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Interactions between ammonia gas and graphitic materials, including adsorptions and N-doping at elevated
temperatures, are known. However, liquid ammonia has rarely been studied other than for the Birch
reduction reaction. Here, we report influences of liquid ammonia on graphite oxide (GO) and reduced
graphite oxide (rGO), at both the atomic and macroscopic scales. It is demonstrated that GO and rGO do
not disperse in liquid ammonia regardless of charge transfer due to the incompatible surface energy and
polarity. X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and Raman spectroscopy studies
of GO sheets treated with liquid ammonia, and liquid nitrogen as a control, for different time periods
demonstrate ~0.6 at% pyridinic N-doping and non-restoration of conjugation in the absence of thermal
energy. Macroscopically, liquid ammonia is incapable of altering the shape or size of assembled GO and
single walled carbon nanotube (SWCNT) freestanding membranes. However, loud popping sounds along
with the generation of pockets, which leads to lower stiffness within the GO membranes, were observed
after treating with liquid ammonia. In addition, shrinkage of porous rGO aerogels and counter-intuitively an
increase in electrical resistance of SWCNT/cellulose composite membranes after treatment with liquid

rsc.li/RSCApplinter ammonia, are reported.

1. Introduction

Liquid ammonia is a non-aqueous ionizing solvent that is
often used for organic synthesis, especially for Birch
reduction reactions, where alkali metals can be dissolved in
liquid ammonia to form electrical conducting solutions of
solvated electrons possessing a blue color due to transmission
of light at low concentrations and a gold color due to
reflection of light at high concentrations." The solution
comprised of solvated electrons that are caged by ammonia
molecules, serves as one of the most powerful chemical
reducing agents, while the dissolved metals act as counter-
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cations.” For example, conducting polyacetylene was n-doped
with the multi-valent cations, AI**, Mg®*, Ca®>" and Eu*', in
liquid ammonia, as reported by Kaufman et al.> Howard and
co-workers demonstrated ionic solutions of 2D transition
dichalcogenides with liquid ammonia, in the presence of
lithium and potassium.* Highly reduced graphene oxide and
hydrogenated graphene were prepared by reacting graphene
oxide with a solution of liquid ammonia and sodium.>*
Liquid ammonia is also known to be able to solvate
cellulose and alter the chemical structural arrangement of
cellulose upon evaporation, as confirmed by X-ray
diffraction.”® This phenomenon has been used to twist the
shape of wood and to shrink U.S. dollar bills.”'® As graphite
oxide (GO) possesses hydroxyl, epoxide, phenol, carboxyl, and
carbonyl groups at its edges and basal planes, a hypothesis
was made as to whether liquid ammonia, which can readily
form hydrogen bonding with these functional groups, is
capable of solvating graphite oxides, thus leading to a
shrinkage or deformations of macroscopic GO assemblies.
On the other hand, reduced graphene oxide (rGO) is
ubiquitously used for sensing a trace amount of ammonia
gas."'? The lowering of resistivity in rGO when exposed to
ammonia gas is due to charge transfer between ammonia gas
molecules and rGO."™'* As Chiou et al recently revealed,
charge transfer is able to stabilize carbon nanotube

© 2024 The Author(s). Published by the Royal Society of Chemistry
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dispersions in m-cresol,'” suggesting an analogous question:
is charge transfer powerful enough to form stabilized
colloidal suspensions of rGO in liquid ammonia?

Previous studies regarding the interactions between GO
and ammonia are mostly associated with the reduction and
N-doping of GO by ammonia gas at an elevated temperature.
The synthesis of substitutional N-doped graphene was
reported by Liu et al. by introducing ammonia gas in the
chemical vapor deposition (CVD) growth of graphene at 800
°C.'® Dai and co-workers developed the simultaneous
reduction and N-doping of GO by annealing GO in the
presence of ammonia gas at temperatures higher than 300
°C."” Supercritical ammonia (200 °C, 15 MPa) was used to
exfoliate graphite along with the simultaneous N-doping of
graphene.’® However, with the insight that GO can be
thermally reduced to rGO,® the effect of ammonia therefore
can only be fairly evaluated once the thermal energy is
separated from the experiment. It is noteworthy that Lee and
co-workers demonstrated the partial reduction and
functionalization of GO after 24 hours of treatment with
ethylenediamine at room temperature.>° Since
ethylenediamine and liquid ammonia possess similar
chemical properties including strong electron donation and
serving as effective ligands for powerful reduction
reactions,>?* it is of great interest to investigate the
interactions between GO and liquid ammonia.

In this report, we first investigate the stability of colloidal
suspensions of rGO and GO in liquid ammonia and
hydroxide aqueous solutions. Then, N-doping and reduction
effects of GO in liquid ammonia are probed by XPS, Raman
spectroscopy, and XRD, with comparisons to GO treated with
liquid nitrogen. In addition, materials properties of
macroscopic assemblies of GO, rGO, and SWCNT after
soaking in liquid ammonia are reported. Our results give
insights into the surface chemistry, N-doping and reduction
mechanisms of GO at low temperatures, and the interactions
between liquid ammonia and graphitic materials at both the
microscopic and macroscopic scale, which can enrich the
knowledge base of interactions between liquid ammonia and
carbon materials.

2. Experimental methods
2.1 Materials

Graphite oxide powder was synthesized through a modified
Hummer's method,* freeze dried and collected as a brown
powder. Reduced graphite oxide powder (Ultra Graphene),
was purchased from Nanotech Energy Inc. The partially
oxidized graphite oxide was synthesized through a modified
Hummer's method, and stored in plastic jars as a 4.86%
paste. The partially oxidized graphite oxide paste was
specifically used for fabricating membranes. The single-
walled carbon nanotubes (SWCNTs) used for dispersion were
acquired from Carbon Solutions, Inc. (P2-SWNT, CO#1815).
The SWCNTs (SWCNT-COOH, 99%) used to make
freestanding films were purchased from Cheap Tubes Inc.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

(USA). Chlorosulfonic acid (99%) was purchased from Sigma-
Aldrich. The ammonia gas tank (AM 5.5SP-G, ammonia
>99.9995%, moisture <1.0 ppm) was purchased from
Praxair. All chemicals were used as received.

2.2 Characterization

X-ray diffraction patterns were collected on a powder X-ray
diffractometer (PANalytical, X'Pertpro) with Cu Ko radiation
(A = 1.54184 A). The morphologies of materials were
examined using a JEOL-6700F FE-SEM except for the SWCNT/
cellulose composite membranes which were imaged using a
JEOL JSM 6610. FT-IR spectroscopy by attenuated total
reflectance was performed on a Cary 600 Series FTIR
Microscope (Agilent Technologies). XPS measurements were
obtained using a Kratos Axis Ultra DLD spectrometer with a
monochromatic Al Ko X-ray source (4 = 1486.6 eV). UV-vis
spectra were taken on a Shimadzu UV-3101PC UV-vis-NIR
scanning spectrophotometer with quartz cuvettes. Raman
spectra were collected with a Renishaw InVia Raman
Microscope using 633 nm laser excitation. Thermogravimetric
analyses were carried out in alumina crucibles using a Pyris
Diamond TG/DTA Analyzer (PerkinElmer) under a flow of
argon. The heating profile used was from 30 °C to 300 °C
with a ramp rate of 5 °C min™". The tensile tests were
obtained by using an Instron model 5944 with a loading rate
of 0.1% s™'. The electrical conductance was measured by a
multimeter with a probe distance of 0.5 inch.

2.3 Graphite exfoliation

5 mg of graphite powders (Carbon Graphite Materials, Inc.,
M102) were each placed in 6 mL scintillation vials with 5 mL
aliquots of base solutions, NaOH, KOH, and NH,OH. The vials
then were bath sonicated (Ultrasonic Bath 2.8 L, Fisher
Scientific) for one hour at room temperature, followed by
centrifugation (Allegra X-15R Centrifuge, SX4750, Beckman
Coulter) at 500 r.p.m. for one hour. The supernatant was then
carefully transferred out via a pipette for UV-vis measurements.

2.4 Carbon materials dispersions in liquid ammonia

To demonstrate the stability of dispersions of carbon
materials in liquid ammonia, 3-5 mg of each desired
material was first placed in a 7 mL scintillation vial. Liquid
ammonia was then collected in an Erlenmeyer flask by
condensing ammonia gas with an acetone/dry ice cooling
bath (-78 °C). The vials with the carbon materials were pre-
chilled in the cooling bath before ~5 mL of liquid ammonia
was transferred in through disposable Pasteur glass pipets.
Those solutions were then probe sonicated for 2 min (2 s/2 s)
at 90% intensity (Ultrasonic Processor, 450 W), while the vials
were sitting in the acetone/dry ice cooling bath.

2.5 Fabrication of GO membranes

200 mg of partially oxidized GO paste (4.86%) and 4 mL of
deionized water were placed in a 20 mL scintillation vial for a
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few minutes of bath sonication. The solution was then
vacuum filtered through filter paper (Millipore, AAWP, 0.8
um) to obtain a freestanding membrane after being air dried
in a fumehood for several days.

2.6 Fabrication of rGO aerogels

In a typical synthesis, graphite oxide (GO) was prepared by a
modified Hummers' method.>® 0.5 g of urea and 25 mg of
the resulting GO was dispersed in 10 mL of DI water. After
ultrasonication for 10 min at room temperature, a
homogeneous dispersion (2.5 mg mL™") was obtained. The
dispersion was heated at 180 °C for 8 h in a 30 mL sealed
Teflon-lined stainless-steel autoclave. The reaction was cooled
down naturally. A cylindrical reduced graphite oxide aerogel
monolith was produced in a clear and colorless solution. The
resulting rGO wet gels were washed with D.I. water three times
and freeze dried at —40 °C and preserved for further
experiments.

2.7 Fabrication of SWCNT membranes

The densified SWCNT films were prepared via a thermally-
induced evaporation process. Briefly, the SWCNT powders
(SWNT-COOH) were first completely dissolved in
chlorosulfonic acid (CSA).>* Then, 5 mL of SWCNT in CSA
was slowly evaporated in a glass Petri dish which was
continually heated on a heating plate. The densified SWCNT
films formed on the bottom of the Petri dish after the
complete evaporation of the CSA. The as-produced SWCNT
films could be readily peeled off in the water bath.

2.8 Synthesis of polyaniline emeraldine base

As described in a previous report,* in a typical synthesis, 3.2
mmol of aniline was first dissolved in 10 mL of 1.0 M HCI
solution. In another vial, ammonium persulfate (0.8 mmol)
was dissolved in 10 mL of 1.0 M HCI solution. These two
solutions were mixed quickly and then left overnight. The
solution was then centrifuged and washed with 0.1 M HCI to
remove ions and residues. The product was stirred in a round
bottom flask with 2.0 M NH,OH for over three hours,
followed by centrifugation and washing with copious amount
of D.I. water. The final emeraldine base powder was obtained
after air-drying the product for several days.

2.9 Synthesis of aniline tetramer emeraldine base

In a modified procedure,®® 0.92 (g) of aniline dimer was
dissolved in a solution comprised of 10 mL of ethanol and 50
mL of 0.1 M HCI, and stirred for one hour. In another beaker,
0.81 (g) of ferric chloride was dissolved in 125 mL of 0.1 M
HCI assisted by gentle sonication. The ferric chloride solution
was then poured into the aniline dimer solution and then
stirred for 2 h. The product was then centrifuged and washed
with 0.1 M HCI at least 6 times. Afterwards, the product was
reacted with 2.0 M NH,OH for 2 h, followed by centrifugation
and washing with D.I. water several times. The final powder
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in the emeraldine base form was collected after air-drying for
days. The final product was confirmed by NMR.

2.10 Fabrication of 10 wt% SWCNT/cellulose composite
membranes

0.15 g of paper (Boise Aspen 30) was shredded and then
probe sonicated for 1 h (2 s/2 s) in 100 mL of D.I. with 80%
intensity. 15 mg of SWCNT were added followed by another
15 min of probe sonication. The dispersion was then vacuum
filtered and air-dried for several days.

3. Results and discussion
3.1 Dispersions of GO and rGO

Our previous study revealed that the stability of rGO colloidal
suspensions in NH,OH solutions are dependent on the pH,
up to pH 11, due to surface charge (zeta potential) in accord
with the Derjaguin-Landau-Verwey-Overbeek (DLVO)
theory.”” The classical DLVO force is comprised of
electrostatic forces and van der Waals forces. The
electrostatic force is enhanced as the pH increases, reaching
an equilibrium against the van der Waals force at a certain
pH, that then leads to destabilization and precipitation at an
even higher pH. Thereafter, several articles addressed the
exfoliation of graphite in the presence of diluted NH,OH;**>°
however, the use of high concentrations of NH,OH and other
basic hydroxide solutions have rarely been addressed.** In
Fig. 1a-c, rGO sheets were probe sonicated in serial dilutions
of NaOH, KOH, and NH,OH, and left undisturbed overnight.
The vials on the most right-hand side are 1.0 M for NaOH
and KOH, and 28-30 wt% for NH,OH, with pH values of 14.
Vials to the left were diluted ten times from the right ones. It
is observed that NaOH and KOH solutions follow classical
DLVO theory, where negative zeta potential builds up as the
pH increases. The electrostatic repulsions make rGO stable
and well-dispersed colloids within the pH range between 10
to 12. As seen, the dispersion concentrations decay at an even
higher pH environments for NaOH and KOH solutions as the
increasing electrostatic repulsions overpower the van der
Waals attractions, resulting in precipitation.>” However, the
DLVO theory seems not to be the only governing factor for
NH,OH solutions. The most direct evidence can be found in
Fig. 1d, in which the NH,OH dispersion (right) shows a much
stronger Tyndall effect compared to NaOH (left) and KOH
(middle) dispersions at a pH of 14, indicating a comparatively
superior dispersibility of NH,OH. Such variations in the
dispersion concentration are evident even after 3 days left
undisturbed (Fig. S11).

In order to investigate this phenomenon more thoroughly,
graphite powders (Fig. 1e) were added to a series of NaOH,
KOH, and NH,OH solutions, from 0.1 M to 1.0 M for NaOH
and KOH solutions, and from 2.8-3.0 wt% to 28-30 wt% for
NH,OH solutions. The solutions in glass vials were bath
ultrasonicated for 1 h, followed by centrifuge at 500 r.p.m.
for 1 h. The dispersions were collected carefully, and then
characterized by UV-vis-IR absorption spectroscopy. The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Dispersions of rGO sheets in serial dilutions of (a) NaOH, (b) KOH, and (c) NH,OH aqueous solutions. (d) At pH 14, a NH,OH solution (right)
shows a strong Tyndall effect compared to solutions of NaOH (left) and KOH (middle). (e) SEM image of pristine graphite. (f) Absorption spectra of
graphite dispersed in KOH, NaOH, and NH4OH after exfoliation and centrifugation. Optical absorbance at 1 = 660 nm divided by cell length (A/l)
versus the fraction of pH 14 solutions in their ten-time-diluted counterparts for graphite dispersions in solutions of (g) NaOH and KOH, and (h)
NH4OH. (i) Concentration of graphite dispersions in solutions of NaOH, KOH, and NH,OH versus solvent surface tension. The concentration was
calculated based on the absorbance value at 1 = 660 nm, with the absorption coefficient equal to 2460 L g™* m™. (j) A scheme showing the stability
of graphite dispersions in NH,OH versus pH (from neutral to basic regime) is due to following factors: the DLVO force (green) and the compatibility
(blue) between the solvent surface energy (yso) and the surface energy of the materials (ymater)-

absorption spectra of dispersions at pH 14 were recorded in
Fig. 1f. Since a correlation between the concentration of
dispersed graphite with the absorbance at a wavelength of
660 nm has been reported, the absorbance at 660 nm divided
by the cell length (A/l) versus the fractions of pH 14 solutions
in their ten-time-diluted counterparts are plotted
(Fig. 1g and h).*" It is demonstrated that the value of 4/ has
no dependency on pH for NaOH and KOH dispersions but an
upward inclination for NH,OH from pH 13 to pH 14.

By considering energetics, it is known that surface
energies of materials and solvents have to be compatible in
order to minimize their mixing enthalpy.** Coleman and co-
workers have concluded that the most compatible solvent
surface tension value for graphite dispersions should be in
the region of 40-50 mJ m™2.*" Therefore, the concentrations
of graphite dispersions, assuming that the Lambert-Beer's
law applies to all dispersions with the absorption coefficient
equals to 2460 L g" m™", were plotted as functions of solvent
surface energy and solvent surface tension (Fig. 1i). The top
y-axis, solvent surface energy, was calculated using the
equation y = E — TS, with a universal value for surface entropy
of § = 0.1 mJ K* m™ The surface tensions of 1.0 M NaOH,
1.0 M KOH, and concentrated (28-30 wt%) NH,OH are found

© 2024 The Author(s). Published by the Royal Society of Chemistry

to be 73, 74.9, and 55.25 mJ m™2, respectively; while the
surface tensions of their diluted solutions are calculated
based on the assumption of 72 m] m™ for the surface
tension of water and linear correlations with the component
fractions (Fig. $21).**** The apparent increase in the graphite
dispersion concentration as the NH,OH concentration is
increased ten-fold (from 2.8-3.0 wt% to 28-30 wt% blue
arrow), in conjunction with dispersion concentrations of
NaOH (black) and KOH (red), corroborates that the surface
tension of NH,OH does play as significant of a role in these
dispersions.

In this regard, the stability of graphite dispersions versus
pH of NH,OH solutions (from neutral to the basic regime)
are a resultant (red) of two factors, the DLVO force (green)
and the solvent surface energy (blue), as illustrated in Fig. 1j.
The DLVO theory well describes the scenario of graphite
dispersed in NaOH and KOH solutions as density changes of
these two solutions among the span of pH are minute.
However, in the case of NH,OH, the compatibility of the
solvent surface energy becomes dominant at the high pH
regime where the dispersion concentration surges. As a
result, the concentration profile of the depicted scheme
(Fig. 1j) is in a good agreement with Fig. 1c.

RSC Appl. Interfaces, 2024, 1,194-205 | 197
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Fig. 2
sonicated in liquid ammonia (left) and left undisturbed for one hour
(right). The emeraldine base form of (d) the aniline tetramer and (e)
polyaniline in liquid ammonia (left) and 28-30 wt% NH4OH aqueous
solutions (right).

Images of (a) rGO, (b) GO, and (c) SWCNT being probe

Fig. 2a shows that rGO does not form a stable dispersion in
liquid ammonia even after probe sonication, which can be
attributed to the incompatible surface tensions between liquid
ammonia (21.97 mJ m™) and graphite (30-40 mJ m?).*>?¢
Therefore, the aforementioned NH,OH solutions are
considered as co-solvents comprised of liquid ammonia and
water, with surface tensions of 21.97 and 72 m] m™2
respectively. Predictably, NH,OH at 0 degree Celsius, which is
able to take up 50 wt% of ammonia, may serve as a good
solvent for graphite dispersions due to the compatibility of
surface tension (44.55 mJ m>).** Besides, the poor dispersion
of rGO in liquid ammonia can also be forecast by the Hansen
solubility parameters. As Ruoff and co-workers observed, for
colloidal suspensions of rGO in various organic solvents, the
sum of the polarity cohesion parameter (J,) and hydrogen
bonding cohesion parameter (Jy,) has to fall within the range of
13 to 29, in order to create a good dispersion of rGO.*” Since
the polarity cohesion parameter and hydrogen bonding
cohesion parameter of ammonia are 16.7 and 18.8, respectively,
the instability of graphite dispersion in liquid ammonia is then
validated.*® Furthermore, by re-examining the m-cresol-carbon
nanotube charge-transfer complex reported by Chiou et al., we
found that the surface tension of m-cresol (35.69 mJ m™) is not
far from that of carbon nanotubes (~40 mJ m™2),">*° thus the
charge transfer successfully helped stabilize SWCNTs in
m-cresol. However, in the case of liquid ammonia and graphite
or rGO, the massive difference in surface tensions results in
unstable suspensions regardless of charge transfer (~0.03
electrons per molecule).>**°

GO, with abundant functional groups such as hydroxyl,
phenol, carboxyl, quinone, and epoxide, is known to disperse
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in solvents with high dielectric constants, such as water,
dimethyl sulfoxide (DMSO), and N-methyl-2-pyrrolidone
(NMP).** Liquid ammonia, with a low dielectric constant
(22.7) and a low polarity (~0.4), is found not be able to
solvate GO despite the formation of hydrogen bonding
between the liquid ammonia and functional groups of GO
(Fig. 2b). Additionally, dispersibilities of other materials were
tested. SWCNTs are shown to precipitate in liquid ammonia
after probe sonication (Fig. 2c), likely due to the
aforementioned incompatible surface energies. Aniline
tetramer in the emeraldine base form is found to be well
dissolved in liquid ammonia (left), but not in concentrated
NH,OH (right) (Fig. 2d). With a similar dielectric constant to
ethanol, liquid ammonia serves as a good solvent for the
aniline tetramer, showing a bluish color.** Polyaniline, with a
higher dielectric constant compared to the tetramer
counterpart, does not disperse in liquid ammonia nor
concentrated NH,OH (Fig. 2e), confirming that de-doping is
indeed the mechanism for polyaniline-based ammonia
sensors instead of swelling of polymer chains.**

3.2 Surface characterizations

Chemical interactions between GO and liquid ammonia were
investigated by XPS after soaking GO in liquid ammonia and
liquid nitrogen as a control, for 1 min, 30 min, and 7 h. To
prevent gas adsorption, XPS measurements were taken after
treated samples were air-dried for more than one week. The
XPS survey spectra are presented in Fig. 3a, where a trace
amount of nitrogen is found in pristine GO (0.9 at%) as
ascribed to the fabrication process for GO.>* Unlike GO being
annealed in ammonia gas and hydrogen gas at elevated
temperatures (>300 °C), the peaks at 286.66 eV and 287.8 eV,
corresponding to C-O and C=O functional groups,
respectively, in the high resolution C(1s) XPS spectra do not
show significant changes (Fig. 3b-h),"” indicating that no
reduction nor oxidation has occurred. Hence, the reduction
of GO in the presence of ammonia gas at elevated
temperatures can be attributed solely to the thermal energy
applied. Detailed analysis of the area-under-the-curve
integrations of deconvolutions of C(1s) are shown in Fig. 3i.
The percentages of graphitic, C-O, C=0, C-N, and C=N for
pristine GO are 43.40%, 42.84%, 8.78%, 1.98%, and 2.99%,
respectively. As seen, the gradual increase in percentages of
C-N and C=N bonding were observed for GO treated with
liquid ammonia, 3.24% and 3.98% for GO treated with liquid
ammonia for 7 h, indicating potential N-doping.

XPS reveals that N-doping can still occur in the absence of
thermal energy for GO immersed in liquid ammonia
(Fig. 4a). The samples soaked in liquid nitrogen show similar
nitrogen contents to pristine GO, as expected. The nitrogen
content increases from 0.9 at% for pristine GO to 1.46, 1.61,
and 1.51 at% for GO soaked in liquid ammonia for 1 min, 30
min, and 7 h, respectively. High resolution N(1s) XPS spectra
were carried out in order to clarify the bonding
configurations. Since GO is considered a graphitic acid, the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(@) XPS surveys, (b-h) high resolution C(1s) spectra, and their (i) area-under-the-curve ratios of peaks for pristine GO, and GO samples

treated with liquid nitrogen and liquid ammonia for 1 min, 30 min, and 7 h.

formation of ammonium carboxylate between carboxylic
functional groups at GO and liquid ammonia is plausible,
but its binding energy does not fall into the detected regime.
The formation of amides, however, requires heat to undergo
the dehydration process, and is not feasible in this case. The
deconvolution of the N(1s) spectra were fit into two peaks,
peak A at a lower energy and peak B at a higher energy. Peak
A, at around 398.4 eV, corresponds to pyridinic nitrogen;
while peak B, at around 400.5 eV, represents pyrrolic
nitrogen, tertiary and quaternary amine, or amide,'®'744%’
The results indicate that pristine GO and GO treated with
liquid nitrogen exhibit stronger signals for peak B, while
enhancements in peak A were observed for samples of GO
soaked in liquid ammonia (Fig. 4b-f and S41). The much
stronger signal ratio of peak A to peak B for samples treated
with liquid ammonia indicates N-doping. This N-doping
trend is in line with GO annealed in ammonia gas at

© 2024 The Author(s). Published by the Royal Society of Chemistry

temperatures of 300-700 °C, where pyridinic N-doping was
found. The peak positions, in terms of binding energy, of fit
to peak A and peak B for all samples are fairly consistent,
which rules out the formation of quaternary nitrogen
replacing carbon atoms in the rGO sp® network."”

Raman spectra show no obvious 2D peak at ~2700 cm ™",
indicating the non-reduction of GO and the non-restoration
of conjugation (Fig. 4g).>*° The consistency in the G peak
positions of all samples verifies the non-incorporation of
quaternary nitrogen into the carbon network.'”*>** The
marginally decreased D/G intensity ratio for GO treated with
liquid nitrogen with respect to pristine GO are likely due to
the error inherent in integrations of area-under-the-curve
(Fig. 4h). On the other hand, the Ip/I; for samples treated
with liquid ammonia compared to pristine GO exhibit
discernible decreases, which is opposite from that found for
the Birch reduction reaction of GO, but consistent with GO
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Fig. 4 (a) Nitrogen contents of pristine GO, and GO treated with liquid nitrogen and liquid ammonia for 1 min, 30 min, and 7 h. High resolution

N(1s) spectra of (b) pristine GO, (c) GO treated with liquid nitrogen for 7 h, and GO treated with liquid ammonia for (d) 1 min, (e) 30 min, and (f) 7
h. The peaks are fit at both low and high energies, A (blue) and B (red) components, with their centered positions. (g) Raman spectra, (h) D/G
intensity ratios, and (i) XRD spectra of pristine GO, and GO treated with liquid nitrogen and liquid ammonia for 1 min, 30 min, and 7 h.

reduced by ethylenediamine and ethylamine at room
temperature.>*° The prominently lower D/G ratios for GO
treated with liquid ammonia suggest that the diminished
functional groups reacting with ammonia may be responsible
for the formation of pyridinic nitrogen and less out-of-place
vibrations (D peak).

X-ray diffraction shows no graphitic peaks at 20 = 26.3°
verifying the absence of reduction of GO to rGO (Fig. 4i). A
peak at 26 = 11.572° corresponding to a lattice spacing of 7.6
A was observed for pristine GO. For all treated GO samples,
slight downshifts of the (002) peaks (20 ~ 11.3°) with a
slightly greater d-spacing (7.8 A) were detected, which should
not be ascribed to intercalations as the sizes of ammonia and
nitrogen are 3.26 A and 3.05 A, respectively. Instead, water
may be the clue for this puzzle. GO, with its hygroscopic

200 | RSC Appl. Interfaces, 2024, 1, 194-205

nature, picks up water from the environment, leading to
expansions of the d-spacing with higher humidity.*® Thus,
the low temperature treatment of GO by either liquid
ammonia (~244 K) or liquid nitrogen (~77 K) led to
undesired depositions of water from the ambient, which later
caused downshifts of the (002) peaks.

3.3 GO membranes treated with liquid ammonia

To elucidate whether GO macroscopic assemblies shrink or
deform wupon the evaporation of liquid ammonia, GO
freestanding membranes were fabricated via a typical vacuum
filtration set-up. In Fig. 5a, an as-made GO membrane is
shown on top of a filter membrane. GO membranes soaked
in liquid nitrogen for 1 min and 30 min, and another one

© 2024 The Author(s). Published by the Royal Society of Chemistry
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soaked in liquid ammonia for 30 min show no apparent
differences from the as-made one, all exhibit smooth and
semi-reflective surfaces. No deformation nor size alterations
were observed. However, the GO membranes soaked in liquid
ammonia for 1 min generated continuous loud popping
sounds as ammonia gas was expelled, creating pockets in the
membrane. When the GO membranes were removed from
the liquid ammonia, these pockets were especially prevalent
at the periphery of the membranes (Fig. 5b). The cross-
sectional areas and top surfaces of all the membranes appear
alike (Fig. 5c, S5 and S67), except for the GO membrane
soaked in liquid ammonia for 1 min which possessed
ubiquitous hollow pockets on the size of hundreds of
micrometers (Fig. 5d). We hypothesize that the short soaking
period (1 min) of liquid ammonia generates thermal shock
(~100 K) when the GO membrane was exposed to the room
temperature environment. The strong affinities, owing to the
hydrogen bonding between liquid ammonia and functional
groups of GO, and the possible formation of ammonium
carboxylate result in trapped and longer retention of
ammonia  molecules.”®®  Thus, the instantaneous
vaporization of ammonia due to the thermal shock generated
loud popping sounds and created hollow pockets in the near-
edge areas; however, such a phenomenon was not observed in

© 2024 The Author(s). Published by the Royal Society of Chemistry

the case of graphite paper and highly oriented pyrolytic
graphite (HOPG).

The impacts on the microstructure and interlayer forces of
the membranes after treatment were also investigated. As no
apparent differentiation in the cross-sectional images were
observed, GO membranes were subjected to the tensile test
where strips of GO membranes were clamped with tensile
forces applied at a constant loading rate. As shown in Fig. 5e,
the Young's modulus of pristine GO is about 10 GPa, similar to
reported values.”® GO membranes soaked in liquid nitrogen for
1 min and 30 min exhibit similar Young's modulus as pristine
GO, indicating that the van der Waals attractions and hydrogen
bonding between GO sheets stay unaffected. In contrast, the
Young's modulus of GO membranes soaked in liquid ammonia
for 1 min and 30 min were found to be 3 GPa and 5 GPa,
respectively. Since GO membranes soaked in liquid ammonia
and liquid nitrogen share similar d-spacings based on XRD,
the weakening in the van der Waals forces between GO sheets
should not be detrimental. Therefore, the lowering in stiffness
for GO membranes soaked in liquid ammonia may be ascribed
to the structural alterations on the mesoscale, i.e., pores or
pockets that are not within the XRD detectable regime.

Fig. 5f shows TGA curves for all the GO samples. The weight
percentages remaining at 300 °C for pristine GO and GO

RSC Appl. Interfaces, 2024,1,194-205 | 201
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membranes soaked in liquid nitrogen are approximately 46%,
which are lower than that for GO membranes soaked in liquid
ammonia for 1 min (59.0%) and 30 min (49.5%), meaning that
the GO membranes treated with liquid ammonia exhibit less
weight loss. It is observed that the trend of the TGA curves is in
accordance with the trend of the stress-strain curves, where
samples with lower Young's modulus retain higher percentages
of weight. These results can be understood by the geometry of
GO, where a dense GO solid was found to release more gas than
a less compact GO foam. More carbon dioxide gas was
generated from dense GO solids because of the closer GO sheets
allowing just released carbon monoxide to react sufficiently with
epoxide and hydroxyl groups on adjacent GO sheets to generate
carbon dioxide.” In this regard, GO membranes soaked in
liquid ammonia are considered to possess comparatively porous
structures, thus leading to a weaker stiffness.

3.4 rGO aerogels treated with liquid ammonia

In addition to compact GO membranes, extremely porous
rGO aerogels made of thermal reduction of GO with urea

View Article Online
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followed by freeze-drying were examined. The as-made
porous rGO aerogels possess a density around 13.3 mg cm™
and a diameter around 0.5 inch. Profound and rapid
shrinkages in the size of the rGO aerogels after soaking in
liquid ammonia was observed. However, this phenomenon is
intrinsically different from the shrinkage of dollar bills upon
the evaporation of liquid ammonia as different levels of
shrinkage of rGO aerogels after soaking in liquid nitrogen
and water were obtained, as shown in Fig. 6a. The changes in
diameter for rGO aerogels treated with liquid nitrogen, liquid
ammonia, and water were found to be 0%, 21.0%, and
44.8%, respectively. Densities were measured to be 13.9, 29.8,
and 88.0 mg cm* for rGO treated with liquid nitrogen, liquid
ammonia, and water, respectively (Fig. 6b). For the rGO
aerogel treated with water, the density can increase by almost
7 fold. The volume change percentage is found to be related
to the surface tension of the solvent used (Fig. 6c). This
relationship can be reasoned by the capillary pressures
generated upon evaporation of solvents.”® According to the
Young-Laplace equation, the capillary pressure, P, is directly
proportional to the surface tension, y, and inversely
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(a) Images and (b) changes in diameter and densities of a pristine rGO aerogel, and rGO aerogels soaked in liquid nitrogen, liquid ammonia,

and water followed by two days of air-drying. (c) The percentage of the volume shrinkage of the rGO aerogels correlates with the surface tension
of the solvent it is soaked in, which can be explained by the Young-Laplace equation (see inset). (d) TGA curves and (e) XRD spectra of a pristine
rGO aerogel, and rGO aerogels treated with liquid nitrogen, liquid ammonia, and water, after air-drying.
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proportional to the radius of the pores, R (inset). Therefore,
the capillary pressure of shrinkage increases as the surface
tension of the solvent increases. Similar phenomenon was
observed earlier in the case of GO doughs,” and was later
reported with rGO hydrogel monoliths treated by various
organic solvents.>® It is noteworthy that much faster
shrinkage of the rGO aerogels treated with liquid ammonia
compared to water were observed, which can be attributed to
the much higher vapor pressure of ammonia (1.07 MPa)
compared to water (2.3 kPa).”®

For TGA analysis under N, gas flow, pristine rGO aerogels
retain 95% of their initial weight, while rGO aerogels treated
with liquid nitrogen, liquid ammonia, and water retain 91-
92% at 300 °C (Fig. 6d). We have observed that the weight
retentions for treated rGO aerogels at 300 °C can vary from
90% to 95%, likely due to regional anisotropic compressions
for the rGO aerogel monoliths. The somewhat inconsistent
trend between the weight retention percentage and the
shrinkage percentage of the aerogels indicates that the
evaluation of porosity of carbon materials based on weight
loss may not be applicable for rGO due to its sparse amount
of oxygen functional groups. XRD patterns exhibit typical

View Article Online
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rGO signals of (002) at 25° and (102) at 43° (Fig. 6e). The
broadening in diffraction peaks with weak intensities
indicate that the rGO sheets do not restack in a highly
ordered fashion upon capillary compression.

3.5 Cellulose composite membranes

As SWCNTs were demonstrated to not disperse in liquid
ammonia (Fig. 2e), no changes in appearance nor electrical
resistance of the SWCNT freestanding membranes treated
with liquid ammonia were observed (Fig. S8t). The 10 wt%
SWCNT/cellulose composite membranes, on the other hand,
do exhibit about 30% shrinkage in diameter after five
treatments with liquid ammonia (Fig. 7a and b). Both the
composite membranes and pure paper membranes showed a
“doughy status”, ie., elongations along the directions of
applied tensile forces, right after being removed from liquid
ammonia. The transition from rigid to wiggly cellulose fibers
in the SEM images is likely the main cause for the
macroscopic shrinkage of the membrane (Fig. 7c and d).
Unexpectedly, we found out that the electrical resistance
of the composite membrane increased by 3 fold despite the
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Fig. 7 Optical images and SEM images of (a and c) an as-made SWCNT/cellulose composite membrane and (b and d) the composite membrane
treated with liquid ammonia five times. (e) Changes in both diameter and electrical resistance of the composite membrane were observed.
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appreciable shrinkage in diameter (Fig. 7e). The same
phenomenon was also observed for pencil-traces-on-paper.
We speculate that the decreases in the electrical conductance
can be attributed to the creases and buckling of the
composite membranes upon the evaporation of ammonia.

Conclusions

GO, rGO, and SWCNTs do not form stable dispersions in
liquid ammonia. Precipitation results from the incompatible
surface tensions regardless of charge transfer, and
differences in polarity between liquid ammonia and
functional groups of GO. The immersion of GO in liquid
ammonia renders ~0.6 at% pyridinic N-doping and no
restoration in conjugation without the assistance of thermal
energy, as confirmed by XPS, XRD, and Raman spectroscopy.
Unlike cellulous-based materials, no shrinkage nor
deformations of GO and SWCNT membranes were observed
upon the evaporation of liquid However,
assembled GO membranes showed lowered stiffness after
treatments with liquid ammonia, which can be ascribed to
the generation of meso- and macropores due to
instantaneous vaporization of trapped ammonia molecules.
The different levels of compactness in the membrane
integrity were validated by TGA analysis. On the other hand,
rGO aerogels were found to shrink by 55% in volume upon
the evaporation of liquid ammonia. The unexpected increase
in the electrical resistance of SWCNT/cellulose composite
membranes was observed despite the shrinkage in size.
These insights presented in this report should lead to an
improved understanding of liquid ammonia interactions with
carbon based materials from both a chemistry and materials
science perspective.

ammonia.
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