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ABSTRACT

Transmission rates for protons and deuterons across single-layer graphene embedded in Nafion |
graphene | Nafion sandwich structures are measured as a function of temperature in
electrochemical hydrogen pump cells. Rates of ion transmission through graphene are obtained
in the form of area-normalized ion-transfer resistances, and are interpreted in terms of ion-
exchange current densities and standard heterogeneous ion-transfer rate constants. An encounter
pre-equilibrium model for the ion-transfer step is then used to provide rate constants for the

fundamental microscopic step of ion (proton or deuteron) transmission across graphene.


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0013468618324691

Application of this rate model to interpret variable-temperature data on proton and deuteron
transmission rates provides values for the activation energy and pre-exponential factor for the
fundamental ion transmission step across graphene. Activation energies obtained from the
Arrhenius plots for proton and deuteron transmission are as follows; for protar, 4B + 2 kJ

mole® (0.50 + 0.02 eV) and for deuterongE= 53 + 5 kJ mol& (0.55 + 0.05 eV). The
difference between these two values of approximately 5 kJhiie good agreement with the
expected difference in vibrational zero-point energies for O-H and O-D bonds, albeit with some
uncertainty given the uncertainties in the activation energy values. Pre-exponential frequency
factor values of 8.3 + 0.4 x 0s* and is 4.7 + 0.5 x 16 s* were obtained for proton and
deuteron transmission respectively across graphene. These pre-factor values are both quite large,
on the order of the values predicted from the Eyring — Polanyi equation with a transmission
coefficient near one. The ratio of 1.8 for the rate pre-factors (H/D) is in reasonable agreement
with the value of 1.3 for the ratio of bond vibrational frequencies for O-H and O-D stretching,
respectively. Taken together, these data support a model in which proton and deuteron
transmission across graphene are largely adiabatic processes for which the differences in

transmission rate at room temperature are due largely to differences in activation energies.



1.0 Introduction.

Pristine graphene has long been thought of asrapeegect barrier material, blocking
transmission of all species having electron clawdsounding atomic nuclei and forming
molecular bonds.[1, 2] As an example, transmiseifdmelium atoms at high pressure is reported
to be completely blocked by a pristine piece ofkrayer graphene covering a hole through
which the helium could otherwise pass.[2, 3] Prdatansmission is especially interesting
because in the absence of solvent, the protonigei@ramong chemical species in that it is a
nuclear particle with no electron cloud. It coutdeast in principal pass through a graphene
sheet without an accompanying electron cloud. ¢h, faultiple recent reports have now
appeared confirming room-temperature proton trassiom through single-layer graphene at
high rates.[4-9] Deuteron transmission also ocatitggh rates, albeit not as high as protons.[4,
6, 7] These findings are possible only if activatenergies for proton and deuteron transmission
through graphene are much lower than has beencpegddrom a wide range of computational
studies.[10-15] A fully satisfying explanation fibrese observations of high-rate proton /
deuteron transmission through graphene has ndieget given. One possibility is that protons
pass through defect sites that are rare, and sigeopically undetected.[8, 14, 16] If defect sites
are involved, they must be of a type that can aflowhydrogen ion transmission at very high
rates, with significant isotopic selectivity, whitdéocking all other ions. Hydrogenated[16]
and/or hydroxylated[8] defects, and atom placendefdcts such as Stone-Wales defects,[14] are
candidate structures that have been consideratbag@ enhanced proton transmission.
Another possibility is that protons may be transeditdirectly through graphene without the

requirement of a structural defect site. This hyghtriguing possibility will require more work



to confirm, but if true, it would significantly chge the thinking about graphene as a barrier

material.

We recently reported on the use of electrochenmgdtogen pump cells to study proton and
deuteron transmission through single-layer CVD peaye in Nafion | graphene | Nafion
sandwich structures.[4] Electrochemical hydrogempuells consist of a pair of electrodes that
are catalytic for both the hydrogen reduction reac(HRR) and the hydrogen evolution reaction
(HER), separated by a proton-conducting electrolpplication of a potential difference
between the electrodes then leads to hydrogen tidat one electrode and reduction at the
other, with proton transmission occurring betwdendlectrodes, across the electrolyte. The net
effect is then electrochemical pumping of hydrogaa from one side of the cell to another. Our
recently published work utilized electrodes comsgsbf platinum nanoparticles supported on
carbon black (Pt-on-carbon), and proton-conduatiegtrolytes consisting of Nafion 211
membranes. Pt-on-carbon electrodes were suppontedrbon cloth and were hot-pressed onto
the Nafion membrane prior to study, and grapheyersawere positioned between two Nafion
membranes also using a hot-press technique. Galtaace is obtained from the slope of a
current-voltage curve acquired using slow-scanicyaltammetry. lon currents in excess of
one A cn¥ were reported in such cells for proton transmissibbias voltages of just a few
hundred millivolts. Other ions, e.g. potassium, tea@smitted at much lower rates, possibly
consistent with a defect mechanism for those idhsse very high ion currents for hydrogen
isotope transmission through graphene mandate adtiwation energy for proton / deuteron
transmission through graphene as noted above, lewewur prior work we did not acquire the

variable-temperature rate data that would be netatezth Arrhenius activation analysis. Such an



analysis would provide activation energies and rotage parameters that could lend insight into

the mechanism by which proton / deuteron transmisiirough graphene occurs.

The present work reports variable-temperature measents of proton and deuteron
transmission through single-layer graphene in Nefigraphene | Nafion sandwich structures.
The data are interpreted via a model that treat®prand deuteron transmission as an interfacial
charge-transfer reaction that may be described Wieterogeneous ion-transfer rate constant and
a first-order rate constant for transmission okipoised at a reaction plane near the graphene
surface. This treatment allows for an Arrheniualgsis of the proton / deuteron transmission
rate constants that provides values for both thigatmon energies and the pre-exponential
frequency factors associated with the fundamentedascopic step of proton and deuteron
transmission through graphene. The findings lengbrtant insight into the reaction pathways
and mechanisms that might be operative to allovhigin-rate hydrogen ion transmission

through graphene.

2.0 Experimental.

2.1 Materials. Chemical vapor deposition (CVD)gsnlayer graphene on copper foil was
obtained from ACS Materials, LLC. Nafi211 membranes were obtained from the Fuel Cell
Store. Platinized carbon cloth and titanium meshdjtiusion electrodes used to fabricate the
membrane electrode assemblies (MEA) were purchasedthe Fuel Cell Store. Hydrogen gas
(Ultra high purity-200) and deuterium gas (Reska@@ade) were provided by Airgas from large

cylinders, connected through gas lines to theaggaratus. Gas humidification was



accomplished by bubbling the gas through a temperature-controlled gas bubbler contghing H

or D;O. Gas flow rates were set using rotameters (from Dwyer) that were set at 0.02 SLM.

2.2 Nafion | graphene | Nafion fabrication and MEA assembly. Figure 1 illustrates the

procedural steps involved in the making of Nafion | graphene | Nafion sandwich MEAs, which
are similar to those disclosed in our recent prior work.[4] A square of CVD graphene on Cu (2.0
x 2.0 cm) was cut and placed on top of a N&fi@a1 membrane disk (19.1 mm diameter) that

was supported by Teflon-reinforced fiberglass. This assembly was hot pressed together in a
Carver hot press at 14Q, 600 lly for 2 min. Thereafter, the underlying Cu was removed in an
etching solution of 0.3M (NkJ>S,0s in water, leaving behind a single layer of graphene on the
Nafion® membrane. After a thorough rinse in water, a second piece of Nafiembrane was

hot pressed on top of the graphene-on-Nafion aC4igain at 600 lfor 2 min to make the

Nafion | graphene | Nafion sandwich. This step may sometimes be combined with the MEA
assembly. Next, two platinized carbon cloth electrodes (0.3 mg Btafreize 3/16 inch (4.76

mm) diameter were cut using an arch punch. Next, & wt. % Nafiorf solution was added to

these electrodes and allowed to dry. The electrodes were then hot pressed together onto either
side of the Nafion membrane sandwich structures, with and without single layer graphene, again

at 140°C, 600 I, for 5 min.
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Figure 1. Schematic illustrations for the fabrioatof Nafion | graphene | Nafion sandwich
structure and the making of MEA. The photomicro@rapthe right hand side is the completed

MEA that shows graphene sandwiched between theifafiembranes visible to the eye.

MEA characterization data provided in our recemreport are relevant to this report since
MEA fabrication methods are the same. The receat peport includes Raman spectra and

graphene defect count measurements by an etchalizigtion method.[4]

2.3 Electrochemical measurements. The variable-¢eatpre cell used during this study has

been described in details in reference 4. In btief,cell body is made from a %-inch-diameter
stainless-steel compression fitting, the currefiectors were made of titanium rod and titanium
meshes were used as gas diffusion layers, to ebalikr temperature control compared to
earlier versions of the cell that used plasticgpdttectrochemical hydrogen pump experiments
were performed in symmetric mode whereby both sidélse cell (anode and cathode) were
bathed with humdified hydrogen or deuterium gase Wafion membranes were treated prior use
and were converted to proton form and deuteriumnfloy immersion in 1M BSO, or 1M

D,SOy, respectively, followed by rinse inB and DO respectively. Cell testing was performed

at 30, 40, 50 and 6. Two independently prepared MEAs were teste@émh hydrogen pump



experiment with and without single layer graphere] similarly for deuterium pump
experiments. Current-potential (IV) curves wereuaigyl using a CH Instruments model 1140B
potentiostat in linear sweep voltammetry mode.nSase was 0.001 Vsfor all symmetric

hydrogen and deuterium pump experiments.
3.0 Results and Discussion

3.1 Variable-temperature measurement of protondandieron transmission through single-

layer graphene. Figure 2 presents a schematicatragf the cell and the membrane-electrode

assemblies (MEA) that were used to perform thasdies. MEA fabrication was accomplished
as described above and in our recent prior workT4 In brief, a sample of CVD single-layer
graphene on copper foil is hot-pressed onto a #-thameter Nafion 211 membrane, then the
copper is removed by an ammonium persulfate oxidagich, then a second Nafion 211
membrane disk is added via a second hot-presskatpwing conversion of the MEA to the
proton form by soaking in aqueous sulfuric aciécabde disks consisting of platinum-on-
carbon coated onto carbon cloth are added to edetotthe MEA in a third hot-press step.
(Sometimes the second and third hot-press steparkbined.) The MEA is then mounted in a
cell consisting of a Swage-style compression fiftiadapted to accommodate a pair of current
collector rods with holes drilled in them to calhymidified hydrogen gas to and from MEA.

The cell is similar to that used in our recent pri@rk[4, 17] except that the cell body is made of
stainless steel and the current collector rodsrexge of titanium metal. The use of metal
components allows for better heat conduction ancemaliable temperature control. The same
sequence of steps is followed for studying deutéramsmission except that water is replaced by
D0, sulfuric acid is replaced by,B0Q,, and hydrogen gas is replaced by deuterium gathdtu

details are provided in the supplemental mateaatsin our prior published work.[4, 17]



Figure 2. lllustrations of the electrochemical hydrogen puref) and membrane-electrode
assemblies (MEA) used for proton / deuteron trassion studies. (A) Schematic diagram of
the cell configuration showing hydrogen gas entrg axit ports, and placement of the MEA
inside the cell. (B) Photomicrograph of a comple¥gA. Nafion membrane diameter = 3/4
inch (19.1 mm), electrode diameter = 3/16 inch4min), electrochemically active area = 0.178
cn?. The rectangular portion of graphene sandwichéaté®n the Nafion membranes is visible

in this micrograph. (C) Photograph of the celbperation.



Figure 3 presents representative current-voltage (1V) curves for Nafion sandwich MEAs with
and without graphene, for proton and deuteron transmission at variable temperature. (IV curves
for all MEAs including duplicate runs for each MEA type and temperature are included in the
Supplemental Materials.) The IV curve slopes all increase with increased temperature, as
expected for a thermally activated process. In the cells without graphene, the slopes for deuteron
transmission through Nafion are only slightly lower than those for proton transmission,
consistent with the expectation that proton and deuteron transport are almost equally kinetically
facile in hydrated Nafion membranes. This finding may reflect the fact that the species being
transported are 40" and RO respectively, for which the molecular masses are 19 and 22
Daltons. The heavier homologue is expected to move more slowly through the Nafion matrix, as
is observed. The IV curves for cells with graphene confirm the observation reported previously
that proton currents are almost unattenuated by graphene whereas deuteron currents are
substantially attenuated.[4, 6, 7] Our previous study showed that the same Nafion | graphene |
Nafion cells that pass proton currents at high rates, show potassium ion currents that are many
orders of magnitude smaller.[4] This finding strongly indicates that the large proton currents are
not a consequence of macroscopic physical defect sites that would allow any ion to pass. Proton
and deuteron transmission must happen at sites that do not allow any other ions to pass at

significant rates.
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Figure 3. Representative current-voltage (IV) curves acglinehydrogen-pump cells for
proton and deuteron transmission, using NafionwatdMEAs with and without graphene.
(A), proton, no graphene; (B), deuteron, no graphé@), proton, with graphene; (D) deuteron,
with graphene. Note the different current scaleCforScans were acquired at a potential scan

rate of 0.001 V'S,

Table 1 presents a summary of data from all theuwes, reported as MEA resistances
(inverse slopes of IV curves). For each membrgpe and each temperature, the measurement

was made twice, once on each of two independendggred MEAs, and the Table reports the
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average and standard deviation of the two measumsm@ll the original data and the
resistances for each membrane and temperature@eed in the Supplemental Materials.) The
resistance data are further analyzed by subtratitmgesistance for cells without graphene from
that for cells with graphene, to obtain the seréssstance contribution of graphene to the overall
cell resistance. Resistance values for grapheme @ce then reported as areal resistances by
multiplying resistance by active area. Uncertaintthe graphene areal resistance values is
calculated by propagating the uncertainty fromrtteasured resistances with and without

graphene into the calculated difference resistémrcgist the graphene.

Tablel. Cell resistance and rate parameters for pratdndauteron transmission through

Nafion sandwich membranes with and without graphene

Proton

Ravg without Ravg with
T graphene graphene Rgraphene Rgraphene * area 10 ko kPT
C ohm ohm ohm ohm cm2 amp cm-2 cm s-1 s-1
30 1.726 £ 0.003 1.949 + 0.024 0.215 £ 0.024 0.038 £ 0.004 0.658 4.24E-03 4.24E+05
40 1.188 + 0.006 1.320 £ 0.023 0.132 £ 0.024 0.023 £ 0.004 1.148 7.39E-03 7.39E+05
50 0.924 + 0.002 1.004 + 0.016 0.080 + 0.016 0.014 + 0.003 1.955 1.26E-02 1.26E+06
60 0.811 + 0.005 0.854 + 0.001 0.043 £ 0.005 0.008 + 0.001 3.749 2.41E-02 2.41E+06
Deuteron
30 1.988 + 0.039 5.05+0.27 3.062 £ 0.273 0.545 + 0.049 0.048 3.09E-04 3.09E+04
40 1.225 + 0.056 2.503 £ 0.051 1.278 £+ 0.076 0.227 £ 0.013 0.119 7.64E-04 7.64E+04
50 0.977 £ 0.009 1.829 £ 0.034 0.852 + 0.035 0.152 + 0.006 0.184 1.18E-03 1.18E+05
60 0.851 + 0.014 1.326 £ 0.061 0.475 £ 0.063 0.085 + 0.011 0.339 2.19E-03 2.19E+05

It is interesting to note that uncertainties in cesistance are quite low for studies of proton
transmission through Nafion alone but are signifibalarger for deuteron transmission through
Nafion alone, and for both proton and deuterongmaesion through Nafion containing
graphene. The higher uncertainty for deuterorstrassion through Nafion alone could reflect
the presence of traces of protons in th®Dsed in deuteron transmission. It would be easy f

the D,O to become contaminated with traces egDHvhen working in a lab containing a lot of
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water, and the higher transmission rate for protetative to deuterons means that small
amounts of HO could have a large effect. Measurement unceytaintells with graphene may
reflect a contribution from structural defectshe tgraphene, which could vary from cell to cell.
Even with these uncertainties, the relative ungerées in the cell resistances are nearly always
less than five percent, and those in the graphesistances that are calculated by difference are

all less than 20 percent.

3.2 Analysis of ion transmission rate ate dataavtdarge-transfer resistance model. A deeper

analysis of the ion transmission rate data is pts$iy considering the graphene areal resistance
as a charge-transfer resistance for protons (antkms), which may in turn be expressed as an

exchange current density using equation 1 beloy.[18

1 Ai . F
= lo =~ (1)

Rer  An
In this equation Bris the area-normalized charge-transfer resistatitéy is the slope of the
IV curve, p is the exchange current density for ion transmarssand F, R and T have their usual
meaning. Exchange current densities for ion trassimmn may then be converted to standard

heterogeneous ion-transfer rate constafisnkunits of cm 8, using Equation 2.[18]
ip = FK°Cy+ )

In this equation, @ is the concentration of ions (protons, deuteram#f)e bulk Nafion phase
at the reaction zone adjacent to the graphenecgurfavalue for @G is obtained as the product
of the ion-exchange capacity of the Nafion ionomrich is 0.91 meqgfor the 1100

equivalent weight material used in this work, amel $pecific gravity of Nafion in the protonated
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/ deuterated form, taken as the literature value of 1.77 ypeovided by Oberbroeckling and
co-workers.[19] The values obtained for standard heterogeneous ion-transfer rate constants,
reported in Table 1, are reasonable, and well within the range of values predicted by Marcus in
his review on the application of Marcus theories of charge transfer to the case of ion transmission

across boundaries between immiscible electrolytes.[20]

Finally, the standard heterogeneous ion-transfer rate constants may be converted to first-order

ion-exchange rate constantsy,kn units of &, via equation 3.[21]
0 _ _ “Wp
k® = Kpkpr = & exp [F] kpr 3)

In this equation, Kis the equilibrium constant for formation of the precursor complex from
which ion transfer occurspkis the rate constant for ion transmission from the precursor
complex across graphene; is the average free energy required to transport the proton /
deuteron reactant from the Nafion bulk to the reaction layer, anth& thickness of the reaction
layer. For the present work we takgte be zero and & be one Angstrom unit, or Fem,
following literature precedent from prior work applying this precursor model to the case of
heterogeneous electron transfer at electrodes.[21] Table 1 lists values for proton / deuteron
exchange rate constants for proton and deuteron transmission through graphene for the four

temperatures studied in this work.
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Figure 4 Arrhenius plots of proton exchange rate constiont$A) proton transmission and (B)
deuteron transmission through single-layer grapheniafion | graphene | Nafion sandwich

cells.

3.3. Arrhenius analysis of proton / deuteron tnaigsion across graphene. Figure 4 presents

Arrhenius plots of the proton exchange rate constam proton and deuteron transmission
through graphene, from Table 1. Both plots aredliraver the temperature range studied which
strongly indicates that proton and deuteron traasiomn through graphene are thermally-
activated processes, in agreement with prior wbfkfom the slopes and intercepts of the plots
we obtain the following activation energiegfand frequency pre-factors A for proton and
deuteron transmission; for proton transmissiq,£48 + 2 kd/mole (0.50 + 0.05 eV) and A is
8.3 + 0.4 x 16° s*, and for deuteron transmissiong& 53 + 5 kJ/mole (0.55 + 0.05 eV) and A
is 4.7 + 0.5 x 18 s*. Both activation energy values are slightly lowran the value of 0.78 +
0.03 eV reported by Hu and co-workers in their 268gbrt on proton transport through one-
atom-thick crystals.[5] The low activation enegyage consistent with the observation of high-

rate hydrogen ion transmission at room temperandeare much lower than expected from a
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wide range of computational studies on proton trassion through graphene, which predict
activation energies that are nearly always wedixoess of 1 eV.[8, 10-15] The discrepancy
between theory and experiment on this issue remairesolved. The difference between proton
and deuteron transmission activation energiespsoxmately 5 kJ/mole or 0.05 eV which is
close to the expected value of between 5 and 6dtd/far the difference in vibrational zero-
point energies for O-H and O-D vibrations.[22, ZB]s difference in zero-point energies is the
root cause of primary kinetic isotope effects iemical reactions involving bond breaking /
formation with protons.[24] The present findings apbnsistent with a mechanism whereby the
different transmission rates for proton and deuten@ caused principally by the differences in
activation energy for proton transmission, althqubis conclusion must be interpreted with
caution given the uncertainties associated withAtiteenius plot slopes. An improved study
would have to include many more data points thanvese able to obtain, to reduce these
uncertainties. The present findings are also cterdisvith the recent prior reports from Lozada-
Hidalgo and co-workers which also found a differeen€0.06 eV for proton and deuteron
transmission activation energies, albeit from stgdit only a single temperature.[6, 7] The
activation pre-factors were not explicitly addresgethat work, so the difference in activation
energies was obtained from the difference in rayegssuming equal pre-factors for proton and

deuteron transmission.

The absolute magnitudes of the pre-exponentialfaqy factors reported here fof bhd D
transmission through graphene are possible be@asigecific rate model was adopted to
interpret the graphene proton and deuteron ars@taeces. It is instructive to consider the
absolute magnitudes of these frequency factorsdrcontext of simple theories. The Eyring—

Polanyi equation predicts that pre-exponentialdssgpy factors for thermally activated reactions
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should be on the order gkgT/h, wherex is the transmission coefficient which in simplane

is a probability of reaction from a system poisetha activated complex,[25] and,KI and h

have their usual meaning. For an assumed value ddone and a temperature of 300K, this
equation gives a pre-factor value of 6.2 ?F, which is of the same order of magnitude, albeit
somewhat lower than both of the experimentally ivleid values reported above. The fact that
the experimental frequency factor values obtainetthis work are so large suggests that the
proton transmission reaction across graphene mégripely adiabatic, with a transmission

coefficient near 1.

The Eyring—Polanyi equation does not predict aedéifice in frequency factor values for
proton and deuteron transmission. To addresss$i®, we consider the experimental values in
terms of the vibrational frequencies for O-H andd®onds. The symmetric stretch vibration for
H,O occurs as a broad band centered at 340 wereas that for £ is a similar broad band
centered at 2500 ch{26, 27] Converting these values to bond vibraidrequencies leads to
values of 1.0 x 1§ s* and 7.5 x 18 s* for O-H and O-D stretching respectively. Similasults
are obtained when considering O-H and O-D stretchirHsO" and 3O".[28] These bond
vibrational frequencies are also of the same ovfleragnitude as the experimentally observed
Arrhenius frequency factors, albeit slightly largéhe ratio of 1.8 for the experimental pre-
exponential frequency factors for proton and deutéransmission is in reasonably good
agreement with the ratio of 1.3 for the O-H and Q@#@rational bond frequencies. This finding is
consistent with a model whereby the proton/deutémamsmission reactions follow a reaction
coordinate that involves significant O-H and O-Dhtdtretching. The fact that the

experimental pre-exponential frequency factor valare slightly smaller than the bond
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vibrational frequencies could reflect a contribatto the reaction coordinate from other

vibrational modes besides simple bond stretchirg,nd bending or molecular rotation.

Figure 5 illustrates the reaction coordinates thase data suggest might apply for proton and
deuteron transmission through graphene. The @aetva@mplex energies are nearly the same for
proton and deuteron, consistent with a structusehith O-H and O-D bonds are largely severed
prior to proton / deuteron transmission. The défere in vibrational zero-point energies is the
main factor responsible for differences in ion-g@uission rates in this Figure. This situation is
consistent with historical studies of hydrogen kimesotope effects on a wide range of reactions
involving different degrees of bond breaking in trensition state. It is generally found that
reactions in which bonds to hydrogen are mosthkémnan the transition state give the largest

primary hydrogen kinetic isotope effects.[24]

Energy
Energy

Reaction coordinate Reaction coordinate

Figure5. lllustrated reaction coordinates for proton andtdeon transmission through

graphene, showing the role of zero-point energpffiecting the reaction rates and activation

energies.
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These findings provide input to ongoing experimental and computational studies of proton /
deuteron transmission through graphene, insofar as they provide reliable values for both
activation energies and absolute rates. Further experimental work could address the possible role
of the energy required to transport protons from a bulk phase to the graphene surface. Such
effects could formally be considered as double-layer effects in which a surface charge on
graphene could play a highly significant role.[29] Proton concentration effects and local proton
solvation effects in the double-layer region could also be important and will be the subject of
ongoing studies. A possible role for proton / deuteron nuclear tunneling is also possible, as has
been discussed recently.[30, 31] Nuclear tunneling could significantly change both the activation
energy and the pre-factor in rate expressions. Detailed study of the graphene structure will also
be important to evaluate the possible role of structural defects, even very rare defects that are

difficult to detect spectroscopically, on proton / deuteron transmission.
4.0 Conclusions.

Interpretation of area-specific resistance values for proton / deuteron transmission through
single-layer graphene leads to rate constants for the fundamental microscopic steps in the ion-
transmission process. Interpretation of rate constants acquired over a range of temperatures
between 30 and 60 C leads to activation energies and pre-exponential frequency factors for
proton / deuteron transmission through graphene. Activation energies for both proton and
deuteron transmission obtained from an Arrhenius analysis of these data are relatively low
(approximately 50 kJ mof® which is consistent with prior reports[5] and which informs
ongoing efforts aimed at understanding the nature of the active sites where protons / deuterons
pass through graphene. Frequency factors are relatively large, consistent with an ion-

transmission mechanism that is largely adiabatic, with a transmission coefficient near 1.0.
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