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Tuneable Permeability to H,, CO,, He, and Ar in Graphene
Oxide—PDDA Self-Assembled Multilayers, Yielding Good

Selectivity at High Flux

Giacomo Foli, Alessandro Kovtun, Fabiola Liscio, Elena Battaglini, Simone Ligi,

Maurizio Fiorini, Matteo Minelli,* and Vincenzo Palermo*

Today, the most effective and suitable method to obtain molecular H, is the
extraction from mixtures where it is present, using gas-sieving membranes.
To this aim, the preparation and characterization of layered nano-composites
are described, made of alternated layers of positively charged Poly(Diallyl
Dimethyl Ammonium chloride) (PDDA) and negatively charged graphene
oxide (GO) nanosheets with high and tunable selectivity for H, purification.
The composites are assembled exploiting electrostatic interactions and the
layer-by-layer technique; this study correlates permeance tests with changes
in chemical composition and structure of the material using X-rays
Photoelectron Spectroscopy, X-rays diffraction water contact angle, and
surface zeta-potential measurements. Thanks to its layered nature, the
GO-PDDA composite shows an excellent selectivity, allowing faster
permeation of H, as compared to CO, and Argon. By transforming the GO to
reduced GO, the porosity of the nanosheets can be further increased, in this
way increasing the permeance of the material and its selectivity at the same
time, thus allowing to overcome the Robeson limit, the technological upper

boundary to the performance of actual membranes.

1. Introduction

Climate change is a clear and present danger which spurs govern-
ments of the world to intervene with concrete solutions.['?] The
reckless exploitation of resources combined with anthropogenic
atmospheric emissions are seriously altering delicate equilibria
that allow our life on this planet.’] It is well-known that the
emission of green-house gases is provoking the global warming

observed in the last decades.*] Car-
bon dioxide (CO,), generated by com-
bustion of fossil fuels, is probably the
most conspicuous green-house gasl®!
and, for this reason, an energetic tran-
sition towards a hydrogen-based and
carbon neutral economy was recently
spurred by European Commission.!®]

Despite its abundance in the
universe,”]  elemental hydrogen, ex-
isting as bimolecular H,, is not present
on our planet. Due to its low density, a
hydrogen molecule would rapidly reach
highest layers of our atmosphere and
escape from it[®! The electrolysis of
water allows to prepare pure H,, but is
expensive.’l Thus, the most effective
and suitable method to obtain and stock
molecular H, is the extraction from
mixtures where it is present, following
proper reaction procedures.l'®! Reform-
ing of fossil feedstocks is a mature
technology that allows the production of
bimolecular hydrogen, but it causes concomitant production of
CO,."!l Thus, the productive potential of this technology rests
on the identification of suitable strategies to separate H,/CO,
gas mixtures.['”) Amine scrubbing can be employed to this aim,
due to the acid character of carbon dioxide, and it is widely recog-
nized as the state-of-the-art technology to sequestrate CO, from a
generic gas mixture.l3] Unfortunately, the high cost of operation
associated with scrubbing plants!**! does not permit to purify H,
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at an energy-vector price. While a conventional cryogenic distil-
lation could be employed, membrane separation could be a valu-
able alternative.l'> The low demand of energy required and the
simple scale-up of such separation technique prompted inten-
sive research in this field, to identify new and more attractive pu-
rification strategies. In particular, polymer-based membranes are
able to guarantee interesting separation performances, as well as
robustness and durability, required by the application. H, and
CO, molecules have different condensability, kinetic diameter,
or chemical reactivity,'®! and thus could be separated using a
suitable membrane.['’] According to the solution-diffusion con-
cept, the mechanisms of molecular transport in dense layers oc-
curs in two steps.!'®] First, approaching gas molecules interact
with membrane surface and solubilize. Second, molecules dif-
fuse through the membrane and, drove by a pressure gradient,
reappear on the other side.

The steady-state gas flux (J) through a membrane depends on
both membrane thickness (/) and pressure difference (Ap) ac-
cording to the following equation:

J=P- M)

where the proportional coefficient (P) is the permeability coefhi-
cient, conventionally expressed in barrer, a non-SI unit (1 barrer
=3.35x 1071 mol m™! s7* Pa~!). The incorporation of the thick-
ness of the membrane into a more application-oriented quantity,
permeance (Q), leads to:

Q=

P_J @)

CAp

Given that typical membranes are characterized by sub-
micrometric thickness in order to achieve the largest transmem-
brane fluxes with a given material (i.e., at fixed permeability),['?!
permeance Q is usually expressed in GPU (gas permeation
units), corresponding to barrer um=!.

The transport of gas molecules through a membrane could be
modelled using two coefficients related to solubility (S) and diffu-
sion (D), according to the solution-diffusion concept previously
mentioned:

Permeability P and permeance Q differ for different gases per-
meating in a given material, thus allowing their separation in the
membrane layer. The preferential transport of one gas with re-
spect to another is quantified by the ratio of the pure gas perme-
abilities or permeances (i.e., selectivity):

N _ P (H,) _ Q(H,) 3)
H,/CO, P(COZ) Q, (COZ)

A membrane suitable for industrial applications should com-
bine high separation efficiency and high flow rate, i.e., have both
P and a very high.?%] Unfortunately, in dense polymeric mem-
branes, when selectivity increases, permeation decreases, thus
yielding an empirical limit related to membrane process, the so-
called Robeson’s upper bound.?!! Robeson’s limit for the purifi-
cation of H, could be circumvented by employment of palladium-
based membranes,??! characterized by a (theoretical) infinite
selectivity towards hydrogen transport, thus ideal for H,/CO,
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separation.[?)] Unfortunately, high prices of metallic raw materi-
als combined with the difficult membrane fabrication and main-
tenance prevented the utilization of metallic membranes in com-
mercial applications.?*] On the other hand, dense membranes
made of polymeric materials are undoubtedly cheaper, and can
be effectively employed in gas separation processes.|?’]

The gas sieving efficiency of some polymers could be further
improved by fabrication of proper composites.®! Among various
possibilities, 2D nanosized materials such as Graphene Oxide
(GO) revealed a great potential in gas separation applications.[?”]
Due to its peculiar shape, a single GO sheet resembles an
angstrom-thick membrane and has the potential to affect trans-
port of gases acting as an obstacle to diffusing molecules.!?8]
GO-based composite membranes, prepared by means of sev-
eral techniques such as vacuum-assisted deposition or spray-
evaporation,[2%3% were used with success to purify H, from CO,,
even if with low selectivity.31-3}] The surface of GO nanosheets
is densely populated by hydroxyl, carboxy, and epoxy groups
groups,?* which make GO easily processable, even in water, and
the fabrication of GO membranes cheap and scalable.**! Such
oxygen containing groups are often considered as defects to re-
move, mainly to restore the electrical conductivity of the material.

The presence of polar or charged chemical groups on
the surface of GO nanosheets can be exploited to create
novel supramolecular architecture, using electrostatic interac-
tions to promote the self-assembling of layered, hierarchical
composites.[36-38]

We previously demonstrated the production of laminates
based on alternate stacked layers of GO and polymers!*! prepared
by layer-by-layer (LbL) self-assembly,[“] with excellent gas siev-
ing performance. Such method makes use of the partial negative
charge of GO due to functional groups, which can interact elec-
trostatically with a suitable positively charged polyelectrolyte, i.e.,
a polycation.

The electrostatic repulsion between similar molecules limits
the amount of material deposited at each step, while the electro-
static attraction between GO and the polymer yields consistent,
uniform coatings on macroscopic scale, as described in detail in
a previously published work.[*"]

GO nanosheets have a lateral size of tens of microns and a
thickness <1 nm,*! featuring thus a large aspect ratio, much
larger than what obtainable in exfoliated graphene nanosheets,
leading thus to superior performances in terms of gas selec-
tivity but also low values of permeance. Other works in liter-
ature showed the possibility to generate nano-sized holes on
the GO surface to overcome this obstacle.*”) As example, Zhao
and co-workers developed a plasma-based etching strategy suit-
able to generate angstrom-sized pores on single-layer graphene,
achieving superior gas separation factors.[*}] Similarly, improved
perm-selectivity performances were achieved by incorporating
in a polymer matrix a chemically porous reduced graphene ox-
ide (RGO).[** Indeed, the removal of oxygen-containing func-
tional groups from the GO nanosheets generates defects on the
graphenic layers eventually leading to an increase of gas perme-
ability and selectivity. Interestingly, porous RGO could be pre-
pared also by simple thermal treatments.**]

In this work, we combine our LbL approach with the
ones typically used to create nanopores on graphene and GO.
To this aim, we fabricated GO laminates by means of a
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RGO-PDDA multilayer

Scheme 1. GO and PDDA multilayers are created using a layer-by-layer technique based on electrostatic interactions. Then, porosity and permeability
to gases is tuned by transforming the GO in RGO, without affecting significantly the PDDA polymer.

dip-coating layer-by-layer technique, alternating the deposition of
graphenic nanosheets with a positively charged polyelectrolyte,
Poly(diallyldimethylammonium Chloride), PDDA, industrially
used as a flocculant due to its high charge density.[*! In de-
tail, a ten Bi-Layers architecture, named (PDDA/GO),,, was self-
assembled on a commercial polyimide support, Matrimid5218.
We measured permeance values Q of differently sized pene-
trant gases for the multilayers, and explored the possibility to
tune the permeability of the GO nanosheets by a simple post-
fabrication in-vacuum thermal treatment (annealing) to trans-
form the GO nanosheets present in the composite into porous
RGO nanosheets (Scheme 1).

2. Results and Discussion

We produced our material using a procedure based on successive
and alternated deposition of few nanometers thick layers of op-
positely charged species. Each sample was dipped multiple times
first in a solution of positively charged PDDA (1 wt%), then in
a suspension of negatively charged GO (0.015 wt%). The proce-
dure was repeated ten times to obtain a layered structure of 10
PDDA-GO bilayers (BLs). The first dipping stage was always in
PDDA, due to the good interaction of positively charged PDDA
with the superficially hydrolyzed Matrimid. This layered struc-
ture is termed (PDDA/GO),, hereafter.

To confirm that electrostatic interaction is indeed the mech-
anism driving the self-assembly process, we monitored at
each step the superficial {-potential of the growing multilayer
(Figure 1a; Table S1, Supporting Information). We observed a
switch of the surface potential from ~+20 mV (after PDDA depo-
sition) to ~-40 mV (after GO deposition). The latter term agrees
well with the ¢-potential of GO measured in solution.[*—

The potential variation was more irregular for the first two
bilayers, likely due to incomplete coating on the Matrimid sub-
strate. Deposition of additional bilayers provided a consistent
and regular oscillation of the potential. The binary nature of
our layered material was also confirmed by Water Contact Angle
measurements (WCA), which showed an analogous oscillation.
Namely, WCA was 62° = 2° after GO deposition, and 45° + 3°
after PDDA deposition (insets in Figure 1c,d; Table S2, Sup-
porting Information); the higher hydrophobicity of GO can be
attributed to the presence of non-charged sp? domains in the
carbon network. SEM analysis showed the typical wrinkles of
graphenic sheets clearly visible on the GO terminated structure,
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(PDDA/GO),, Figure 1c, partially coated when PDDA was the
outmost layer (PDDA/GO), s Figure 1d.

The chemical composition of the membrane active layer was
confirmed by XPS analysis (Figure 1b and Table 1; Table S3, Sup-
porting Information) carried out on ad hoc Matrimid coated Si
wafers (see Experimental Section). To obtain an accurate, quan-
titative evaluation of the chemical species present in the mate-
rial, in particular of the aromatic C sp?, we fitted the XPS C 1s
signal using an asymmetric pseudo-Voigt line-shapes (APV) to
model the aromatic C sp? component. Such approach is similar
to what used for metallic components that are fitted using asym-
metric line-shapes. This is in contrast to symmetric, Gaussian-
based line-shape approaches conventionally used in fitting XPS
spectra. The use of APV fitting allows better accuracy in quanti-
fying C 1s contributions, as we previously demonstrated by sys-
tematic XPS studies®®) on graphene-based materials in order to
obtain a reliable composition of C—C and C—O groups from C
1s fit and — as a direct consequence — achieve a good estimation
of the O/C atomic ratio independently from the O 1s signal, that
may rise from oxygen-rich substrates (i.e., native silicon oxide).
The common symmetric pseudo-Voigt line-shape for all the other
components of the XPS signal.

The efficient shielding of any XPS signal from the Silicon sub-
strate was used as an indicator of effective, uniform coating.
Thanks to the efficiency of the electrostatic-driven LbL coating
of PDDA and GO, the Si signal became extremely low (<0.6%)
as measured by XPS on a large area, ~20 mm?. The main sig-
nals observed were C 1s, O 1s, N 1s from both GO and PDDA,
with minor peaks (<0.6%) attributed to Na 1s, S 2p, and Si 2p.
Noteworthy, the peak attributed to Chlorine ions, clearly visi-
ble in the spectrum recorded upon PDDA*Cl~ deposition, com-
pletely disappeared in (PDDA/GO),,. The absence of Cl 2p sig-
nal supported the proposed self-assembly mechanism, where a
complete “ion-exchange” took place between Cl~ counter-ion and
the negatively charged GO. Both GO and PDDA were mainly
composed by carbon and oxygen; furthermore, the C 1s signal
of (PDDA/GO),, and that of GO are similar (Figures S4b and
S5, Supporting Information), thus the quantitative analysis of the
multilayer was a non-trivial issue. The presence of a strong sig-
nal due to C—0O and C=0 groups in (PDDA/GO),, suggested that
the film was mainly composed by GO (Figure S5, Supporting In-
formation). The N signal at 402.3 eV and 1.1% relative atomic
abundance found in the as prepared (PDDA/GO),, was instead
univocally associated to PDDA.Y The N signal in the composite
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Figure 1. a) Surface {-potential measured on the external layer of the growing PDDA-GO multilayer membrane: green circles indicate PDDA terminated
samples, red squares GO-terminated ones, each experimental point is the average of at least three measurements on three independent samples.
b) XPS spectra of self-assembled multilayer, and building-blocks used. c) SEM imaging of the GO-terminated surface of the multilayer, i.e., T0BLs.
d) SEM imaging of the PDDA-terminated surface of the multilayer, 9.5 BLs. The insets of (c,d) show the respective water contact angles (WCA) and the

average WCA (obtained from measurement on three different specimens)

was slightly shifted respect to the N 1s at 401.8 eV of pure PDDA
(Figure S3, Supporting Information). Such slight chemical shift
for N 1s atoms of PDDA could be attributed to the change of CI~
counter-ion with GO.

The relative amount of PDDA in (PDDA/GO),, could be esti-
mated by XPS data and stoichiometric considerations. The pris-
tine PDDA had a stoichiometric ratio C:N:Cl of 8:0.8:1, very
similar to the theoretical one (8:1:1), corresponding to a nitro-
gen content N = 7.4%. Nitrogen in (PDDA/GO),, was instead
N = 1.1%, indicating that most of the composite was made of
GO (Figure S1b, Supporting Information). We could estimate the
PDDA loading x in the composite with a simple averaging for-
mula:

N

composite

=% Npppa + (1 —x) Ngo (4)

where N is the atomic fraction of nitrogen atoms measured in
the composite, in pure PDDA, and in pure GO (1.1%, 7.4%, and
0.3%, respectively). We obtained a PDDA loading in the compos-

ite x ~#11%, based on atomic abundance. It was not possible to
translate this atomic loading in weight loading because XPS can-
not estimate hydrogen atoms or water molecules contained in
GO and PDDA, which also contribute to the total weight.

However, we could estimate the coverage of PDDA on the GO
nanosheets, in molecules per nm?. For this, we combined the
measurements of N and C peaks with the known stoichiometry
of PDDA.

We calculated that in the composite, for every 100 atoms we
have 63.4% C atoms of GO and 1.1% N atoms (carbon atoms
belonging to PDDA were removed from this calculation). The
ratio between these two quantities correspond to ca. one PDDA
monomer every 58 atoms of carbon; this ratio could be translated
in one PDDA molecule every ~1.5 nm? of GO nanosheet. This
estimate is indicative not including carbons removed due to pore
defects always present in GO; it seems though reasonable, giv-
ing that the lateral size of a PDDA monomer is ~0.5 nm, and
suggests that the coverage of disordered PDDA chains on GO is
only partial, leaving space for diffusion of gas molecules.

Table 1. Elemental composition of pure PDDA, pure GO, and the self-assembled multilayer, determined by XPS analysis.

Sample C 1s [at%] O 1s [at%] N 1s [at%] Si 2p [at%] Cl 2p [at%] S 2p [at%]
PDDA 78.0 +£0.9 3.4+03 7.4+03 0.9 +0.1 9.3+0.3 0.7 +0.1
GO 72.2 +0.9 27.1+0.5 <0.2 - - 0.4 +0.1
(PDDA/GO)4q 722 0.9 25.4 £0.5 1.120.1 0.5 0.1 - 0.4 £0.1
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Figure 2. Permeance of the tested gas molecules in (PDDA/GO) ;o multi-
layers as prepared (blue circles) and annealed at the various temperature:
110 °C (green circles), 150 °C (orange circles), and 200 °C (red circles).
For the sake of comparison, permeance of the bare substrate (Matrimid)
is alsoincluded (empty circles), calculated with a 1 um reference thickness.
Each experimental point is the average of at least three measurements on
three independent samples.

The permeability of the pristine, as prepared, (PDDA/GO),,
multilayer was then tested for different gases characterized by dif-
ferent molecular size, listed in order of increasing kinetic radius
r: He (0.26 nm), H, (0.29 nm), CO, (0.33 nm), and Ar (0.34 nm).
In particular, selective permeability of H, and CO, is of great in-
terest for hydrogen purification. The blue line in Figure 2a shows
the permeance (expressed in GPU) of the (PDDA/GO),, compos-
ite to the four different gases. Noteworthy, the pristine PDDA/GO
coating acts as an effective barrier against all gases as compared
to the bare Matrimid substrate (calculated with a 1 um reference
thickness), decreasing permeance of 2—4 orders of magnitude,
thus confirming the absence of macroscopic cracks or leaks on
the whole surface of all the samples tested. The semi-logarithmic
plot shows that permeability is (roughly) exponentially depen-
dent on kinetic radius, in agreement with previous results,!
indicating that the contribution of diffusivity to the permeation
process is predominant. Three measurements taken on three in-
dependent samples are shown for each gas, confirming again the
good uniformity of the LbL coating procedure and of the perme-
ability tests.

The PDDA/GO samples were then treated for 1 h at different
temperatures (100, 150, and 200 °C) under vacuum. It is well
known that both chemical and physical properties of GO can be
tuned by chemical, thermal, or electrochemical treatments, trans-
forming it in reduced graphene oxide (RGO). Such treatment
is typically performed to increase the electrical conductivity of
the material given that GO is insulating while RGO conductiv-
ity is better than the one of most conducting polymers.[>2! Here,
though, we were interested in the structural changes ongoing
during the reduction, rather than the electrical ones. The ther-
mal treatment transforming GO to RGO may remove the oxygen-
containing moieties present in GO in the form of polar hydroxy,
carboxy, or epoxy groups, restoring part of the sp? domains typ-
ical of pristine graphene.’3] The final structure, though, is not
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graphene but RGO, characterized by structural defects in the
form of pores and voids in the graphene structure, usually un-
der 5 nm? in size,** which can accommodate small molecules or
atoms, as shown by experimental and computational studies.>]
Thus, RGO is chemically more similar than GO to graphene, but
also features a more porous structure than GO. The formation of
such pores is expected to positively affect the permeance of the
multilayer for gas molecules.

The gas transport properties in such structure was strongly af-
fected by such treatment, as one can see in Figure 1b. An increase
of permeance of all gases could be observed at higher anneal-
ing temperatures; however, the increase was not uniform for all
gases, being negligible for larger Ar atoms, and significant for
smaller He and H, molecules (Figure 2). This agrees well to what
observed in previous results, where the different permeance of
small molecules in layered materials was ascribed to differences
in molecular dimension.*?! No clear correlation was found, in-
stead, with critical volume of the tested gas (Figure S2, Support-
ing Information).

The different increase in permeance also enhanced signifi-
cantly the selectivity of (PDDA/GO),, multilayers for gas separa-
tion. Figure 3a reports the Robeson Plot for the targeted separa-
tion, with H, /CO, selectivity plotted versus total H, permeance.
The Robeson plot of H, with respect to differently sized pene-
trants, He and Ar, is also reported for comparison in Figure 3b,c.
The ideal material would sit on the top right corner of each graph,
i.e., have high selectivity combined with high H, flux, overcom-
ing the actual technological limits.[?!! We can see that in all cases,
selectivity increases going from pristine samples to samples an-
nealed at 110 °C and even more at 150 °C. In case of H,/He,
(Figure 3b) such improvement is small, with selectivity being
~1 in all cases (i.e., no selective permeance for hydrogen respect
to helium). Conversely, the selectivity of H,/CO, (Figure 3a) in-
creases from 16 to 108 upon annealing at 110 °C, and to 209 after
annealing at 150 °C. Also, selectivity for H, /Ar goes from 161 to
721, then to 2480, Figure 3c. A full list of the permeance data is
reported in Table S2 (Supporting Information).

For all couples, further annealing at 200 °C did not provide
additional benefit; H, permeance increased slightly, but a small
decrease of selectivity was also observed.

By comparing Figure 2 with Figure 3, we can see that the large
improvement in H, selectivity is due to a significant increase of
the H, permeance, rather than to a decrease of permeance of the
other gases (see also original data in Table S3, Supporting Infor-
mation). The permeance of H, in annealed (PDDA/RGO),, com-
posites increased from 0.083 GPU to 1.75 GPU upon annealing.
Indeed, the annealing performed at 110 °C was already sufficient
to overcome the actual Robeson upper bound for the separation
of H,/CO, mixture.

Such behavior is attributed to the thermal treatment ef-
fect on the graphene oxide. In order to confirm such hypoth-
esis, any significant effect of the thermal treatment on the
PDDA layer contained in (PDDA/GO),, should be ruled out.
A certain extent of polymer modification was observed in neat
PDDA thin films by XPS upon annealing (Figure S9, Sup-
porting Information). However, we self-assembled for compar-
ison a multilayered material replacing the GO nanosheets with
a polymeric anion, Poly(sodium-4-styrene sulfonate), PSS. We
used the same multi-deposition procedure described above to
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Figure 3. Selectivity of H, with respect to a) Carbon dioxide, b) Helium, and c) Argon, plotted versus absolute H, permeance of (PDDA/GO),q mul-
tilayers. Symbols indicates samples as prepared (blue diamonds) and annealed at the various temperature: 110 °C (green diamonds), 150 °C (orange
diamonds), and 200 °C (red diamonds). The black line in (a) indicates the current Robeson upper bound.

self-assemble (PDDA/PSS),,. XPS confirmed that in this mate-
rial PDDA and PSS were close to ideal 1:1 ratio (N/S ratio from
N 1s signal and S 2p signal was 0.9, see Figure S10a, Supporting
Information). We then treated and characterized such polymer—
polymer multilayers as done for the PDDA/GO multilayers. Per-
meance of (PDDA/PSS),, before and after annealing at 200 °C
did not change appreciably; furthermore, this composite failed
to provide any gas barrier, yielding a performance that was com-
parable to the one of bare Matrimid (Figure S10c, Supporting In-
formation). Thermogravimetric analysis of the PDDA revealed
a slight degradation of the polycation in the annealing temper-
ature range (110-200 °C, Figure S10b, Supporting Information)
confirming the degradation observed from XPS spectra. A slight
degradation was observed in PSS as well, Figure S10b (Support-
ing Information).

1Y)

0.50 1.0 b 1.0

The main effect of the thermal treatment on permeance
can thus be attributed to the GO layer, as revealed by the anal-
ysis of the chemical evolution of the (PDDA/GO),, multilayers
using XPS. We used a previously discussed fit procedure to quan-
tify with high accuracy C 1s contributions from graphitic carbon
(sp?), defects (sp® carbon), carbons bonded to hydroxyl and epoxy
groups, and from carbonyl and carboxyl groups.*® Regrettably,
the presence of C—N groups in PDDA gave a signal superim-
posed to C—O groups in GO, making ambiguous the distinction
between these two groups; thus, we could use only the peak as-
sociated with the graphitic carbon (sp?) at energy 284.4 eV as re-
liable structural information of PDDA/GO annealed at different
temperatures.

Figure 4a showed that a decrease in O/C ratio took effectively
place during the annealing, as expected in GO reduction. As
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Figure 4. a) Evolution of O/C ratio in the multilayer with the increase of the temperature of annealing and variation of sp? chemical groups present in
the multilayer as determined by XPS. b) Thermogravimetric of GO. c) Isothermo-gravimetric analysis of GO at different T: 110 °C (green curve), 150 °C
(orange curve) and 200 °C (red curve). Curves reported in (d) are the average of three independent experiments conducted at the various temperature

of annealing (see also Figure S12b, Supporting Information).
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Figure 5. XRD patterns recorded for the as prepared and annealed multi-
layers.

predictable from previous experiments, no variation in O/C ra-
tio was observed after the 200 °C annealing of the polymer—
polymer multilayer, see Table S4 (Supporting Information) entry
(PDDA/PSS),, and (PDDA/PSS),,@200C. Figure S6 (Support-
ing Information) shows the evolution of the chemical structure
of (PDDA/GO),, as a function of annealing temperature, as mea-
sured by XPS; the deoxygenation and partial graphitization were
evident from the decrease O/C ratio and the increase of C=C sp?,
in the C 1s signal, both features being typical of thermal reduc-
tion of GO. Thermogravimetric analysis (TGA, Figure 4b) per-
formed on neat GO revealed that graphenic sheets underwent a
first decomposition at roughly 145 °C. A second and more pro-
nounced evolution of gases took place at 192-195 °C. Such obser-
vations are in agreement with the isothermo-gravimetric curves
recorded for neat GO at the temperatures used for the diverse
annealing: 110, 150, and 200 °C (Figure 4c). Indeed, while a neg-
ligible loss of weight was observed after 1 h at 110 °C, a sig-
nificant decrease was observed at 150 °C, a temperature slightly
higher than the first degradation temperature observed by TGA.
Finally, a large and vigorous degradation was observed after 1 h
at 200 °C, in agreement with what observed in the TGA curve.
For comparison, we performed the same isothermal analysis on
neat PDDA. In that case, the loss of mass recorded after 1 h of
isotherm was negligible (Figure S11, Supporting Information).
This also confirms that the changes in permeance observed for
annealed (PDDA/GO),, cannot be due to degradation of PDDA,
but should be caused by changes in the GO.

The thermal treatment and the resulting (partial) reduction of
GO nanosheets are expected to alter the multilayer structure. We
used X-ray diffraction (XRD) to characterize the membrane’s bi-
layer periodic spacing (d-spacing) to inspect any correlation with
the gas permeation results. XRD patterns in Figure 5 shows a
peak shift towards higher angles, consistent with the decrease
in interlayer d-spacing induced by the annealing. d-spacing in
pristine (PDDA/GO),, is 14.4 A. Tt decreases to 14.27, 13.3, and
11.2 A upon annealing to 110, 150, and 200 °C respectively. This
shrinking is commonly observed in GO stacks and can be at-
tributed to the removal of bulky oxygen-containing groups which
act as spacers between the GO layers. Indeed, the magnitude of
d-spacing contraction at 200 °C (~—3 A) is compatible with what
was observed in pristine GO film, > where d-spacing roughly de-
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creases from 10-8 A down to 5 A. The peak broadening with ther-
mal annealing is related to the loss of packing order inside the
multilayer. 57581

The structural variation cannot explain the permeance im-
provement (Figure 2), because experimental evidence from the
literature indicates that d-spacing should be increased with tai-
lored spacers to increase diffusion and permeability.[°”-5®]

Therefore, the increase in gas permeability of the annealed
coating has to be ascribed to one of the peculiar effects of RGO
reduction, with an increase in porosity due to carbon being re-
moved during the reduction. Indeed, as revealed by FT-IR spec-
tra of chemical species evolved during the iso-thermo-gravimetric
analysis at the different temperatures of annealing, CO, re-
lease was detected at all temperature (double peak at roughly
2300 cm™!, Figure S15, Supporting Information). Moreover, pres-
ence of CO was observed performing the annealing at 200 °C
(double peak at roughly 2100 cm™!, Figure S15, Supporting In-
formation). Interestingly, in all cases evolution of gaseous species
was negligible after 500 s of annealing. Such an observation sug-
gested that the investigated thermal reduction of GO mainly took
place in the first instant of annealing, probably due to a sort of
thermic shock. The removal of carbon atoms is known to create
pores of nanometric size in the RGO sheets®*] and the presence
of such pores could explain the enhanced permeance observed
for all gases. The presence of such distributed nano-pores was
sufficient to increase permeance values but, noteworthy, did not
degrade the selectivity imparted by the layered structure. More-
over, such a layered structure undergoes a sort of crinkle, testified
by the loss of sharpness of the XRD peak ascribed to GO layers,
and consequently generating an additional porosity. Indeed, as
shown in Figure 3, after annealing the permeance for the small-
est tested penetrants, i.e., He and H,, increased significantly, in
particular for H,. On the other hand, the permeance of larger
probes such as CO, and Ar showed only minor increase, indicat-
ing an effective and average pore size to be located in between H,
and CO, molecular dimensions. The final result was to improve
overall selectivity, as observed for all gas couples in Figure 3.

3. Conclusion

We described the preparation of an electrostatically controlled
supramolecular architecture named (PDDA/GO),, using electro-
static interactions and a layer-by-layer self-assembly procedure.
We followed the alternated deposition of polycationic chains
(PDDA) and sheets of GO, monitoring the superficial {-potential
of the outmost layer of the growing structure. The XPS spec-
trum of the fabricated laminate highlighted how an effective ion-
exchange took place during deposition of the oppositely charged
species. Given the potential application of such aggregate as a
gas sieving system, we decided to test perm-selectivity perfor-
mances for He, H,, CO, and Ar gases. After testing the perme-
ance of the pristine (PDDA/GO),,, we annealed the samples in
vacuum at three different temperatures: 110, 150, and 200 °C, in
an attempt to increase the permeance of the multilayer by gen-
erating pores produced during the conversion of GO present in
the multilayer into RGO. An increase of performance for the gas
couple H, /CO, was observed in all annealed multilayers, outper-
forming currently available sieving system, with the best perm-
selectivity reached at T'= 150 °C. XRD analysis confirmed that a
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rearrangement of coating architecture was achieved after the an-
nealing, and a more spaced and disordered multilayer was ob-
tained increasing the temperature of annealing. At the same
time, XPS spectra confirmed reduction of GO by increasing tem-
perature used during the annealing. Comparison experiments ex-
cluded a possible effect of PDDA on the improvement of perfor-
mances in perm-selectivity observed for the annealed multilay-
ers, allowing to attribute the observed changes mainly to changes
in the deposited GO nanosheets.

Thanks to the combination of materials and to their stacked
arrangement and post-processing, we could achieve very high
selectivity, up to 108 for H,/CO, (Figure 3a) and up to 2480
for H,/Ar, Figure 3c. This is significantly higher than what ob-
tained, as example, for GO or graphene multilayers on PMMA,
which achieved H,/CO, selectivity = 40 for samples annealed at
140 °C.1%8]

Noteworthy, the local rearrangement of packing observed upon
annealing resembles previous results observed in GO-polyamine
composites by Andreeva et al.®! In those materials, obtained
by simple mixture in solution of GO and polymer, the rear-
rangement was due to a chemical trigger, namely change in pH,
which created changes in the inter-sheet spacing and hopping
paths for ion permeation. In our case, the loss of packing is in-
stead triggered by temperature, and will enhance diffusion of gas
molecules, in particular the smaller ones. A change in perme-
ation due to change of stacking was also observed by Geim et al.
in GO-epoxy laminates, where the interlayer spacing was tuned
not by thermal annealing but by change in relative humidity!®°;
also in this case, permeation rate was dependent on the ion di-
ameter, and permeation increased with the increase of average
stacking distance.

While changes in pH or humidity can allow a very effective
tuning of permeability, they can be difficult or slow to achieve in
an industrial environment. We believe that the thermal anneal-
ing approach described here could instead find a more straight-
forward application on large membranes as a post-fabrication en-
hancement of (PDDA/GO),, composites, and thus could be eas-
ily tuned and upscaled for application in gas separation technolo-
gies.

4. Experimental Section

Materials and Methods: Main reactants were purchased from the fol-
lowing companies: Sodium hydroxide (NaOH, ACS reagent grade) from
Sigma—-Aldrich, Ammonium fluoride (NH4F, ACS reagent grade) from
Aldrich, hydrofluoric acid 50 wt% (HF, A.C.S. reagent grade) from Carlo
Erba Reagenti, chloroform (CHCl;, A.C.S. reagent grade) from Merck.
Deionized water (DI water) was produced by a Culligan deionizer, and neu-
tralized by correcting its slightly acid pH with a 1 M NaOH water solution,
controlling the pH with a pH-meter. A pH 8 + DHS was purchased from
XS Instruments and equipped with a glass XS Polymer electrode. A 20 wt%
water solution of PDDA was purchased by Aldrich, while a 0.4 wt% disper-
sion of GO was purchased by Graphenea. After proper dilution (final con-
centrations: PDDA 1% w/w, GO 0.01% w/w), PDDA was used without fur-
ther operations while GO was sonicated for 4 h at 30-35 °C using ausing a
10 L sonication bath commercialized by Elma (Elmasonic $100). Matrimid
5218 (Matrimid) yellow powder was kindly provided by Huntsman Corpo-
ration and used to prepare polymeric films without further purification. A
1.5 wt% Matrimid solution in dichloromethane (CH,Cl,, A.C.S. reagent
grade, Merck) was used to prepare thin films (thickness ~40 um): 20 mL
of Matrimid solution were placed in a glass petri dish (diameter = 9 cm).
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After complete evaporation of the solvent (2 days), yellow thin films were in
vacuum thermal treated at 200 °C for 18 h. Layer-by-layer self-assemblies
were performed by a dedicated automated dip-coating apparatus following
a previously reported procedure.[3°] First, a Matrimid substrate was super-
ficially hydrolysed with 18 h dipping in NaOH ,q), 1 M. A BiLayer (BL) was
prepared by dipping fully treated Matrimid samples in a PDDA water so-
lution (1% w/w) for 5 min. Excess of deposited polycation was removed
by a 20 min rinse in neutralized water (pH = 7). Then, the sample was
dipped in the GO water suspension (0.01 wt%) for 5 min and, once again,
excess of deposited species was removed with a 20 min rinse in neutral-
ized water. By repeating this procedure for ten times, a coating of 10BLs
was prepared. At the end of the self-assembly, coated films were treated for
30 min under an IR lamp in order to remove residual water present in the
coating, while keeping the superficial temperature below 54 °C. The mul-
tilayer samples prepared for SEM, XRD, and XPS analysis were fabricated
using the same procedure but using as a substrate Matrimid spin-coated
rectangular (1 cm x 2 cm) Si wavers (cut from commercial Boron-doped Si
disc, Silicon Materials Inc.). All rectangular Si wafers were prior activated
in NH,F/HF water solution (10 min in six parts of 40% w/w NH4F and
one part of 50% w/w HF), extensively washed in deionized (DI) water and
coated with a 5% w/w solution of Matrimid in 1,1,2,2 — Tetrachloroethane
(ACS reagent grade, Merck) using an accelerated spin-coating procedure:
10 s at 500 rpm, 10 s at 1000 rpm, 10 s at 2000 rpm, 10 s at 3000 rpm,
and 30 s at 4000 rpm. Spin-coating was repeated twice. Initial superficial
hydrolysis was performed for just 5 min in NaOH ,), 1 M. Water Contact
Angles were determined using a drop shape analyzer (DSA30S-Kruss) de-
positing 4 pL of DI water drops. All {-potentials were recorded at pH =7
in a KCl,q), T mm with a SurPASS 3 (Anton Paar) equipped with an Ad-
justable Gap Cell (dimension: 10 mm x 20 mm). The morphology of the
surface of the multilayers was analyzed by scanning electron microscopy
(SEM), using a Field Emission Gun instrument (Tescan Mira3) equipped
with energy dispersive spectrometry (EDS, Bruker probe). All SEM sam-
ples were made conductive by evaporation of gold before observation
(Quorum Q150R ES + coater). Mechanical strain measurements were per-
formed on the (PDDA/GO) o multilayers on matrimid, compared with the
ones on bare matrimid substrates, but did not observe significant differ-
ences: Young modulus for bare matrimid was 3015 + 329 MPa, it was
3150 + 480 MPa for (PDDA/GO) . This could be expected, given that the
matrimid polymer sheet is 40 um thick, thus addition of ten layers of me-
chanically weak PDDA/GO (each layer being ~1.4 A, see XRD) will add only
a very small improvement to the mechanical properties of the matrimid.
All gas transport analyses were performed at 35 °C according to a mano-
metric technique reported in ASTM D 1434.16™] All tested samples had an
area of 2.2 cm? and applied Ap was in the range of 1.7-1.9 bar. XPS spec-
tra were acquired by using hemispherical analyzer (Phoibos 100, Specs,
Germany). Mg Ka excitation was used at 125 W(XR50, Specs, Germany).
Survey and high-resolution spectra were acquired in Fixed Analyser Trans-
mission (FAT) mode, with energy resolution 0.9 eV measured on freshly
sputtered Silver (Ag 3d). Base pressure during the measurement was 10E-
8 mbar. Spectrometer was calibrated to Au 4f7/2 peak at 84.0 eV. The sili-
con wafers were fixed on sample holder by conductive Carbon tape and de-
gassed overnight. Charging effects were corrected by calibrating all spectra
to C 1s 285 eV. Fit was performed by using CasaXPS software after Shirley
background subtraction. C 1s was fitted according ref. Carbon 143, (2019)
268-275, by using asymmetric line-shape for aromatic Carbon and sym-
metric line-shapes (pseudo-voigt) for the C—O defects. The relative abun-
dance of aromatic sp2 C=C was the main parameter obtained from C 1s
fit, unfortunately the presence of different C—N groups overlaps the C—O
groups. Si 2p was fitted by a doublet with fixed spin orbit split (0.63 eV).
Survey spectra, binding energies, and relative atomic abundances were re-
ported in Sl for Silicon after HF/NHA4F cleaning, Matrimid deposited on
cleaned Silicon, (PDDA/GO) 10, and (PDDA/GO) 10 after annealing at dif-
ferent temperatures. Pristine GO and PDDA on Silicon were measured as
references. XRD patterns were collected in specular geometry using the
Smartlab Diffractometer equipped by a Cu-rotating anode (1= 1.54184 A)
and a set of sollers and slits to reach a parallel beam with divergence 0.1°
and acceptance 0.02°. The reported error associated with the interlayer
spacing combines the experimental error and the peak fitting procedure.
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The detector acceptance was 0.03°, which led to an error bar ranging from
0.04 to 0.07 A for the Bragg peak positions varying from 8° to 6°. The val-
ues reported in the table came from the fitting procedure; they were more
significant for high temperatures due to the lower signal-to-noise ratio. It
used the fitting procedure implemented by Origin software, which use the
Levenberg—Marquardt algorithm method.

Thermogravimetric and isothermogravimetric analyses (Perkin Elmer
TGA4000) were used to evaluate thermal stability of neat GO and poly-
electrolytes (PDDA, PSS) under a nitrogen atmosphere. For thermogravi-
metric analyses, samples were heated from 50 to 250 °C at 10 C min~1.
Neat GO was obtained from the concentrated commercial suspension af-
ter evaporation of the water, carried out in oven at 50 °C. Due to the ten-
dency of solid GO to disperse out from the pan of the TGA upon heat-
ing, (iso)thermogravimetric analyses of graphenic powder were carried
out using a thermal conductive paste (Thermigrease TG 20044). Briefly,
the desired mass of GO (roughly 5 mg) was weighted into the TGA pan.
Later, a proper amount of paste (roughly 60 mg) was exactly weighed
into the same pan, and placed to fully cover the powder of GO. The
(iso)thermogravimetric analyses were carried out up to a temperature
of 250 °C (began of thermo degradation of the paste). In the final ther-
mogram, the real masses of GO were calculated subtracting from the
recorded mass the amount of paste located into the pan at the beginning
of the analyses.

Statistical Analysis:  All the permeances of the multilayers were calcu-
lated from the experimentally determined values of permeances accord-
ing to equations presented in the Introduction. All data were presented as
mean + Standard Deviation and, in all cases, at least three independently
prepared samples were tested.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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