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Traditional dip-assisted layer-by-layer (LbL) assembly produces robust and conformal coatings, but it is time-

consuming. Alternatively, spray-assisted layer-by-layer (SA-LbL) assembly has gained interest due to rapid

processing resulting from the short adsorption time. However, it is challenging to assemble anisotropic

nanomaterials using this spray-based approach. This is because the standard approach for fabricating “all-

polyelectrolyte” LbL films does not necessarily give rise to satisfactory film growth when one of the adsorbing
components is anisotropic. Here, polymers are combined with a model anisotropic nanomaterial via SA-LbL
assembly. Specifically, graphene oxide (GO) is investigated, and the effect of anchor layer, colloidal stability,

charge distribution along the carbon framework, and concentration of polymer on the growth and the film

quality is examined to gain insight into how to achieve pinhole-free, smooth polymer/GO SA-LbL coatings. This

approach might be applicable to other anisotropic nanomaterials such as clays or 2D nanomaterials for future

development of uniform coatings by spraying.

After popularization by Decher et al., layer-by-layer (LbL)
assembly has been regarded as one of the most promising
nanofabrication techniques to produce conformal coatings
from various combinations of materials on a wide range of
substrates [1, 2, 3]. LbL assembly is based on the alternating
adsorption of oppositely charged species onto a substrate
through electrostatic interactions; other interactions such as
hydrogen bonding, hydrophobic, host-guest, covalent, and
stereochemical interactions are well documented [4]. Taking
advantage of the environmentally friendly nature of the water-
based processing approach and the precise control over film
morphology, a broad range of materials including polyelec-
trolytes [1], nanoparticles [5, 6, 7, 8], zeolites [9, 10], metal
organic frameworks (MOF) [11], metal oxides [12, 13], and
DNA [14] have been successfully assembled into LbL films
onto substrates ranging from silicon to glass, plastic, and even
textiles [11, 15].

The traditional and most robust LbL assembly approach is
based on immersion of the substrate or dipping. In the case of
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dip-assisted LbL assembly, the substrate is alternately dipped
for minutes into the solutions/dispersions of complementary
species. Between the deposition steps, the sample is rinsed to
remove the loosely bound species from the substrate. Tradi-
tionally, dip-assisted LbL was performed by alternate dipping
of the substrate for 15-20 min in the solution of complemen-
tary species [16, 17, 18, 19]. Therefore, the robustness of dip-
assisted LbL assembly arises from the long adsorption time,
which makes the process amenable to fabricating a broad
combination of materials into thin films with rates of high
success. Recently, several successful dip-assisted LbL films
have been fabricated with various combinations of materials
with relatively shorter dipping time [20, 21, 22, 23, 24].
However, the long adsorption step results in longer process-
ing times, which are not always desirable for real-world
implementation.

In this context, spray-assisted LbL (SA-LbL) assembly [19,
25], owing to fast processing (~40x faster than dip-assisted
LbL assembly), has emerged as an alternative. The rapid

processing of SA-LbL assembly arises from the smaller diffusion
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length of the adsorbing species in the sprayed liquid droplet
and wetted layer, requiring a shorter contact time. SA-LbL
assembly has proven to be a robust technique to fabricate “all-
polyelectrolyte” LbL films (polyelectrolyte multilayers). This is
because the multiple charge sites along the polyelectrolyte
chains and strong interpenetration between the deposited
layers give rise to a large number of electrostatic interactions
between the oppositely charged polyelectrolytes [Fig. 1(a)].
However, nano-objects such as nanoparticles, nanoplatelets,
and nanorods often suffer from poor layer interpenetration due
to their rigid nanostructures [Fig. 1(b)]. Consequently, success-
ful LbL assembly of rigid nano-objects in a conformal manner
requires longer exposure times or other additional fabrication
steps such as drying. Additionally, owing to the short contact
time and the tendency for aggregation of nano-objects, several
intrinsic and extrinsic parameters become even more critical in
controlling thickness, roughness, and morphology of the
resulting film. Due to these challenges, their success is
system-specific and no universal set of guidelines still exist
for SA-LbL assembly with nano-objects [4]. Consequently,
there are only a limited number of reports on SA-LbL assembly
of nanomaterials [26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37].

In this contribution, we systematically investigate how
different intrinsic parameters affect the SA-LbL deposition
process and the morphology of the resulting film when one
of the adsorbing species is graphene oxide (GO). GO acts as
precursor material for reduced GO, which is useful for
application in electrodes for energy storage [5, 30, 38], gas
barrier coatings [39, 40], anticorrosion coatings [41], smart
conductive coatings [42], and sensors [43, 44]. GO has been
recently assembled by SA-LbL with polyelectrolytes [45, 46,
47]. Despite these reports, a universal protocol for SA-LbL of
GO with polyelectrolytes is still lacking. We start with applying
the SA-LbL assembly protocol often used for polyelectrolyte
multilayers and then systematically screen through parameters
such as colloidal stability of the GO dispersion, charge
distribution across the carbon framework, whether the pres-
ence of anchor layers facilitates the deposition process, and
polymer concentration. We also show that replacing the spray
rinsing step with blow-drying in between the exposure steps
gives rise to uniform growth behavior. Finally, the knowledge
gained from this investigation was used to develop a robust SA-
LbL assembly protocol that leads to pinhole free smooth GO/
polymer coatings with uniform growth profile. With this
approach, it becomes possible to fabricate high-quality GO-
based LbL coatings using a spray-based approach.

LbL assembly of nanomaterials requires a stable dispersion and

nanomaterials that carry charge or other secondary interactions
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Figure 1: Schematic representation of LbL assembled coatings composed of
(a) oppositely charged polyelectrolytes showing layer interpenetration and (b)
polyelectrolytes and anisotropic nanomaterials showing lack of layer interpen-
etration.

for assembling with a complementary species [here, polydial-
lyldimethylammonium chloride (PDAC)]. PDAC was selected
as the polyelectrolyte because it has been extensively investi-
gated as a positively charged polyelectrolyte for dip-assisted
and SA-LbL assembly [25, 48, 49, 50, 51, 52]. Both GO and
edge-oxidized GO (GOggqg.) aqueous dispersions were prepared
by first ultrasonicating, followed by bath sonication prior to
use. The zeta potential of GO and GOggqg. at pH 3.5 was found
to be —41.7 mV and —44 mV, respectively. The zeta poten-
tial values of GOggge and GO are comparable to that of
poly(styrene sulfonate) (PSS), which has a zeta potential of
—45 mV. Several studies demonstrated SA-LbL assembly of
(PSS/PDAC) multilayer films [25, 50, 51]. Therefore, we
postulated that both GOggge and GO would be suitable for
SA-LbL assembly with PDAC.

When creating “all-polyelectrolyte” multilayers using SA-
LbL assembly, that is, with polycations and polyanions,
a common approach is to spray polyelectrolytes for 10-20 s
with spray rinsing for 10-20 s in between the spray deposition
steps. The process is then repeated until the desired number of
layer pairs are deposited [Fig. 2(a)]. Starting with this ap-
proach, we performed SA-LbL assembly by spraying comple-
mentary species GOggge (0.5 mg/mL) and PDAC (1.0 mg/mL)
for 10 s spraying and 10 s rinsing at a pressure 30 psi. The
reason for choosing this pressure is that it is sufficient to
produce a wetted film on the substrate [29]. However, even
after 60 cycles of deposition of (PDAC/GOggg.) using the
aforementioned protocol, we observed a film thickness of only
5 nm, indicating no growth. Even a higher spraying time of 30 s
and a rest time for 30 s between spraying and rinsing did not
lead to any LbL deposition. This clearly indicates that while
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Figure 2: (a) Schematic representation of spray assisted LbL assembly for polyelectrolyte multilayers: (i) spraying of polycation on a negatively charged substrate,
(i) spray rinsing to remove excess and loosely bound polycation, (iii) spraying of polyanion, and (iv) spray rinsing to remove excess and loosely bound polyanion.
The whole process constitutes a single cycle and produces a layer pair. The cycle is repeated for deposition of desired numbers of layer pair. Structure of (b) L-PEI,

(c) PAA, (d) PDAC, and (e) B-PEI.

a dipping protocol for “all polyelectrolyte” works for LbL
assembly of nanomaterials, the SA-LbL protocol for “all poly-
electrolyte” does not necessarily give rise to satisfactory or any
growth for LbL film containing nanomaterials such as GO.

A common approach for LbL assembly is to use an anchor
layer or adhesion promoting layer that not only helps layer
growth but also improves the adhesion of the film to the
substrate. Hence, we deposited 4-layer pairs of adhesion-
promoting layers of linear polyethylenimine/polyacrylic acid
(L-PEI/PAA) on silicon using SA-LbL assembly (10 s spraying
and 10 s rinsing) prior to LbL deposition PDAC and GOggge.
The introduction of the adhesion-promoting layers led to vis-
ible deposition on the silicon substrate. However, unlike typical
LbL films, the (PDAC/GOgqg.) SA-LbL coatings were matte in
appearance, indicating inhomogeneous deposition. For in-
stance, after 40 cycles of deposition of (PDAC/GOgqgc)40, the
measured thickness and roughness of the resulting film were
found to be 224 nm and 148 nm, respectively [Figs. 3(a) and
3(b)]. For comparison, we also performed dip-LbL on a silicon
substrate to produce a (PDAC/GOggqe)1s LbL film using
a typical “all-polyelectrolyte” dip-assisted LbL assembly pro-
tocol. The (PDAC/GOggge) ;5 dip-LbL film showed a roughness
of about 20% of the overall thickness results [Fig. 3(c)]. In
contrast, for (PDAC/GOgage)20 SA-LBL film, the roughness
increases to 60% of the overall thickness [Fig. 3(d)]. We also
used a longer spraying time of 30 s with or without a rest time
of 30 s between spraying and rinsing. However, both the
conditions did not lead to any deposition beyond the (L-PEI/
PAA), anchor layers. This indicates that longer spraying times
have an adverse effect on the growth of SA-LbL films when one
of the adsorbing species is an anisotropic nanomaterial. This
further highlights the challenges associated with the fabrication
of smooth and uniform LbL coatings containing nano-objects
using a spray-based approach.

We hypothesized that the inhomogeneous deposition in the
case of SA-LbL assembly with 10 s spray and 10 s rinsing might
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result from the spray-rinsing occurring after spray deposition
steps. Rigid anisotropic nanomaterials often require a longer
time to diffuse through the wetted layer and adsorb in a pre-
ferred orientation. If the time lapse between spraying and
rinsing is shorter than the time scale for the diffusion—
adsorption process, then rinsing will dilute the concentration
of the adsorbed species in the wetted film by partially washing
away the non-adsorbed species, leading to poor layer growth.
Additionally, a lack of layer interpenetration between PDAC
and GO,gg leads to dissolution of the coating during spraying/
rinsing step as seen for (PDAC/GOggg)so SA-LbL films
[Fig. 3(a)]. Therefore, we replaced the rinsing step with blow-
drying the film for 60 s between deposition steps. This not only
eliminates the possibility of removal of non-adsorbed species
from the wetted film but also results in a shorter diffusion
length and faster adsorption due to the reduced thickness of the
wetted film. Replacing rinsing with blow-drying led to de-
position; however, the resulting deposition showed high rough-
ness [Fig. 4(a)]. Even a reduced PDAC concentration (0.5 mg/
mL) and an extra rest time of 30 s between spraying and blow-
drying did not improve the film homogeneity.

Therefore, we concluded that GOggge could not be de-
posited using SA-LbL assembly into homogeneous LbL coat-
ings despite having a comparable zeta potential with PSS. The
reason for this is that the even an extra rest time for the spray
process is not sufficient for the adsorption of the GOggqg. in
a preferred orientation owing to its rigid nanostructure and
perhaps the absence of charged functional groups throughout
the basal plane. This further emphasizes the importance of
having a uniform charge distribution throughout the surface of
nanomaterials for successful assembly of rigid nanomaterials
with a spray-based approach.

Next, we moved our attention to SA-LbL using fully
oxidized GO, which has a similar zeta potential arising from
hydroxyl, epoxy, and carboxylic groups on the basal plane of

the carbon framework. SA-LbL assembly was performed on (L-
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Figure 3: (a) Thickness and (b) roughness profiles of (LPEI/PAA)4(PDAC/GOgqge)n LbL films fabricated via SA-LbL assembly with alternate 10 s spraying and 10 s
rinsing. The inset figure shows (LPEI/PAA),(PDAC/GOgqqe)so film deposited by SA-LbL assembly. (c) Digital image of (PDAC/GOgqge)1s LbL film fabricated by dip-
assisted LbL assembly. The resulting film had a thickness and roughness of 70 nm and 14 nm, respectively. (d) Digital image of (LPEI/PAA), (PDAC/GOggge)20 LbL
film fabricated by SA-LbL assembly. The resulting film possessed a thickness and roughness of 118 nm and 71 nm, respectively.

PEI/PAA),-coated silicon substrate using 10 s spray and 60 s of
blow-drying for each step. When PDAC was used as the
complementary species, the profilometric thickness for 60
bilayers of (PDAC/GO)s LbL film was found to be 260 nm
[Fig. 4(b)]. However, the resulting film possessed a high
roughness of 190 nm, which was almost 75% of the overall
film thickness [Fig. 4(c)]. The high roughness of the LbL film
might arise from the high concentration of PDAC, which leads
to adsorption of large amounts of GO for charge overcompen-
sation resulting in island-like aggregation of GO in the film.
We, therefore, employed a reduced PDAC concentration of
0.5 mg/mL without altering the GO concentration. This
resulted compact and smoother (PDAC/GO) LbL films. For
example, a 60-layer pair (PDAC/GO) LbL film possessed
a thickness of 231 nm and roughness of 26 nm [Figs. 4(d)
and 4(e)].

LbL assembly was originally established with rinsing
between the deposition steps. Therefore, we decided to com-
pare the effect of rinsing instead of blow-drying without
altering the other parameters that had produced the low-
roughness film. With 10 s of spray-rinsing in between the
spray deposition steps, no coating was obtained except for
some macroscopic accumulation at the bottom of the substrate
[Fig. 4(f), right]. On the other hand, with blow-drying,
homogeneous deposition was observed on the glass slide
[Fig. 4(f), left]. Despite their comparable zeta potential values,
PSS can be assembled with PDAC into an LbL film using SA-
LbL assembly with a rinsing step, yet replacing PSS with GO
does not give rise to any deposition. This further indicates that
GO adsorption happens over a longer time scale and rinsing
destroys the wetted film before the nanomaterials adsorb onto
the surface. Additionally, despite the comparable zeta potential
of GO and GOggge, the fact that only GO can be successfully
assembled into an SA-LbL film with PDAC points out the

© Materials Research Society 2020

importance of uniform charge distribution throughout the
nanomaterial framework. GOgge. nanosheets have charged
functional groups specifically at the edge of the carbon
framework, whereas GO nanosheets have charged functional
group randomly distributed throughout the basal plane.

From the results thus far, the following critical parameters
are concluded to be important for SA-LbL assembly of

anisotropic nanomaterials.

(i) Presence of an adhesion-promoting layer,
(ii) A stable and homogeneous dispersion of the
nanomaterial,
(iii) High absolute nanomaterial zeta potential, preferably
on the face of the material,
(iv) Low concentration of polymer (complementary
species), and

(v) Blow-drying instead of rinsing.

Next, we developed a library of (PDAC/GO),, SA-LbL films
and investigated their growth profiles, roughness, and surface
morphology. First, the glass substrate was coated with (L-PEI/
PAA), anchor layers using SA-LbL assembly (10 s spray and
10 s rinsing), followed by deposition of PDAC and GO by
spraying the solution/dispersion for 10 s with 60 s of blow-
drying in between the deposition steps. Figure 5(a) shows
digital images of (PDAC/GO), SA-LbL films on glass sub-
strates. With increasing number of deposition cycles, the glass
slide turned more opaque, indicating successful deposition. A
linear increase in the film thickness with the number of
deposition cycles further confirms successful LbL deposition
and is consistent with strong intermolecular interactions
between PDAC and GO. The thickness increment was esti-
mated to be 12 nm/layer pair from linear regression [Fig. 5(c)].
The roughness of the LbL film was obtained as the root mean

square value measured using profilometry. Irrespective of the
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Figure 4: (a) (PDAC/GOgqge) LbL film assembled using 10 s of spraying and 60 s of blow-drying. The thickness and roughness were measured across the scratch
enclosed by the dotted square. The thickness and roughness of the film were 170 = 15 nm and 117 = 39 nm, respectively. The effect of polymer concentration on
thickness and roughness of SA (PDAC/GO),, LbL film constructed via 10 s of spraying and 60 s of blow-drying: (b) thickness and (c) roughness of LbL film deposited
from 1 mg/mL PDAC on (L-PEI/PAA),-coated silicon substrate; (d) thickness and (e) roughness of LbL film deposited from 0.5 mg/mL PDAC on (L-PEI/PAA),-coated
silicon substrate. The GO concentration was kept constant at 0.5 mg/mL. The inset figures in b and d are (L-PEI/PAA),(PDAC/GO)so SA-LbL film deposited on silicon
substrate from 1 mg/mL and 0.5 mg/mL PDAC solution, respectively. (f) Effect of blow-drying (left) and rinsing (right) on spray assembled (PDAC/GO),, LbL films.

number of deposition cycles, the roughness values were
considerably lower than the film thickness values, confirming
homogeneous deposition and the nonporous nature of the
coating. For example, the roughness of a (PDAC/GO)s, LbL
film was only 7% of its overall thickness [Fig. 5(d)]. The
pinhole-free homogeneous deposition was further confirmed
using optical microscopy imaging of the (PDAC/GO) LbL film
[Fig. 5(b)]. The surface morphology of the LbL film was
characterized using tapping-mode atomic force microscopy
(AFM). Figures 5(e) and 5(f) represent the AFM height image
of a (PDAC/GO);o LbL film and the section analysis, re-
spectively. The discrepancy in the roughness obtained from
profilometry (15 nm) and the AFM image (4.3 nm) was
attributed to the length scale over which the measurements
were carried out.

To demonstrate the versatility of the methodology, we
prepared SA-LbL assembled films containing GO and a differ-
ent polymer, branched polyethylenimine (B-PEI), using

© Materials Research Society 2020

identical spraying conditions. Figure 6(a) shows digital images
of the (B-PEI/GO),, LbL films on the glass substrates. Similar to
the (PDAC/GO), system, the glass substrate became less
transparent with an increasing number of deposition cycles.
The (B-PEI/GO),, LbL system follows linear growth behavior
with a growth increment of 13.5 nm/layer pair [Fig. 6(c)]. The
higher thickness increment for (B-PEI/GO) LbL film over
(PDAC/GO) LbL film can be explained as follows: B-PEI is
a weak polyelectrolyte containing primary, secondary, and
tertiary amine groups having pK, values of 4.5, 6.7, and 11.6,
respectively [53, 54]. At lower pH values, B-PEI is extensively
protonated, leading to an extended conformation due to
charge-charge repulsion, resulting in compact LbL films. On
the other hand, at higher pH (pH = 10), B-PEI is partially
protonated and adopts a less extended conformation, which in
turn leads to thicker LbL films [54, 55, 56]. Here, the assembly
pH value for B-PEI was 10, which would lead to a slightly
thicker film, as compared to PDAC. The profilometrically
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Figure 5: (a) Digital image of (PDAC/GO), SA-LbL film prepared by 10 s spraying and 60 s blow-drying for each exposure step. (b) Optical microscope image of
(PDAC/GO) SA-LbL film. Variation of (c) thickness and (d) roughness versus layer pair number for (PDAC/GO), SA-LbL film. (e) AFM height image of (PDAC/GO)o
SA-LbL film. (f) Section analysis of the AFM image along the white line. All LbL films were deposited on (L-PEI/PAA),-coated glass substrates.

measured roughness values of the (B-PEI/GO) LbL films were
considerably lower as than the overall thickness values
[Fig. 6(d)]. For example, the roughness of a (B-PEI/GO)4
LbL film was only 7% of the roughness value. The pinhole-free
homogeneous deposition is further confirmed by the optical
microscopy image of the LbL film [Fig. 6(b)]. Tapping-mode
AFM was performed to analyze the surface morphology of the
LbL film. Figures 6(e) and 6(f) represent the AFM height image
and corresponding cross-section analysis of a (B-PEI/GO);s;
LbL film. Like the (PDAC/GO),, LbL system, the (B-PEI/GO),,
LbL film showed similar microscopic morphology. The root
mean square roughness of the (B-PEI/GO),, LbL film was lower
than that of (PDAC/GO), LbL film, indicating a slightly
smoother surface of the former.

Conclusion

In summary, we have determined an optimum protocol to
assemble anisotropic nanomaterials with polymers using SA-
LbL assembly. We used GO as the anisotropic nanomaterial
and PDAC or B-PEI as the polymeric component. Through
systematic screening of different parameters, we show that the
critical criteria for successful SA-LbL assembly are the stability
of the dispersion, uniform charge on the face of the nano-

material (as opposed to localized charge at the edge), an anchor

© Materials Research Society 2020

layer that facilitates layer growth, and low polymer concentra-
tion to avoid aggregation of GO in the wetted layer. We have
also established that blow-drying instead of rinsing in between
the deposition steps promotes successful layer growth. We
attributed this to the fact that rinsing destroys the GO-
containing wetted film by partially washing away the non-
adsorbed species, leading to poor layer growth. On the other
hand, blow-drying reduces the thickness of the wetted adsorbing
layer, thereby facilitating the adsorption process. With these
optimized conditions, it is possible to assemble polymer and GO
sheets into smooth pinhole-free coatings using SA-LbL assembly,
which was otherwise difficult to realize using the traditional SA-
LbL approach used to assemble polyelectrolyte multilayers.

Experimental section
Materials

Graphite (SP-1) was purchased from Bay Carbon. Sodium
nitrate, potassium permanganate, B-PEI (M,, = 25,000 g/mol),
PDAC (M,, = 200,000-350,000 g/mol), and PAA ( M, =
50,000 g/mol) were purchased from Sigma Aldrich. L-PEI (M,,
= 25,000 g/mol) was purchased from Polyscience. All the
polymers were used as received without any further purifica-

tion. GOggge Was obtained from Garmor and used as received.
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Figure 6: (a) Digital image of (B-PEI/GO), SA-LbL film prepared by 10 s spraying and 60 s blow-drying. (b) Optical microscope image of (B-PEI/GO)4o LbL film.
Variation of () thickness and (d) roughness versus layer pair number for (B-PEI/GO),, SA-LbL film. (e) AFM height image of (B-PEI/GO),s SA-LbL film. (f) Section
analysis of AFM image along the white line. All the LbL films were deposited on (L-PEI/PAA),-coated glass substrates.

Preparation of graphite oxide

GO was prepared according to a modified Hummers” method [57].
In brief, 3 g of graphite powder and 2.5 g of NaNO; were added to
cold concentrated sulfuric acid and the mixture was stirred for 5 h
in an ice bath. 15 g of KMnO, was next added slowly into the
mixture. During the addition, the mixture was stirred continuously
and kept in an ice bath to maintain the temperature below 20 °C.
After that, 200 mL of deionized (DI) water was added approx-
imately at a rate of 5 mL/min into the solution mixture while
keeping the mixture in the ice bath. Then, 700 mL of DI water was
poured into the mixture and stirred approximately for 30 min,
followed by addition of 20 mL of 30% H,O,. Upon the addition of
H,0,, the reaction mixture turned brown. The mixture was
continuously stirred for 30 more minutes. The reaction mixture
was then washed with 1 L of 5 wt% HCI, followed twice with DI
water. Finally, the mixture was filtered through Whatman filter
paper (pore size 2.5 pm, diameter 55 mm). The filtered graphite
oxide cake was redispersed in DI water and dialyzed. Upon
completion of the dialysis, the resulting dispersion was dried in

a convection oven at 60 °C to obtain dried GO.

Solution/dispersion preparation for LbL assembly

Aqueous solutions of L-PEI (positively charged polyelectrolyte)
and PAA (negatively charged polyelectrolyte) were prepared

© Materials Research Society 2020

with a concentration of 20 mM based on the molar mass of the
repeat unit. The pH of both solutions was adjusted to 4. GO and
GOggge were added to DI water and exfoliated via ultrasonication
to obtain 0.5 mg/mL dispersion. The pH of both dispersions was
adjusted to 3.5. These dispersions were later bath sonicated prior
to use. B-PEI aqueous solution was prepared at a concentration of
0.5 mg/mlL, followed by pH adjustment to 10. PDAC aqueous
solution of concentration of 0.5 mg/mL and 1.0 mg/mL was

prepared without any pH adjustment.

LbL assembly

LbL assembly was carried out on silicon and glass substrates.
Both substrates were treated with basic piranha solution (5:1:1
H,0, 30 wt% NHj; and 30 wt% H,O,, respectively) at 70 °C for
15 min, followed by thorough rinsing with DI water (Caution:
piranha solution is highly corrosive and proper precaution must
be taken while handing). The cleaned substrates were stored in
DI water until used. Before use, the substrate was dried with
a stream of nitrogen and exposed to oxygen plasma for 5 min
and immediately subjected to SA-LbL assembly using an
automated spraying machine (Svaya Nanotechnology Inc.).
All LbL films were assembled at a constant pressure of 30
psi, and the distance between the spray nozzle and the substrate

was maintained at 7.25 inches.
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Characterization

Thickness and roughness were measured using a profilometer
(P-6; KLA-Technor). The average of five different measure-
ments was taken as the film thickness. AFM measurements
were carried out using a Bruker Dimension Icon AFM under
tapping mode. Optical microscopy image was obtained using
Axio Imager Alm (Carl Zeiss). Zeta potential measurements
was carried out using Zetasizer ZS90 particle size and zeta

potential analyzer (Malvern Instruments).

We thank the Materials Characterization Facility at Texas
A&M University. This work was supported by the National
Science Foundation (Grant No. 1905732) (J.L.L.). S.D. thanks
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