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ABSTRACT Fifty atomic layer deposition (ALD) cycles of trimethylaluminum and water were

applied to single-layer graphene on copper and graphene on Nafion® membranes that result in



alumina coatings that fully block photoelectron emission from the underlying substrate materials
(copper and Nafion® respectively). This finding is consistent with relatively uninhibited alumina
ALD nucleation and growth to a thickness of ~5 nm and further suggests that the alumina layer is
continuous with no uncoated regions exposed. The ALD-derived alumina coatings are good
barriers to large ions, e.g. from aqueous ferric chloride, but they have a relatively modest effect on
proton transmission through graphene as measured in electrochemical hydrogen pump cell
experiments. Proton currents of approximately 0.5 A c¢cm™ were obtained through Nafion® /
graphene / ALD alumina / Nafion® at a modest bias voltage of 150 mV, which reflects a
diminishment by less than half relative to the value for membranes without the 50 cycles of ALD
alumina applied to the graphene. Proton transmission through the ALD alumina layer is thought
to occur via hydrated alumina surfaces within the relatively porous ALD alumina layer on the
graphene surface, and perhaps also at grain boundaries formed in the alumina during the ALD

process.



Introduction

Graphene and other two-dimensional (2D) materials are excellent candidates for use in
membrane separation technologies and in separators for electrochemical energy storage and
conversion devices.!"'* The ultrathin character of 2D materials allows for very high flux, and the
possibility to tune selectivity in 2D materials by varying the size and chemical character of pores
and possibly the chemical character of the 2D material itself offer opportunities that are not
available in conventional membranes. In this regard, several methods have been used to adjust
graphene properties including hydrogenation, fluorination and other chemical functionalization
approaches.!>>* Atomic layer deposition (ALD) is particularly attractive because it can be used to
apply ultrathin coatings in a highly controlled way.?>?° ALD is inherently self-limiting such that
layers may be applied with atomic-level precision. ALD treatment of graphene could offer a
powerful means of adjusting selectively in membrane-based separations and electrochemical
energy storage and conversion devices.

A common chemical system for ALD treatment of surfaces uses sequential doses of
trimethylaluminum (TMA) and water to grow amorphous alumina thin films.3%3! ALD has been
used by several research groups to prepare alumina coatings on graphene.’>7 Thin layers of
alumina are deposited after a nucleation period that depends strongly on surface chemistry and
ALD growth conditions. Under some conditions, alumina deposition on graphene occurs
preferentially at edge and defect sites,?” whereas under other conditions it occurs more evenly over
an entire graphene surface.®

Proton transmission has recently been observed to occur through graphene at high rates®*-#4

45-46

and with high selectivity relative to other ions. Proton currents up to an ampere per square

centimeter through graphene are observed at low bias*®- 47 with a deuterium kinetic isotope effect



of over ten.>> 4142 The mechanism by which protons pass rapidly through graphene is still not
certain; proposed explanations include direct passage of protons through graphene,*® passage of

43.45 and passage of

proton through small defect sites perhaps having special chemical character,
protons through regions of partially hydrogenated graphene.*® The ability to pass protons through
membranes at high rates while restricting passage of other species, for example gases, fuels, and
other ions, is highly desired for preventing crossover in electrochemical energy conversion and
storage devices such as batteries, fuel cells and electrolysis cells.*->! It is of interest to understand
more thoroughly the scope and limitations of the observed high proton currents, to understand how
proton transmission through graphene occurs and to evaluate the possible utility of graphene for
crossover mitigation in electrochemical devices. It is also of interest to understand how graphene
treatments, for example involving ALD, might be used to adjust proton transmission rates and
selectivity.

We have recently been examining the role of graphene structural defects in promoting high
transmission rates for protons and other ions through graphene that is embedded in polymer
electrolyte membranes (PEMs) such as Nafion®.3% 4446 Ag part of that research, we have applied
ultrathin coatings of alumina onto graphene using the ALD method, then used those membranes
in electrochemical hydrogen pump cells to study the effect of graphene and ALD alumina /
graphene on proton transport. The cell configurations we used are illustrated in Figure 1. ALD
alumina coatings prepared at relatively low temperatures (150 C) are found to form continuous
layers that fully block photoemission from the underlying substrate after 50 ALD cycles. The
alumina layers atop graphene are effective at blocking transmission of etchant ions (e.g. ferric
chloride) through defect sites in the graphene, but in a somewhat surprising result, ALD alumina

has relatively little effect on the transmission rate of protons through graphene. This finding



suggests that the alumina layer acts as a relatively good proton conductor in a hydrated membrane
sandwich. Additionally, the effect of ALD alumina on graphene proton transmission is found to
be approximately the same for layers prepared by 2, 5 and 50 ALD cycles, which suggests that the
ALD layer may be acting to diminish proton transmission principally by changing the proton
transfer rates at interfaces in the membrane, i.e. the interface between Nafion and graphene in the
alumina-free membranes is replaced by two new interfaces, one between graphene and alumina
and another between alumina and Nafion, in the membranes having received ALD alumina

treatment.



\
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Figure 1. Illustration of hydrogen pumping in cells (A) with a graphene layer embedded between
polymer electrolyte membrane (PEM) layers; and (B) with an ALD-alumina-treated graphene

layer embedded between PEM layers.



Experimental Section

Materials. Single-layer graphene prepared by chemical vapor deposition (CVD) on copper foil
was obtained from ACS Materials. Raman spectra acquired on samples of this material following
transfer onto glass microscope cover slips show that graphene from this source is single layer in
character with a 2D peak at 2635 cm™!, a G peak at 1580 ¢cm™!, a high 2D/G peak intensity ratio,
and almost no evidence for a D-peak at 1384 ¢cm™! that would be indicative of graphene defects
involving edge character.”® Hydrogen (Ultra high purity-200) and argon (Ultra high purity-300)
gases were provided from large cylinders connected to gas lines, and deuterium gas (Research
grade) was provided from a smaller type 35 cylinder that was dedicated to this process and located
close to the cells being tested. Other reagents including ferric chloride, ammonium persulfate, and
salts and acids for electrolyte solutions were of reagent grade or better from commercial sources
and were used as received.

Instruments. XPS characterization was performed using a PHI 5000 VersaProbe III (Ulvac PHI
Inc.) equipped with a monochromatic micro-focused Al Ko X-ray source (photon energy = 1486.6
eV) operating at 25 W under a vacuum chamber pressure of 1 x 10 Pa. The micro-focused raster
X-ray beam was scanned across the sample surface. The survey scans were collected at fixed
analyzer pass energy of 112 eV and quantified empirically with the sensitivity factors provided by
Ulvac PHI Inc. Scanning electron microscopy imaging was accomplished using a Hitachi model
S-3400N Variable Pressure Scanning Electron Microscope. Electrochemical measurements were
made using a CH Instruments model 1140B potentiostat in linear sweep or cyclic voltammetry
mode.

MEA fabrication. Membrane electrode assemblies (MEAs) for hydrogen pump experiments

were fabricated as described in our previous publications.?®-*+46 In brief, a piece of CVD graphene



on copper was hot pressed onto a Nafion® 211 membrane disk (140 C, 600 1b force, 5 minutes),
then the copper was removed by etching with a 0.3 M ammonium persulfate solution. Samples
intended for ALD alumina coating were then sent from Clemson University to Argonne National
Laboratory where they were subjected to ALD treatment. Thereafter, the samples were subjected
to a second hot-press step in which a second Nafion® 211 membrane disk was positioned to create
Nafion® | graphene (alumina) | Nafion® sandwich structures. Disk-shaped carbon cloth electrodes
having 0.03 mgp; cm2 catalysts were then hot pressed onto the two sides of the membrane to create

the MEA, a photograph of which is shown in Figure 2A.

Figure 2. Illustration of the components used in making electrochemical hydrogen pump cell
measurements. (A) a membrane-electrode assembly showing a carbon cloth electrode bonded
onto a Nafion disk, with alumina ALD treatment visible as a gray haze on the Nafion. (B) a

diagram showing the internal construction of the hydrogen pump cell showing the pathways for



gas flow; and (C) a photograph of the cell used for electrochemical hydrogen pump cell
measurements, showing the cell body and the locations at which electrical connections are made

to the graphite rod current collectors.

ALD coating. ALD coating of graphene-on-Nafion®, and also graphene-on-copper samples
was conducted at Argonne National Laboratory using a Veeco Cambridge Nanotech Savannah
ALD tool. The sample platter was heated to 150 C and samples purged under 20 sccm flowing
nitrogen under rough vacuum for 3 minutes prior to starting each deposition. A single ALD cycle
consisted of a 0.1 s dose of water followed by a 30 s purge and then a 0.1 s dose of TMA and
finally another 30 s of purging. Samples exposed to 2, 5, and 50 cycles were studied here. The
relatively large exposures (0.015 s doses produce saturated half-reactions in steady state growth
after complete nucleation) were applied in order to encourage nucleation on the relatively
chemically inert graphene substrates. A growth rate of ~0.10 nm/cycle is expected following
sufficient nucleation to give homogeneous film growth, as is expected under these specific growth
conditions.

Ferric chloride etch for graphene defect detection. The method using a brief ferric chloride

etch to enable visualization of graphene defect sites was performed as previously described.? 4%
52 In brief, the sample is briefly exposed to a droplet of 0.1 M ferric chloride solution in water,
then quickly rinsed and dried, then subjected to SEM imaging. The etch pits appear at defect sites
where the etchant ions can traverse the graphene to etch the copper, and the copper ions produced
from etching can be removed from the etch pit.

Hydrogen pump cells. The cell used to make hydrogen pump measurements with this MEA is

as described in our previous work,*” and it shown in Figure 2B and 2C. In brief, it consists of a



commercial compression fitting made from PFA plastic that had been drilled to provide a smooth
bore all the way through it, then fitted with graphite rod current collectors that were drilled with
flow paths for gas to flow to and from the MEA. Gas diffusion layers (GDL, AVCarb P50T from
Fuel Cell Store) were positioned between the MEA and the graphite rods to allow for unimpeded
gas flow near the electrodes. Humidified hydrogen gas flowed into the anode side of the cell and
humidified argon gas flowed into the cathode side. Both gasses passed at a flow rate of 20 sccm
which is much larger than is needed to support the current passing in the cells. Current-voltage
curves were acquired at a scan rate of 1 mV s™! which was slow enough for there to be very little
contribution to the current from capacitive charging. Currents were approximately independent of

scan rate in this regime so they are properly viewed as being steady state.

Results and Discussion

X-ray photoelectron spectroscopy is useful for identifying elements present in the first few
nanometers thickness of a sample, as well as for judging the homogeneity of a surface coating over
the size of the spot analyzed. Figure 3 shows XPS spectra for a sample of CVD graphene on copper
before and after application of a 50-cycle alumina ALD treatment. The spectrum for graphene on
copper is approximately as expected.’*>> It shows a significant Cls peak with a 284.6 ¢V binding
energy as expected for graphene, and a set of copper peaks corresponding to Cu3p (74.7 eV), Cu3s
(122.3 V), and Cu2p3/2 (932.4 eV) photoelectrons as well as a copper LMN Auger peak having
an apparent binding energy of 568 eV. The copper peaks are expected since graphene is much
thinner than the photoelectron inelastic mean free path (IMFP) for copper photoelectrons, so
graphene is not able to block photoelectron emission. A small Ols peak is also present at 531.1

eV and has been previously noted for XPS spectra of graphene on copper,>* and probably reflects

10



the presence of a small amount of copper oxide at the copper / graphene interface. Consistent with

this idea, a close inspection of the Cu2p3/2 peak shows the presence of a small Cu2pl/2 peak at

952.4 eV. This combination of Cu2p peaks is as expected for copper coated with Cu,O and is

inconsistent with CuO being present on the copper surface.
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Figure 3. XPS spectra of (A) CVD graphene on copper before ALD alumina treatment; and (B)

CVD graphene on copper after application of 50 cycles of ALD alumina coating.
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The XPS spectrum in Figure 3B for copper / graphene / ALD alumina is significant for the
elements present and absent. Large peaks for aluminum (Al2p at 73.9 eV and Al 2s at 118.7 eV)
and oxygen (Ols at 531.1 eV) are present as is expected for a surface that is principally alumina.
There is also a peak for carbon (Cls at 284.5 eV) but no peaks for copper. The lack of copper
peaks indicates that the ALD alumina layer is thick enough to scatter nearly all of the
photoelectrons emanating from the underlying copper. The Cu LMN Auger peak has the largest
intensity of all the copper photoelectron peaks. It has an effective binding energy of about 569 eV,
corresponding to a photoelectron kinetic energy of approximately 918 eV. The IMFP for a 918 eV
photoelectron through aluminum oxide has been estimated to be between 1 and 1.5 nm;>’-% thus,
the observed suppression of this Cu Auger peak is consistent with the estimated alumina film
thickness of approximately 5 nm from the ALD method.

The lack of any copper XPS peaks in Figure 3B also indicates a thorough coverage of ALD
alumina on the graphene, with no uncoated patches at which graphene / copper is exposed. ALD
coating is normally thought to require functional groups for initiation such that a pure sp?>-bonded
carbon surface would be relatively inert to reaction. However, in practice a CVD graphene surface
can contain many defects including non-hexagonal rings, single-atom and multiple-atom
vacancies, adatoms, substitutional impurities, dislocations, edges, and even some physisorbed
water. Any of these defects could serve to nucleate alumina formation and rapidly multiply the
number of sites available for reaction in subsequent cycles, thus allowing for coalescence of islands
into a continuous thin film. We believe that this coalescence has happened in the present work to
produce alumina coatings that are sufficiently continuous to block all photoelectron emission from

the copper substrate.
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It is a bit surprising to see a prominent signal for carbon in the ALD-alumina-coated sample.
The Cls peak is expanded in an inset in Figure 3B, which shows signal intensity principally in a
large peak at 284.5 eV with a small shoulder at 288.2 eV. The peak at 284.5 eV could be from
graphitic carbon or hydrocarbon, and the peak at 288.2 eV is probably from oxidized carbon, e.g.
carbonyl groups. These peaks are probably not from the graphene layer because that layer is
located below 5 nm of alumina, which has already been shown to block all signal from the
underlying copper substrate. Instead, the signal is most likely due to adventitious carbon that
adsorbed onto the alumina surface during significant exposure of the sample to ambient air.
Another possibility is that it reflects some carbon left over from the alumina ALD coating process.

It is impossible to distinguish among these possibilities from the spectra in Figure 3.

14
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Figure 4. SEM images of CVD graphene on copper foil acquired following a brief ferric
chloride etch for (A-B) CVD graphene on copper without any ALD alumina treatment, and (C-
D) CVD graphene on copper that had been subjected to 50 cycles of ALD alumina treatment.
Micrographs at left are low magnification (bar = 2 mm), those at right are higher magnification

(bar =50 um).

Figure 4 presents a series of SEM micrographs for copper foil samples coated with graphene
and graphene / ALD alumina, that were subject to a brief ferric chloride etch treatment followed

by SEM imaging to reveal defect sites at which the underlying copper may be etched through the
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graphene. Further details on this method, which was first reported by Kidambi and co-workers>?
and has been used in our prior work,’* 46 are provided in the Experimental section. The Cu /
graphene samples show discrete etch pits distributed over the region where etchant was applied,
but the sample with ALD alumina on top of the graphene showed no discernable etch pits at all.
These micrographs indicate that the ALD alumina layer was successful in blocking iron and/or
copper ion transport through defect sites as would be required for etching to occur at defect sites.

Proton transmission studies utilize graphene on Nafion® supports in place of copper, so we
turn next to samples of that type, with and without an ALD alumina overcoat on the graphene.
Figure 5 shows survey XPS spectra for Nafion® without graphene, Nafion® with graphene, and
Nafion® with graphene and 50 cycles of ALD alumina. The first two spectra are similar to our
previous report;*¢ the Nafion® spectrum shows the expected signals for Cls, Ols, Fls and S2p
with an unusually high C1s binding energy of 291.2 eV, consistent with carbon bonded to multiple
fluorine moieties. The Nafion® / graphene spectrum shows all those signals but with a second Cls
peak also present at lower binding energy (284.2 eV), consistent with the presence of graphene on
the surface. The Nafion® / graphene / ALD alumina sample spectrum shows large Al and O peaks
but it no longer shows any peaks for F or S, and the Cls spectrum has no intensity in the high
binding energy region expected for fluorocarbons. These findings are consistent with those from
copper / graphene / ALD alumina; namely, the alumina film is thick enough and homogeneous

enough to block all photoelectron emission from the underlying substrate.
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Figure 5. XPS spectra of (A) Nafion® membrane with no additional coating; (B) Nafion®

membrane with a CVD graphene overlayer; and (C) Nafion® membrane with a CVD graphene

overlayer that had been subjected to 50 cycles of ALD alumina treatment. (D) is a high-

resolution scan of the C1s region of spectrum (C) showing the absence of intensity for Cls in the

high-binding-energy region that is characteristic of fluorocarbons.

Nafion® / graphene / Nafion® and Nafion® / graphene + ALD alumina / Nafion® sandwich

membranes were prepared as MEAs by fitting with Pt/C carbon cloth electrodes as described in
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the Experimental Section, and tested in electrochemical hydrogen pump cells to measure proton
transmission rates. Voltammograms showing electrochemical hydrogen pumping from a
humidified hydrogen gas stream across the membrane into a humidified argon gas stream are
shown in Figure 6 for hydrogen (Figure 6A) and deuterium (Figure 6B) gas feeds respectively.
For the hydrogen gas cell, the small magnitude of the decrease in current when graphene is present
in the membrane (e.g. from approximately 1020 to 870 mA cm at 150 mV bias) is a telltale sign
that protons can traverse the graphene layer relatively rapidly.?® The larger decrease in current
caused by graphene when hydrogen is replaced with deuterium gas (e.g. from 890 to 290 mA cm
at 150 mV bias) is consistent with previous reports and reflects a kinetic isotope effect (KIE) of
approximately 14 for the proton (deuteron) transmission step across graphene.>® 4!

The new findings in the present work have to do with membranes in which graphene is coated
with ALD alumina. In the case of hydrogen gas, the effect of the ALD alumina layer on hydrogen
pumping is relatively small; proton transmission and hydrogen evolution still occur at a quite high
rate, with the current at 150 mV bias having been reduced for the ALD-treated sample to just over
half of that for the non-ALD-treated sample (i.e. from 870 to 490 mA cm?). This finding requires
that the alumina layer passes protons relatively rapidly and is somewhat at odds with the finding
that ALD alumina treatment can inhibit copper etching by ferric chloride at defect sites. Hydrogen
pumping with deuterium gas shows that the ALD alumina has a larger relative effect on the
pumping rate (current) than was the case for hydrogen gas, i.e. the current at 150 mV bias changes
from approximately 290 to 80 mA c¢m when the alumina layer is added. Taken together, these
findings show that the ALD alumina layer is a good barrier for ferric chloride ions but not for

protons.
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Figure 6. Current-potential curves for electrochemical hydrogen pumping though membranes in
a cell configuration with humidified hydrogen gas flowing at the anode and humidified argon gas
flowing at the cathode. Applied bias potential is for the cathode relative to the anode. Currents
observed at negative bias correspond to proton reduction at the cathode to evolve hydrogen gas
into the humidified argon gas stream. (A) humidified hydrogen gas flow stream at the anode;

and (B) humidified deuterium gas flow stream at the anode. For (A) humidification is with H>O,
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and for (B) humidification is with D>O. Each graphs shows voltammograms for three MEAs,
one for a Nafion membrane with no CVD graphene layer, one for a Nafion membrane with a

CVD graphene layer embedded within the Nafion, and one for a Nafion membrane with CVD
graphene that has been subjected to 50 cycles of ALD alumina treatment embedded within the

Nafion.
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A high proton transport rate through ALD alumina films was initially unexpected since
alumina is not traditionally thought of as a good proton conductor. However, ALD alumina layers
are expected to be more porous and amorphous than bulk alumina, and many metal oxides
including alumina are known to adopt structures upon hydration at low temperature that could be
favorable towards ion transport.®! Alumina in particular is thought to react with water to create
surface hydroxyl groups®?®° that can support charge carrier motion. The combination of high
porosity and surface area, with a proton conduction mechanism involving significant charge
transfer on internal alumina surfaces, could give rise to the observed high proton transmission
currents through ALD alumina-treated membranes. This idea is consistent with literature reports
on proton conduction in alumina. Caldararu and coworkers reported that electrical conductivity of
alumina increases significantly in moist hydrogen gas, and that the increase is due to protonic
conduction.®® Others have also reported on large increases in alumina ion conductivity upon
various treatments that would affect the surface.®!-%” ALD alumina has an isoelectric point, pH(T),
near 8 and a zeta potential of approximately +30 mV in 1 mM KCl at pH 3% so it will certainly
have a positive surface charge in an acidic medium such as hydrated Nafion®. Any mobility of
those surface charge groups could contribute to higher ion conductivity in the alumina layer,
particularly if the alumina layer is amorphous and somewhat porous as is expected for ALD
alumina grown at low temperature and with potentially sparse nucleation. Some prior work with
ALD alumina layers coated directly onto Nafion® is also informative. Toikkanen and coworkers
reported that the apparent through-plane conductivity of a Nafion® membrane decreased by only
a small amount upon coating with a 150 nm ALD alumina layer, compared with an uncoated
membrane.®® This small change in apparent conductivity for Nafion® coated with an ALD alumina

that was much thicker than those used in the present work must mean that ALD alumina allows
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protons to pass through it relatively easily. Taken together, these facts support the observation
reported here that ALD alumina layers can support large proton currents in PEM cells containing
graphene.

Further insight may be gained by examining a set of membranes where the alumina layer was
formed with varying numbers of ALD cycles. Figure 7 presents a set of three electrochemical
hydrogen pump cell voltammograms showing the relative effects of 2, 5 and 50 ALD cycles on
the hydrogen evolution current. The somewhat surprising result is that the effect of ALD alumina
is nearly the same for all three samples; hydrogen pump currents are diminished by approximately
half for any ALD alumina layer, independent of thickness, compared to cells without ALD
alumina. This finding suggests that slow proton transmission through the alumina layers is not the
principal cause of the diminished current. Rather, we hypothesize that the alumina may be acting
to diminish proton transmission principally by changing the proton transfer rates at interfaces in
the membranes. The interface between Nafion and graphene in the alumina-free membranes is
replaced by two new interfaces, one between graphene and alumina and another between alumina
and Nafion, in the membranes having received ALD alumina treatment. Proton transfer rates
across these new interfaces are slower than in the absence of alumina, which causes the decreased
overall proton current across the membrane. The changes in interfacial structure could be in any
of several areas. They could reflect a change in the local proton concentration at graphene, or in
the doping level of the graphene, or the degree of hydrogenation of graphene, or in some other
attribute of graphene. They could also reflect a low proton transmission rate across the newly
formed Nafion / alumina interface. Further studies focusing on interfacial properties involving
Nafion, alumina and graphene phases will be needed to provide deeper understanding of the effect

of ALD alumina treatment on membrane proton transmission rates.
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Figure 7. Current-potential curves for electrochemical hydrogen pumping voltammetry using
hydrogen gas for three MEAs, each having an embedded graphene layer within the Nafion
membrane that had been treated with a different number of ALD cycles. (A), 50 ALD cycles; (B)
5 ALD cycles; and (C) 2 ALD cycles. Other details on electrochemical hydrogen pumping are

given in the Figure 6 caption.

Conclusions

ALD alumina treatment of graphene layers on Nafion® proton-conducting membranes is found
to have only a small effect on proton transmission, contrary to expectation from the alumina layer
being a good barrier that is relatively thick (5 nm) compared with graphene, and the observation
of complete suppression of photoelectron emission from elements underneath the alumina layer.
The alumina ALD layer is thought to affect proton transport across graphene principally by
modifying the graphene / Nafion® interface, though a small contribution from chemical

modification of defect sites could also be present.
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