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MEMBRANES

Sieving hydrogen isotopes through
two-dimensional crystals

M. Lozada-Hidalgo,"*t S. Hu,'t O. Marshall,’ A. Mishchenko,' A. N. Grigorenko,’
R. A. W. Dryfe,” B. Radha,' I. V. Grigorieva,' A. K. Geim*

One-atom-thick crystals are impermeable to atoms and molecules, but hydrogen ions
(thermal protons) penetrate through them. We show that monolayers of graphene and
boron nitride can be used to separate hydrogen ion isotopes. Using electrical
measurements and mass spectrometry, we found that deuterons permeate through these
crystals much slower than protons, resulting in a separation factor of =10 at room
temperature. The isotope effect is attributed to a difference of =60 milli-electron volts
between zero-point energies of incident protons and deuterons, which translates into the
equivalent difference in the activation barriers posed by two-dimensional crystals. In
addition to providing insight into the proton transport mechanism, the demonstrated
approach offers a competitive and scalable way for hydrogen isotope enrichment.

nlike conventional membranes used for

sieving atomic and molecular species, mono-

layers of graphene and hexagonal boron

nitride (hBN) exhibit subatomic selectiv-

ity (I-5). They are permeable to thermal
protons (5)—and electrons (6)—but in the absence
of structural defects, are completely impermea-
ble to larger, atomic species (I-5, 7-10). Proton
transport through these two-dimensional (2D)
crystals is a thermally activated process, with en-
ergy barriers E of 0.3 and 0.8 eV for monolayers
of hBN and graphene, respectively, that were
attributed to different densities of their elec-
tron clouds that must be pierced by incident
protons (5). Investigating whether deuterons—
nuclei of the heavier hydrogen isotope, deuterium
(D)—can pass through atomically thin crystals is
of interest for elucidating the proton transport
mechanism (77-14). If the 2D membranes can
distinguish between the two nuclei (hydrons),
this would also be of interest for applications,
as hydrogen isotopes are important for various
analytical and tracing technologies, and heavy
water is used in huge quantities by nuclear fis-
sion plants. The existing H/D separation techni-
ques, such as water-hydrogen sulfide exchange
and cryogenic distillation (75, 16), are extremely
energy intensive and show low separation fac-
tors (<2.5), which stimulates continuous search
for alternative technologies (15-21) [see supple-
mentary materials (22)].

We investigated whether deuterons (D*) perme-
ate through 2D crystals differently from protons
(H") studied previously (5). Two complementary
approaches, electrical conductivity measurements
and gas flow detection by mass spectrometry (22),
were explored. In the first approach, graphene
and hBN monocrystals were mechanically ex-
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foliated and suspended over micrometer-sized
holes etched in silicon wafers (fig. S1). To mea-
sure 2D crystals’ hydron conductivity o, both sides
of the resulting membranes were coated with a
proton-conducting polymer—Nafion (23)—and
electrically contacted with Pd electrodes that
converted electron into hydron flow (Fig. 1A,
inset). The measurements were performed in an
atmosphere of either H,-Ar/H,O or D,-Ar/D,O
in 100% humidity at room temperature. The
different atmospheres turned Nafion into a pro-
ton (H-Nafion) or deuteron (D-Nafion) (24) con-
ductor with little presence of the other isotope
(fig. S2). For reference, similar devices but with-
out 2D membranes were fabricated. The latter
exhibited similar conductance, whether H- or
D-Nafion was used, and it was typically 100 times
higher than that found for devices incorporating
2D crystals. This shows that the series contribu-
tion to our device resistances from Nafion and
Pd contacts could be neglected (5, 22).

For both H- and D-Nafion devices, the mea-
sured current / varied linearly with applied bias
voltage V (Fig. 1A), but different 2D crystals
showed widely different areal conductivities,
o = I/SV, where S is the membrane area (Fig. 1B).
Monolayer hBN exhibited the highest proton
conductivity, oy, followed by bilayer hBN and
monolayer graphene (Fig. 1B), in agreement with
the previous work (5). o was markedly smaller
(by a factor of 10) for D-Nafion devices compared
to their H-Nafion counterparts, independent
of the tested 2D crystal (Fig. 1B). Furthermore,
we carried out similar measurements for Pt-
activated membranes (hBN and graphene mono-
layers covered with a discontinuous layer of Pt
to enhance hydron transport) (22) and, again,
the conductivity for deuterons, op, was always
about Y, of that for protons (fig. S3). This pro-
nounced isotope effect is unexpected, and its
independence of 2D barrier height is particu-
larly puzzling. These observations do not fol-
low from either previous experiments (5, 10) or
existing theories (7-9) in which the calculated

barriers arise from the interaction of a positive
point charge with the 2D crystals’ electron clouds,
and the hydron mass is assumed to be irrelevant.

In our second series of experiments, graphene
membranes were used to separate a liquid cell
and a vacuum chamber (Fig. 2A). On the liquid
side (input), graphene was coated with a thin
Nafion layer that faced a reservoir containing a
proton-deuteron electrolyte (HCI in H,O mixed
with DCI in D,O). The atomic fractions of H*
and D" in this mixture could be changed as re-
quired. The other side of graphene, decorated
with Pt nanoparticles, faced the vacuum cham-
ber equipped with a mass spectrometer (5, 22).
A bias—typically, <2 V to avoid damage to our
devices (fig. S6)—was applied directly between
graphene and the electrolyte (Fig. 2A and fig. S1).
This setup effectively represents an electrochem-
ical pump (25, 26) in which the graphene mem-
brane serves simultaneously as a semitransparent
hydron barrier and a drain electrode for protons
and deuterons. The gas and liquid impermea-
bility was checked for each experimental device
with a He leak detector. The key advantage of
mass spectrometry with respect to our electrical
measurements is that it can distinguish between
different hydron species. This allowed us to de-
termine directly the composition of output gas
flows for different input electrolytes. Unfortu-
nately, mass spectrometry is also much less
sensitive than electrical measurements and,
therefore, large hydron fluxes were necessary
to probe the current-induced gas flows in the
presence of a fluctuating background in the
spectrometer (22). To compensate for the lower
sensitivity, we used high I and graphene crys-
tals as large as possible, fabricating membranes
up to 50 um in diameter. This allowed flows >>10"
molecules/s for all three possible gases—Hs, D,,
and protium deuteride (HD)—which appeared
on the vacuum side (Fig. 2B and fig. S4).

We found that the flow of each of the gases
varied linearly with I, as expected, but de-
pended strongly on the relative concentrations
([H*]:[D*]) of hydrons in the input electrolyte
([H*] + [D*] = 100%). This is illustrated in Fig.
2B for the case of D, and further in figs. S4 to
S6. By measuring such flow-current dependences
for different [H*]:[D*] inputs, we determined
the percentage of H,, Dy, and HD in output
flows (Fig. 2C). These data are easily converted
into the percentage of H and D atoms at the out-
put of our electrochemical pump as a function
of [H*] or [D™] at its input. We find that the out-
put fraction of atomic hydrogen is dispropor-
tionally high with respect to the input fraction
of protons (Fig. 2D). For example, for equal
amounts of protons and deuterons at the in-
put, H accounted for ~95% of the atoms in the
output flow—that is, graphene membranes ef-
ficiently sieved out deuterium. As a control ex-
periment, we repeated the same measurements
substituting graphene with porous carbon and
found no preferential flow of protons or deuter-
ons, as expected (fig. S5). To quantify the observed
sieving efficiencies, we calculated the separation
factor o. The data in Fig. 2D yield a = 10, in good
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Fig. 2. Isotope separation by electrochemical pumping of hydrons through graphene. (A) Schematic
of our mass spectrometry setup. (B) D, flow versus applied current for various proton-deuteron fractions
in the input electrolyte. The dashed lines are linear fits. (C) Relative fractions of H,, HD, and D, in the output
flow for eight different compositions of the input electrolyte. (D) Fraction of H atoms at the output for
different [H*] inputs. Inset: Schematic of the energy barrier presented by a 2D crystal for proton and
deuteron transfer. The black and blue horizontal lines indicate zero-point states of protons and deuterons,
respectively, in Nafion and water. The solid red curve shows the separation dependence expected for the
known difference Ep — Eyy = 60 meV, with no fitting parameters.

SCIENCE sciencemag.org

Fig. 1. Proton versus deuteron conductivities
of 2D crystals. (A) Examples of -V characteristics
for hydron transport through monolayers of hBN
(main panel) and graphene (lower inset). Top inset:
Schematics of the experimental setup. Pd electrodes
supply protons or deuterons into H- or D-Nafion; 2D
crystals serve as barriers for hydrons. (B) Proton
and deuteron conductivities (shaded and solid
bars, respectively) for the most hydron-conductive
2D crystals. Each bar (solid or shaded) corresponds
to a different device (nearly 30 are shown). The
dashed lines mark the average conductivities for the
six sets of devices, and the shaded areas around
them show the standard errors.

agreement with the value found from the ratio
op/op in our conductivity measurements (22).

To explain the observed isotope effect, we first
recall that proton permeation through 2D crystals
is a thermally activated process (5, 9). Therefore, if
we neglect—to a first approximation (22)—the pre-
exponential factor in the Arrhenius equation, our
results can equivalently be described in terms
of the energy barriers Ey and Ep presented by
2D crystals to proton and deuteron transport,
respectively. Accordingly, we can write oy/op =
exp(AE/kgT), where AE = Ep - Ey and kg is
Boltzmann’s constant. Although Ey and Ep obvi-
ously determine the hydron permeability of 2D
crystals (5, 7-9), their selectivity depends only
on AE. Statistical analysis of the data in Fig. 1B
yields oy/op = 10 + 0.8, which translates into AE =
60 + 2 meV for all the tested 2D membranes.
Furthermore, the same value of AE allows us to
describe quantitatively the selectivity found by
the mass spectrometry measurements. As shown
in supplementary materials, the protium output
is given by [H] = [H*)/{[H"1+exp(-AE/kg D[D"1}.
This dependence is plotted in Fig. 2D using AE =
60 meV and shows excellent agreement with the
experiment.

Where does the difference between Ey and
Ep come from, and why is it the same for all the
tested 2D membranes despite their hydron con-
ductivities being different by many orders of
magnitude? The protons and deuterons in our
experiments move not in vacuum but along
hydrogen-bonded networks provided by sulfo-
nate groups (SO3") and water in Nafion (23). It
is reasonable to expect that, before jumping
through 2D crystals, hydrons remain transient-
ly bonded to sulfonate and water groups and,
accordingly, this presents the initial state in the
transfer process (Fig. 2D, inset). The zero-point
energies of these hydrogen-oxygen bonds are
~0.2 eV for protons and ~0.14 eV for deuterons
(11, 22). As illustrated in Fig. 2D, zero-point
oscillations effectively reduce the activation
barrier with respect to vacuum by 0.2 eV for
protons, whereas for deuterons the reduction
is smaller by 60 meV. This explanation is

1JANUARY 2016 » VOL 351 ISSUE 6268 69



RESEARCH | REPORTS

consistent with all the experimental evidence.
We expect the same-strength isotope effect if
the 2D crystals are combined with other pro-
ton conductors based on oxides (13, 25-28),
and the separation factor should be even larger
for proton-conducting media with stronger
hydrogen bonds; for example, in fluorides (28).

The above explanation allows for several ob-
servations about proton transport through 2D
crystals. First, it partially explains the disagree-
ment between the experiment (5) and theory
(5, 8-10) in the absolute value of Ey; for graphene:
Zero-point oscillations reduce the activation
barrier by 0.2 eV compared to theoretical val-
ues. We speculate that the remaining differences
[<20% in the case of (8)] may be accounted for
by considering other effects of the surrounding
media (for example, two-body processes involv-
ing a distortion of the electron clouds by protons
residing at the Nafion-graphene interface). Sec-
ond, the experiments confirm that hydrogen
chemisorption to 2D crystals is not the limiting
step in the transfer process because, otherwise,
the isotope effect would be different for hBN and
graphene. Third, the described sieving mechanism
implies a ~30 for tritium-hydrogen separation.
Fourth, it is quite remarkable that zero-point
oscillations, a purely quantum effect, can still
dominate room-temperature transport properties
of particles 4000 times heavier than electrons.

The observed large o compares favorably with
sieving efficiencies of the existing methods for
hydrogen isotope separation (75-20). The high
proton conductivity exhibited by graphene and
boron nitride monolayers, comparable to that
of commercial Nafion films (5, 22), makes them
potentially interesting for such applications.
In this respect, the increasing availability of
graphene grown by chemical vapor deposition
(CVD) (29, 30) provides a realistic prospect of
scaling up the described devices from micro-
meter sizes to those required for industrial uses.
Indeed, although micromechanical cleavage al-
lows 2D membranes of highest quality, the ap-
proach is not scalable. As a proof of concept, we
repeated the mass spectrometry measurements
using centimeter-sized membranes made from
CVD graphene and achieved the same o = 10 (fig.
S7). Notably, this shows that macroscopic cracks
and pinholes present in CVD graphene do not
affect the efficiency, because hydrons are electro-
chemically pumped only through the graphene
areas that are electrically contacted (22). Fur-
thermore, we estimate the energy costs asso-
ciated with this isotope separation method as
~0.3 kWh per kilogram of feed water (22), appre-
ciably lower than costs of the existing enrichment
processes (15, 16). All this comes on top of the
fundamentally simple and robust sieving mech-
anism, potentially straightforward setups, and
the need for only water at the input without the
use of chemical compounds (16).
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Catalytic conjunctive cross-coupling
enabled by metal-induced
metallate rearrangement

Liang Zhang, Gabriel J. Lovinger, Emma K. Edelstein, Adam A. Szymaniak,

Matteo P. Chierchia, James P. Morken*

Transition metal catalysis plays a central role in contemporary organic synthesis.
Considering the tremendously broad array of transition metal—-catalyzed transformations,
it is remarkable that the underlying elementary reaction steps are relatively few in
number. Here, we describe an alternative to the organometallic transmetallation step
that is common in many metal-catalyzed reactions, such as Suzuki-Miyaura coupling.
Specifically, we demonstrate that vinyl boronic ester ate complexes, prepared by
combining organoboronates and organolithium reagents, engage in palladium-induced
metallate rearrangement wherein 1,2-migration of an alkyl or aryl group from boron to the
vinyl a-carbon occurs concomitantly with C-Pd ¢-bond formation. This elementary
reaction enables a powerful cross-coupling reaction in which a chiral Pd catalyst merges
three simple starting materials—an organolithium, an organoboronic ester, and an
organotriflate—into chiral organoboronic esters with high enantioselectivity.

rganoboronic acids and their derivatives
are widely available and broadly useful
starting materials for organic synthesis
(I). In addition to being environmentally
benign and generally inexpensive, these
reagents exhibit a near-ideal balance of stability
and reactivity. Although chemically and config-
urationally stable, organoboronic esters engage
in a broad array of carbon-carbon and carbon-
heteroatom bond-forming processes upon activa-
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tion. The most commonly practiced such reaction
is the transition metal-catalyzed Suzuki-Miyaura
cross-coupling reaction between organic electro-
philes and organoboron compounds (2). In broad
strokes, the mechanism of the Suzuki-Miyaura re-
action involves a sequence of (i) oxidative addition
between a metal catalyst and the electrophile, (ii)
transmetallation with the organoboron reagent,
and (iii) reductive elimination of the C-C bonded
product (3). Here, we used an alternative path-
way to the organoboron transmetallation step.
The overall putative catalytic cycle enables a class
of organoboron cross-coupling that we term “con-
junctive cross-coupling” (Fig. 1A) because it merges
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