24] favors graphene growth. The
thermal expansion coefficients of graphene and Cu have the lowest
mismatch, and the interfacial interaction is highest when Cu possesses
(111) orientation [43]. As a result, the folds and wrinkles in graphene
are much reduced on Cu(111) [44]. For instance, Ogawa et al. [24]
verified that the graphene grains grown on Cu(111) are mostly aligned,
yet the graphene grains grown on Cu(100) possess two orientations
rotated by 30°, resulting in a higher defect density. We note that the
weight loss of Cu foil during the high temperature, ambient-pressure
annealing was insignificant (0.21%).
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3.3. Surface morphology of Cu

It is well known that decreasing the surface roughness of Cu reduces
the density of graphene nucleation site, subsequently increasing the
grain size of graphene [26,45]. Thereby, this can decrease the
grain-boundary defects. The as-received commercial Cu foils are rough,
attributed to the rolling methods involved in the production of thin foils.
Usually, a short annealing of Cu foil is carried out at 1000 °C prior to the
graphene growth, however, it does not lead to a significant reduction in
the surface roughness. The waviness formed in Cu foil by the rolling
process remains intact during the 1000 °C annealing (Fig. S6). In
contrast, the high-temperature annealing process improved the surface
roughness significantly (Fig. 3) with low-purity Cu foils becoming
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Fig. 5. H, permeance (a, b) and the ideal selectivities (c, d, e, f) from graphene membranes synthesized using various Cu foils. The horizontal dashed line in panels
(c), (d), (e), and (f) correspond to the Knudsen selectivity for a given gas pair. The data marked with ‘* indicate that the SF¢ permeance was lower than detection
limit of the permeation setup, and the selectivities are calculated based on the detection limit of mass spectrometer.

visibly shiny after this step. For example, the surface roughness of the
as-received a and o foils were 206 and 320 nm, respectively (panel I in
Fig. 3a—d, Table S1). After a single high-temperature annealing step, the
corresponding roughness reduced to 99 and 130 nm, respectively (panel
Il in Fig. 3a-d, Table S1). Interestingly, the surface roughness in a single
Cu step, decreased considerably, to 0.23 nm, and atomic resolution STM
images could be obtained (Fig. 3c—f). The measured lattice constant,
0.22 nm, agrees well with that from the (111) orientation [46].

The Cu surface could be further smoothened by mechanical polish-
ing. The treatment was repeated in the following sequence: high-
temperature annealing, polishing and finally high-temperature anneal-
ing. This led to the complete eradication of the Cu waviness, and the
surface roughness of @ and ¢ foils reduced to 68 and 79 nm, respectively
(Table S1). The size of the Cu grains increased significantly after this
treatment, increasing from ca. 100 pm to ca. 340 pm (Fig. S7). Bigger Cu
grains are desired because grain boundaries can obstruct the epitaxial
interaction between graphene and Cu(111) [43]. However, we observed
residues on Cu foil from the polishing step (Fig. S8). It was not possible
to completely remove these residues by washing or sonicating the pol-
ished Cu. These residues are detrimental for the application of graphene
in membranes especially when the graphene membranes are prepared
by reinforcement with the fragile carbon film [20] because the carbon
film tends to crack when deposited on top of the residues. We envision
that with further development in the residue-free polishing step, the
lower surface roughness in the a-Ay-P-Ay or o-Ay-P-Ay foils will be
advantageous for the synthesis of graphene membranes. A potential
residue-free polishing step is chemical polishing or electropolishing
[30]. Here, Cu atoms from the surface are dissolved reducing the surface
roughness. However, electropolishing tends to reduce the graphene
nucleation density to as low as 1 nuclei/mm?. For a short crystallization
time, a low nucleation density can lead to imperfect intergrowth of
graphene grains, pinholes, etc. On the other hand, for a long crystalli-
zation time of graphene, multilayer graphene coverage can increase
substantially.

3.4. Gas separation performance from intrinsic vacancy-defects in
graphene

We recently demonstrated that the intrinsic defects in LPCVD-
derived single-layer graphene are composed of subnanometer-sized
carbon vacancies or nanopores and can be applied to differentiate gas
molecules based on their size [20]. However, the expensive high-purity
Cu foil, opye, is generally needed to achieve the needed
pore-size-distribution to differentiate molecules based on their size, and
the use of other low-purity foils does not result in a good selectivity
(Fig. 4). Here, ideal selectivity between a gas pair is defined as the ratio
of gas permeance from the single-component permeance test. Given the
reorientation of Cu grains to Cu(111) (Fig. 2) accompanying a signifi-
cant improvement in the surface roughness by a single high-temperature
annealing step (Fig. 3), we studied the gas separation performance of
graphene derived from all commercial low-purity foils. For this, 2-3
graphene membranes were fabricated from every type of commercial
low-purity Cu foil.

Overall, the high-temperature annealing of the Cu foil led to gra-
phene membranes with lower Hy permeance (Fig. 5a and b) and
increased selectivities of Hy with respect to CH4 and C3Hg (Fig. 5¢-f),
indicating that there were fewer nonselective vacancy-defects in gra-
phene synthesized on the annealed foil. For example, the ideal selec-
tivities obtained from the membrane synthesized on as-received Cu were
close to those expected by the Knudsen diffusion mechanism (2.8, 4.7,
and 8.0 for Hy/CH4, Hy/C3Hg, and Ha/SFg, respectively, Fig. 5b, ¢, e, and
f). Knudsen transport is typically observed when a number of nanopores
are larger than the size of gas molecules [47]. In turn, larger nanopores
have origin in poorly stitched grains of graphene attributing to the
non-uniform crystallographic orientation of the Cu grains (Fig. 2) and
the surface roughness of the foil (Fig. 3). Moreover, the as-received a-Cu
membranes display lower permeance and higher selectivity, and thus
higher graphene quality, than that of made by as-received -Cu due to a)
lower surface roughness of o Cu foil, and b) single crystallographic
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Fig. 6. Optical and SEM images of the thermally deposited (TD) Cu film on SiO,/Si wafer (a and d), electrodeposited (ED) Cu film on TD Cu film (b and e), and
peeled-off TD-ED Cu facing the SiO,/Si wafer (c and f). g) Surface roughness measurement of the peeled-off TD-ED Cu film. h) XRD patterns of as-synthesized,
annealed at 1000 °C, and exposed to high-temperature annealing template-stripping (TS) Cu foil. i, j) Atomic resolution STM images (bias voltage of 0.1V and
tunneling current of 0.2 nA) of the ultra-flat TS exposed to high-temperature annealing.

orientation (200) of as-received a-Cu compared to mixed orientation in
as-received o-Cu.

The high-temperature annealing of Cu foil allowed us to realize an
attractive combination of Hy permeance and ideal selectivities from
graphene synthesized on low-cost low-purity Cu foils. For example, Hy
permeance above 1000 GPU (1 GPU = 3.35 x 101% mol m? s Pa’l) in
combination with Hy/CH4 and H,/CsHg selectivities of 12 and 29,
respectively, was realized at the permeation temperature of 150 °C for
o-Ay foil (Table S2). We did not detect the transport of SFg (kinetic
diameter 5.5 10\) from these membranes.

We note that the ideal selectivity observed here comes from
molecular-sized vacancy defects in graphene and not from the NPC film
which hosts 20-30 nm sized pores [20]. The observed selectivity does
not arise from graphene/NPC interface, otherwise, the selectivity and
gas permeance would not be the function of porosity and
pore-size-distribution in graphene [10]. To prove this further, we made
two membranes utilizing PTMSP-assisted method from graphene. Per-
meance and selectivities of these membranes are similar to those made
from utilizing the NPC-assisted method (Fig. S9).

We also note that the graphene defects studied here do not have
origin in the pyrolysis to form NPC film (500 °C in the Hy/Ar

atmosphere). Rather, these are intrinsic defects incorporated in the
lattice during crystallization at 1000 °C. To prove this, we compared
Raman mapping data from as-synthesized graphene to that from gra-
phene placed in the pyrolysis condition for 1 h (Fig. S10). We did not
find any significant change in defect density. The Raman mapping
measurements were done on the same area of the sample for all three
measurements.

The separation of Hy from hydrocarbons makes these membranes
attractive for application in off-gas recovery in the petrochemical in-
dustry. The gas transport results are in good agreement with the Raman
spectroscopy measurements demonstrating a significant improvement
in graphene quality on par with the previously reported graphene
membranes synthesized on expensive high-purity Cu foils [20].

The synthesis of high-quality graphene with control over pore-size-
distribution of the intrinsic vacancy defects has a paramount impor-
tance to the ongoing efforts on the incorporation of high-density of
nanopores in graphene by the postsynthetic etching of graphene lattice
to obtain large yet selective gas permeance. Generally, the intrinsic
vacancy-defects are expected to expand into large nonselective nano-
pores during the postsynthetic etching of graphene lattice. However,
high selectivity can be obtained by postsynthetic etching if the density of
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Comparisons of the Cu foil and resulting graphene membranes after the annealing step.

Sample Treatment Cu crystallographic orientation Overall RMS (nm) Ip/I; (graphene) H, permeance (GPU) H,/CH, ideal selectivity
o purity = 99.8% As-received (200) 206 0.07 + 0.02 2655 5.7
Annealed (111) 99 0.06 £+ 0.01 925 11.1
6 purity = 99.98% As-received mixed 252 0.18 + 0.02 4700 3.3
Annealed (111) 105 0.10 £ 0.01 1090 9.5
TS As-made mixed <15 0.04 + 0.01 - -
Annealed (111) 85 0.04 = 0.01 - -
Opure PUrity As-received (200) 124 0.04 £ 0.01 600 11.3
99.999%
freshly etched nanopores are significantly higher than that of intrinsic annealing.

vacancy defects [10,48,49]. This study on crystallographic and
morphological optimization of Cu foil contributes to this cause by i)
reducing the density of the intrinsic vacancy defects (Fig. 1c; Fig. 5a and
b), and ii) reducing the average size of the intrinsic vacancy defects
(Fig. 5¢-f).

3.5. In-house synthesis of smooth high-purity Cu(111) foils

The above results reveal that smoothened Cu(111) substrates
significantly improve the quality of the graphene membranes. To further
improve the smoothness of the foil, we prepared Cu foil by the template-
stripping (TS) process [27]. For this, ca. 1-pm-thick Cu film was
deposited on a Si/SiO5 wafer by a thermal evaporator (Fig. 6a, d). Next,
a 25-pm-thick Cu film was electrodeposited (ED) on top of the
thermally-deposited (TD) Cu film to improve the mechanical robustness
of the film for the subsequent graphene synthesis step (Fig. 6b, €). An
extremely smooth and shiny surface, with a local surface roughness of
0.19 A, on a single Cu step measured by STM, was obtained by peeling
off the Cu foil (Fig. 6¢, f, and g). The grains in the as-synthesized foils
were not uniformly oriented, however, they had a preference towards
the (111) facet, in agreement with the literature (Fig. 6h). The grain
orientation was more or less maintained during the graphene synthesis
where the foil was annealed at 1000 °C. However, similar to the
observation with the commercial foils, the grain orientation converted
entirely to (111) after the high-temperature annealing. Even after
annealing, the foil retained its local smoothness, and atomic-resolution
images could be obtained (Fig. 6i and j). Consistent with the prior ob-
servations, the combination of (111) grain orientation and extremely
smooth surface led to the lowest defect-density in graphene (Ip/Ig =
0.04 £ 0.01) among all the samples in this study. These homemade foils
will be highly attractive for the synthesis of graphene membranes. We
observed that the presence of unavoidable dust particles on the Si wafer
in the normal laboratory conditions led to the generation of
micron-sized pinholes on the Cu surface with a population of 1-2 pin-
hole/mm? (Fig. S11). Performing the synthesis in a dust-free environ-
ment should eliminate the problem.

To understand the overall effect of high-temperature annealing step
which improves the RMS roughness, and orients the Cu foil to (111),
leading to improvement in Hy/CHy4 selectivity, the corresponding data is
summarized in Table 1. There is a clear correlation of high-temperature
annealing with the lowering of defect density (Ip/I;), orientation change
of Cu foils to (111), reduction of RMS, reduction of hydrogen per-
meance, and the increase in Hy/CHy4 selectivity. The reduction of RMS
roughness always lowered down the defect density and improved the
membrane performance. However, there is a weak or no correlation of
defects and membrane performance with the Cu purity. This could be
attributed to the fact that the typical impurities in Cu consist of other
metals. During the high-temperature annealing near the melting point of
Cu, a liquid Cu layer is present on the surface of the foil which may form
a high-purity Cu top-layer. This hypothesis will be confirmed by sys-
tematic experiments in future studies. Overall, the most important
parameter for the improvement of the graphene membrane on low-cost
Cu foil was the improvement of RMS roughness by high-temperature

4. Conclusions

In conclusion, a facile crystallographic and morphological optimi-
zation protocol for commercial low-cost Cu foil is demonstrated which
led to the CVD of single-layer graphene hosting hydrogen-sieving
intrinsic defects. The slow annealing reported in this study proved
much more effective than the usual annealing of Cu foil that invariably
takes place during the graphene synthesis. This was evident in the
crystallographic changes where the Cu foil orientation changes to (111)
only upon the slow-annealing method. The RMS roughness of the high-
temperature-annealed Cu foil reduced significantly to ca. 100 nm. The
improved smoothness of the Cu foil was the most important factor in
achieving better Ho/CH4 and Hy/SFg selectivities. Interestingly, no
particular trend was observed with respect to the purity of the Cu foil,
which could help to extend the current method to other low-purity foils.
We speculate that this could be because of the formation of a high-purity
Cu top layer after the high-temperature annealing step. Finally, the
ability of carry out atomic-resolution STM imaging on smoothened Cu
foils will help future STM studies on understanding the structure of
vacancy-defects in graphene.
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