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(57) ABSTRACT

A hydrogen permeation membrane is provided that can
include a carbon-based material (C) and a ceramic material
(BZCYT) mixed together. The carbon-based material can
include graphene, graphite, carbon nanotubes, or a combi-
nation thereof. The ceramic material can have the formula
BaZr, ., Ce Y, T, O; 5, where 0=x<0.5, 0=y=0.5, 0=<z<0.5,
(x+y+2)>0; 0=0=0.5, and T is Yb, Sc, Ti, Nb, Ta, Mo, Mn,
Fe, Co, Ni, Cu, Zn, Ga, In, or a combination thereof. In
addition, the BZYCT can be present in the C-BZCYT
mixture in an amount ranging from about 40% by volume to
about 80% by volume. Further, a method of forming such a
membrane is also provided. A method is also provided for
extracting hydrogen from a feed stream.

15 Claims, 3 Drawing Sheets
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GRAPHENE-CERAMIC COMPOSITE
MEMBRANE FOR HYDROGEN
SEPARATION MEMBRANES

CROSS-REFERENCE TO RELATED
APPLICATION

The present application claims priority to U.S. Provisional
Application Ser. No. 62/575,001, filed on Oct. 20, 2017, the
disclosure of which is incorporated by reference herein.

BACKGROUND

As an important raw material for the production of
ammonia, methanol, and liquid hydrocarbons, hydrogen is
mainly produced through catalytic steam reforming of meth-
ane, which is strongly endothermic and requires a high
temperature (e.g., about 700° C. to about 900° C.) to achieve
maximum conversion to H,, CO, and CO, at high pressure
(e.g., about 20 bar to about 40 bar). High purity hydrogen
can then be directly obtained via a separation step such as
hydrogen permeation through a proton-conducting mem-
brane under a pressure gradient at high temperature. The
application of membrane technology is expected to consid-
erably reduce the capital and energy cost in hydrogen
production. Composite membranes consisting of a BaCeOj,-
based proton conductor and an electronic conductor (e.g.
nickel) have been developed for this application. However,
these membranes (e.g. Ni—BaZr,; . Ce Y,,0;5 (Ni-
BZCY), 0.4=x<0.8) suffer serious performance loss in CO,-
containing environments at 900° C. due to the reaction
between BaCeO; and CO,. In addition, such metal-ceramic
composites often exhibiting volume changes during start-up
and membrane cracking. Other metals that have been used
in separation membranes include palladium. However, pal-
ladium membranes are very expensive and have a low
hydrogen flux. Further, whether nickel, palladium, or some
other metal is utilized, the decreased conductivity, which, in
turn, results in reduced hydrogen separation performance
(e.g., decreased hydrogen flux) means that hydrogen sepa-
ration using such materials is inefficient and costly.

As such, a need exists for a high efficient separation
membrane that exhibits improved hydrogen flux compared
to metal-ceramic and metal-based separation membranes,
while at the same time being cost-effective and stable at high
temperatures.

SUMMARY

Objects and advantages of the invention will be set forth
in part in the following description, or may be obvious from
the description, or may be learned through practice of the
invention.

A hydrogen permeation membrane is generally provided.
In one embodiment, the hydrogen permeation membrane
includes a carbon-based material and a ceramic material
mixed together. The carbon-based material includes gra-
phene, graphite, carbon nanotubes, or a combination thereof.
The ceramic material has the formula:

BaZr, ., .Ce,Y,T.055,

where 0=x=0.5, 0<y=0.5, 0=z=<0.5, (x+y+2)>0, 0=0=<0.5, and
Tis Yb, Sc, Ti, Nb, Ta, Mo, Mn, Fe, Co, Ni, Cu, Zn, Ga, In,
or a combination thereof.

A method of forming a membrane is also generally
provided. In one embodiment, the method includes mixing
a carbon-based material and a ceramic powder to form a
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carbon-ceramic mixture; pressing the carbon-ceramic mix-
ture to form a composite membrane; and sintering the
carbon-ceramic mixture at a temperature of about 1100° C.
to about 1700° C. The carbon-based material can include
graphene, graphite, carbon nanotubes, or a combination
thereof, and the ceramic powder can be a ceramic material
having the formula:

BaZr, ., .Ce,Y,T.054,

where 0=x=0.5, 0=y=0.5, 0=z=0.5, (x+y+7)>0, 0=0=0.5, and
T is Yb, Sc, Ti, Nb, Ta, Mo, Mn, Fe, Co, Ni, Cu, Zn, Ga, In,
or a combination thereof.

A method is also generally provided for extracting hydro-
gen from a feed stream. In one embodiment, the method
includes exposing the feed stream to a first side of a
membrane at a temperature of about 600° C. to about 1000°
C., wherein the feed stream comprises hydrogen; and col-
lecting pure hydrogen gas from a second side of the mem-
brane opposite of the first side. The membrane includes a
carbon-based material and a ceramic material. The carbon-
based material includes graphene, graphite, carbon nano-
tubes, or a combination thereof. The ceramic material can
have the formula:

BaZr l—x—y—zcenyTzOS—65

where 0=x=0.5, 0=y=0.5, 0=z=0.5, (x+y+7)>0, 0=0=0.5, and
T is Yb, Sc, Ti, Nb, Ta, Mo, Mn, Fe, Co, Ni, Cu, Zn, Ga, In,
or a combination thereof.

Other features and aspects of the present invention are
discussed in greater detail below.

BRIEF DESCRIPTION OF THE DRAWINGS

A full and enabling disclosure of the present invention,
including the best mode thereof to one skilled in the art, is
set forth more particularly in the remainder of the specifi-
cation, which includes reference to the accompanying fig-
ures.

FIG. 1 shows a cross-sectional scanning electron micros-
copy (SEM) image of a sintered graphene and ceramic
composite membrane as contemplated by the present inven-
tion, where graphene particles (about 20 micrometers) are
embedded in the dense BZCY'T ceramic matrix. The size of
BZCYY grains is about 0.1 micrometers to about 0.2
micrometers. The membrane is very dense and free of pores.

FIG. 2a shows the XRD pattern of a sintered graphene-
ceramic composite of the present invention. The XRD
patterns only shows XRD peaks corresponding to BZCYYb
or graphene phases, suggesting that the BZCYYDb and gra-
phene phases remained stable and do not react with each
other.

FIG. 2b shows a surface SEM image of a graphene-
BZCYYDb composite sintered by spark plasma sintering
(SPS) at 1200° C.

FIG. 2¢ shows the EDX spectra of the layered area I
(graphene) shown in FIG. 26b.

FIG. 2d shows the EDX spectra of the grained area II
(BZCYYD) shown in FIG. 25.

FIG. 3 shows conductivity of the sintered graphene-
BZCYYDb composite ceramic in different atmospheres.

DEFINITIONS

Chemical elements are discussed in the present disclosure
using their common chemical abbreviation, such as com-
monly found on a periodic table of elements. For example,
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carbon is represented by its common chemical abbreviation
C; barium is represented by its common chemical abbrevia-
tion Ba; and so forth.

As used herein, the prefix “nano” refers to the nanometer
scale up to about 100 nm. For example, particles having an
average diameter on the nanometer scale (e.g., from about
0.1 nm to about 100 nm) are referred to as “nanoparticles.”

DETAILED DESCRIPTION

Reference now will be made to the embodiments of the
invention, one or more examples of which are set forth
below. Each example is provided by way of an explanation
of the invention, not as a limitation of the invention. In fact,
it will be apparent to those skilled in the art that various
modifications and variations can be made in the invention
without departing from the scope or spirit of the invention.
For instance, features illustrated or described as one embodi-
ment can be used on another embodiment to yield still a
further embodiment. Thus, it is intended that the present
invention cover such modifications and variations as come
within the scope of the appended claims and their equiva-
lents. It is to be understood by one of ordinary skill in the art
that the present discussion is a description of exemplary
embodiments only, and is not intended as limiting the
broader aspects of the present invention, which broader
aspects are embodied exemplary constructions.

Composite carbon-ceramic membranes are expected to
possess high hydrogen permeation flux, mechanical
strength, and chemical stability, which are the key factors for
successful adoption of hydrogen permeation membrane for
practical applications. The carbon-based material can
include graphene, graphite, carbon nanotubes, or a combi-
nation thereof. In addition, in contrast to metal-ceramic-
based membranes, the present inventors have found that the
carbon-ceramic-based membranes of the present invention
do not tend to coarsen or sinter at high operating tempera-
tures (e.g., the carbon-ceramic composite membranes have
a higher maximum operating temperature), nor do the car-
bon-ceramic composite membranes experience significant
volume changes during redox cycles (e.g., the carbon-
ceramic composite membranes exhibit reduced thermal
expansion problems). As such, the carbon-ceramic compos-
ite membranes are an improvement over existing hydrogen
separation membrane technology. Moreover, with a refer-
ence temperature of 600° C., a 1 millimeter (mm) thick
membrane, and a partial pressure driving force of 1 atm
hydrogen at the feed side and 1x10~7 atm at the exit side, the
carbon-ceramic composite membranes of the present inven-
tion exhibit improved hydrogen flux (e.g., an improvement
by at least an order of magnitude) compared to Pd metal
(flux of 9x107™* mol m™> s7*) and BZCYYb without gra-
phene (flux of 2.8x10™* mol m=2 s~'). For instance, the
carbon-ceramic composite membranes of the present inven-
tion can exhibit a hydrogen flux ranging from about 10x10~>
molm™?s™* to about 1x10™* mol m™2s~*, such as from about
1.5x107> mol m™2 s™" to about 810~* mol m~? s~*, such as
from about 2x107> mol m=2 s™! to about 6x10~*mol m=2 s7*.
In one particular embodiment, the carbon-ceramic compos-
ite membranes of the present invention can exhibit a hydro-
gen flux of about 3.1x107> mol m~2 s™*. Further, the carbon-
ceramic composite membranes of the present invention can
exhibit improved conductivity compared to other ceramic
based membranes. For instance, the conductivity of the
carbon-ceramic composite membranes of the present inven-
tion can range from about 300 S cm™" to about 500 S cm™,
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such as from about 325 S cm™' to about 475 S cm™, such
as from about 350 S cm™ to about 450 S cm™" at 600° C. in
wet H,.

Carbon-ceramic composite membranes are generally pro-
vided, along with their methods of preparation. In one
embodiment, the carbon-ceramic composite membranes
include

C—BaZr_,.Ce,Y,T.0.5

where 0=x=0.5, 0=y=0.5, 0=z=0.5, (x+y+7)>0, 0=0=0.5, and
T is Yb, Sc, Ti, Nb, Ta, Mo, Mn, Fe, Co, Ni, Cu, Zn, Ga, In,
or a combination thereof. This structure is referred to herein
as “C-BZCYT”. In one embodiment, the first “C” in the
structure C-BZCY'T can be a carbon-based material, such as
graphene, graphite, carbon nanotubes, or a combination
thereof. Regardless of the particular carbon-based material
utilized, the volume ratio of BZCYT in the composite ranges
from about 40% and about 80% by volume, such as from
about 40% to about 75% by volume, such as from about 40%
to about 70% by volume.

The C-BZCYT membranes show excellent high hydrogen
permeation flux and chemical stability in H,O, CO,, H,S
and other contaminants. Commercially available graphene,
graphite, and/or carbon nanotubes can be used as the source
of the carbon-based material phase. Sintering-active
BZCYT powders and the carbon-based material are mixed,
pressed, and sintered to obtain dense composite membranes.
The membranes show stable performance in the presence of
concentrated CO,, H,S.

The invention provides composite membranes based on a
mixture of a carbon-based material phase and a ceramic
phase for hydrogen permeation. Hydrogen can diffuse
through the membrane in the form of atoms through the
carbon-based material phase or protons through the ceramic
(e.g., BZCYT) phase. The membranes have a thickness
ranging from about 0.1 millimeters (mm) to about 5 mm,
such as from about 0.25 mm to about 4 mm, such as from
about 0.5 mm to about 2 mm. The critical properties of the
membranes include permeation flux, chemical stability in
H,0, CO,, and H,S-containing atmosphere.

The membranes of the present invention are useful for
extracting hydrogen from any feed stream containing hydro-
gen with a pressure between 1 and 1000 psi at a temperature
between 600° C. and 1200° C., such as from about 650° C.
to about 1100° C., such as from about 700° C. to about 1000°
C. Theoretically, 100% pure hydrogen is obtained because
the membranes are dense and allow no other gas to pass
through. The flux of the membrane can be affected by many
parameters, including phase composition of BZCYT phase,
the volume ratio of the carbon-based material and the
ceramic material, the membrane thickness, the temperature,
and the humidity content in the feed gas.

The method of forming such membranes can include
mixing a carbon-based material and a BZCYT powder,
pressing the mixture, and sintering the mixture at a tem-
perature ranging from about 1100° C. and about 1700° C.
The sintering atmosphere can be reducing atmosphere (e.g.,
5% H,/N,). The atmosphere can also be first in inert gas (N,,
Ar, etc.) and then in reducing atmosphere containing hydro-
gen (e.g., 5% H,/N,).

Example

Hydrogen separation membranes based on high tempera-
ture proton conductors have been pursued for a long time
due to their potential to greatly reduce the energy and capital
cost of large-scale hydrogen production from steam methane
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reforming (SMR). Akey to their successful application is the
development of a membrane with high performance, chemi-
cal and mechanical stability. Ni-oxide cermet composites
have been widely used for composite materials for high
temperature hydrogen separation membrane applications as
well as anode materials for solid oxide fuel cells. While the
ceramic phase functions as the ionic conducting phase, Ni is
the main electronic conducting phase for the mixed conduc-
tion in the membrane. Such Ni-cermet anode contains a
large volume ratio of Ni to maintain sufficient electrical
conductivity, but yet suffers significant carbon deposition
under low steam content in steam-reforming methane, which
is mainly caused by methane thermal cracking. Additionally,
the presence of a large ratio of Ni tends to cause coarsening
and sintering at high operating temperatures and also leads
to serious volume change during redox cycles.

The recently developed graphene has the potential to be
used in various applications due to its high electrical con-
ductivity, excellent mechanical properties, high specific sur-
face area, unique graphitic basal plane structure, and poten-
tial low manufacturing cost. Accordingly, the present
example focuses on the introduction of graphene into a
material to enhance the mechanical strength, toughness,
electrical conductivity, and thermal conductivities of the
composites in an attempt to avoid the disadvantages and
concerns inherited from the conventional Ni-cermet anode
for high temperature hydrogen separation membranes.

Experimental:

First, BaCe,,Zr, Y, ,;Yb, 054 (denoted as BCZYY
afterwards) powder was prepared by a modified Pechini
method. All chemicals were obtained from Alfa Aesar with
purity >99.5%. The concentration of the metal ions in the
individual nitrate was titrated. Citric acid (Alfa Aesar, 99%)
and ethylenediaminetetraacetic acid (EDTA, Alfa Aesar,
99%) were used as chelating and complexing agents.
Ammonium hydroxide (Sigma-Aldrich, NH; content 28.0 to
30.0%) was added to promote the dissolution of EDTA in
deionized water. The metal precursors were then stoichio-
metrically added into the chelating and complexing agents
with metal nitrates:citric acid:EDT at a molar ratio of
1:1.5:1.2. The solution was stirred at room temperature for
24 hours to achieve full complexation, followed by heat
treatment in a microwave oven (Oster, Model No.
OMO701NS8E, output power 800 W, 2450 Hz) to assist in
foaming. After 10 minutes of microwave heat treatment, a
batch of dry foam was formed. The dry foam was subse-
quently fired at 600° C. for 4 hours in air to remove organic
residue, resulting in light-colored powders. The powder was
then calcined at different temperatures between 700° C. and
1200° C. to obtain BZCYYb powder. The homemade gra-
phene powder was mechanically mixed with the as prepared
BZCYYDb powder. The volume ratio of graphene was 40%.
The composite powders were filled into a graphite die with
a diameter of 12.7 mm, and sintered by the Spark Plasma
Sintering machine (Dr. Sinter 1020, Sumitomo Coal Mining
Co.). This process was accomplished by applying a constant
4 MPa axial pressures and an increasing AC current (100 A
min~") simultaneously to the die in dynamic vacuum (about
10 Pa), while the temperature of the sample was monitored
by a pyrometer until the temperature reached 1200° C. for 5
minutes.

Results and Discussion:

FIG. 1 shows the X-ray diffraction of the C-BZCYYDb
sample SPS sintered at 1200° C. It can be seen that the
majority of the phases are graphene and BZCYYD ceramic
phase. There is trace amount of BaCO; during SPS sintering,
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probably caused by the reaction between Ba and CO,
formed by oxidation of graphene.

FIG. 2b shows the cross-sectional scanning electron
microscopy image of the C-BZCYYb composite sintered by
SPS at 1200° C. The flake shaped graphene is distributed
within dense BZCYYb ceramic matrix. EDS spectra con-
firms that the flakes are carbon based graphite. The obtained
graphene flakes are around 20 pm in length. It is noted that
the C-BZCYYb composite is easier to be sintered than pure
BZCYYDb by SPS. Because the graphite has a low resistance
and high conductivity, it draws a large current through the
circuit during the SPS, and this large current will heat up the
graphite rapidly due to frictional heating as the charges
migrate through the circuit. The addition of ceramic phase
function as the resistance into the circuit and the heat will
mostly be applied onto the ceramic. Such strategy also
applies to the SPS sintering of other electronic conductor-
ceramic composite materials.

It is noted that such densification was accomplished by
SPS due to the uniqueness of SPS process. On one hand, the
SPS provides ultrafast heating rate to sinter dense BZCYYb
ceramic at a relatively lower temperature, and the conven-
tional sintering temperature for BZCYYDb ceramics is around
1500° C. for several hours; On the other hand, the SPS
sintering is processed in vacuum atmosphere under pressure,
with a 9.9x107> atm and 3x10” Pa pressure to ensure the
graphite phase (as well as the graphite die) do not decom-
pose at high temperature.

The C-BZCYYDb composite shows excellent conductivity
in reducing atmospheres. The conductivity measurement
was carried out in wet N, and wet H, atmospheres (3% water
partial pressure, introduced by passing the gas through a
water bubbler at room temperature) at a temperature range
of 50° C.-850° C. A conductivity value of 359 and 364 S
cm™' at 600° C. in wet N, and H,, respectively, has been
obtained (FIG. 3). Compared with pure ceramic BZCYYb
phase, which shows a conductivity of about 1x107 S cm™
at 600° C. in wet H,, there is a several orders of magnitude
improvement in the total conductivity, which is thought to be
mainly attributed to the electronic conduction brought by
graphene.

These changes have a large impact on the material’s
hydrogen flux. The hydrogen flux can be described as:

RT (9]

Pl

2 0e0p

Iy, = ——— ——dInP,

H2 4F2LJ,;PzH o, +oy "
2

where R is gas constant (8.314 J/mol K), T temperature
(K), F Faraday’s constant (96485 C mol™"), L thickness
(1x107> m in this case, or 1 mm), P, partial pressure of
hydrogen, and o, and o, electronic conductivity and proton
conductivity, respectively. From the data in FIG. 3, using a
reference temperature of 600° C., with a 1 mm thick
membrane with a partial pressure driving force of 1 atm
hydrogen at feed side and 1x10~7 atm hydrogen at the
product side, an order of magnitude increase in hydrogen
flux compared to a pure phase, conventionally sintered
BZCYYDb sample (assuming the ionic transport number of
BZCYYD at 600° C. is 0.9) is obtained. For instance, the
hydrogen flux obtained for the BZCYYb sample without
graphene is 2.8x10™* mol m~ s~! compared to a hydrogen
flux of 3.1x107> mol m~* s~* for a membrane with graphene,
while a Pd metal membrane having a thickness of 1 mm at
400° C. has a hydrogen flux of about 9x10~* mol m~= s,
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CONCLUSIONS

Spark plasma sintered graphene-BZCYYb composite
with 40% volume ratio of graphene showed a two-phase
graphene and BZCYYDb structure. The obtained composite
showed dense microstructure, with graphene flakes sur-
rounded by dense BZCYYDb ceramic. C-BZCYYb with 40%
volume ratio of graphene possesses excellent electrical
conductivity under reducing atmospheres. The conductivity
value in general is between Ni-BZCYYDb and BZCYYDb. A
conductivity value of 364 S cm™ at 600° C. in wet H, was
obtained. The calculated hydrogen flux from the
C-BZCYYD is 3.1x107> mol m™ s™', about one order of
magnitude higher than BZCYYDb ceramic without graphene,
and higher than the state-of-the-art Pd metal based hydrogen
separation membranes. The above description provides an
example of an easily made, and cheap alternative of elec-
tronic-ionic composite for H, separation under reducing
atmospheres.

These and other modifications and variations to the pres-
ent invention may be practiced by those of ordinary skill in
the art, without departing from the spirit and scope of the
present invention, which is more particularly set forth in the
appended claims. In addition, it should be understood the
aspects of the various embodiments may be interchanged
both in whole or in part. Furthermore, those of ordinary skill
in the art will appreciate that the foregoing description is by
way of example only, and is not intended to limit the
invention so further described in the appended claims.

What is claimed:

1. A hydrogen permeation membrane, comprising: a car-
bon-based material and a ceramic material mixed together,
wherein the carbon-based material comprises graphene,
graphite, carbon nanotubes, or a combination thereof, and
wherein the ceramic material has the formula:

BaZr,,.,.Ce,Y, .05

where 0<x=<0.5, 0<y=0.5, and 0<z<0.5,

0<0=<0.5, and

T is Yb, Sc, Ti, Nb, Ta, Mo, Mn, Fe, Co, Ni, Cu, Zn, Ga,

In, or a combination thereof.

2. The hydrogen permeation membrane of claim 1, com-
prising the ceramic material in about 40% to about 80% by
volume.

3. The hydrogen permeation membrane of claim 1,
wherein the hydrogen permeation membrane has a thickness
of about 0.01 mm to about 10 mm.

4. The hydrogen permeation membrane of claim 1,
wherein the carbon-based material is graphene.

5. The hydrogen permeation membrane of claim 1, where
0<9=<0.5.
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6. A method of forming a membrane, comprising:

mixing a carbon-based material and a ceramic powder to
form a carbon-ceramic mixture, wherein the carbon
based material comprises graphene, graphite, carbon
nanotubes, or a combination thereof;

pressing the carbon-ceramic mixture to form a composite
membrane; and

sintering the carbon-ceramic mixture at a temperature of
about 1100° C. to about 1700° C., wherein the ceramic
powder comprises a ceramic material having the for-
mula:

BaZr,, . Ce,Y T.O54

Y, T
Where 0<x=0.5, 0<y=0.5, and 0<z<0.5; 0=8=0.5, and T is
Yb, Sc, Ti, Nb, Ta, Mo, Mn, Fe, Co, Ni, Cu, Zn, Ga, In, or
a combination thereof.
7. The method of claim 6, wherein the carbon-ceramic
mixture is sintered in a reducing atmosphere.
8. The method of claim 7, wherein the reducing atmo-
sphere comprises H,.
9. The method of claim 7, further comprising: heating the
carbon-ceramic mixture is in an inert atmosphere prior to
sintering in the reducing atmosphere.
10. The method of claim 9, wherein the inert atmosphere
comprises N,.
11. The method of claim 9, wherein the inert atmosphere
comprises Ar.
12. The method of claim 6, wherein the carbon-based
material is graphene.
13. The method of claim 6, where 0=5<0.5.
14. The method of claim 6, wherein the carbon-based
material and the ceramic powder are mixed such that the
carbon-ceramic mixture comprises the ceramic material in
amount ranging from about 40% by volume to about 80% by
volume.
15. A method of extracting hydrogen from a feed stream,
comprising:
exposing the feed stream to a first side of a membrane at
a temperature of about 600° C. to about 1000° C.,
wherein the feed stream comprises hydrogen; and

collecting pure hydrogen gas from a second side of the
membrane opposite of the first side,

wherein the membrane comprises a carbon-based material

and a ceramic material, wherein the carbon-based
material includes graphene, graphite, carbon nano-
tubes, or a combination thereof, and wherein the
ceramic material has the formula:

BaZr,.,,.Ce,Y,T.0;

xtytz

where 0<x=<0.5, O0<y=0.5, and 0<z<0.5, (x+y+2)>0;
0=0<0.5, and T is Yb, Sc, Ti, Nb, Ta, Mo, Mn, Fe, Co, Ni,
Cu, Zn, Ga, In, or a combination thereof.
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