
(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization

International Bureau (10) International Publication Number

(43) International Publication Date WO 2018/033816 Al
22 February 2018 (22.02.2018) W!P O PCT

(51) International Patent Classification: (81) Designated States (unless otherwise indicated, for every
C01B 32/182 (2017.01) H01 G 11/36 (2013.01) kind of national protection available): AE, AG, AL, AM,
C01B 32/198 (2017.01) H01 G 11/86 (2013.01) AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
H01 G 11/00 (2013.01) CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,

DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
(21) International Application Number:

HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
PCT/IB20 17/054680

KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME,
(22) International Filing Date: MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,

0 1 August 2017 (01 .08.2017) OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,

(25) Filing Language: English TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(26) Publication Langi English
(84) Designated States (unless otherwise indicated, for every

(30) Priority Data: kind of regional protection available): ARIPO (BW, GH,

62/375,852 16 August 2016 (16.08.2016) U S GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,

62/377,640 2 1 August 2016 (21.08.2016) U S UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,

(71) Applicant: KING ABDULLAH UNIVERSITY OF EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
SCIENCE AND TECHNOLOGY [SA/SA]; 4700 King MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
Abdullah University of Science and Technology, Thuwal TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
23955-6900 (SA). KM, ML, MR, NE, SN, TD, TG).

(72) Inventors: ALAZMI, Amira Salman; c/o King Abdullah
University of Science and Technology, 4700 King Abdullah Declarations under Rule 4.17:
University of Science and Technology, Thuwal 23955 (SA). — as to applicant's entitlement to apply for and be granted a
DA COSTA, Pedro Miguel; c/o King Abdullah University patent (Rule 4.1 7(H))

of Science and Technology, 4700 King Abdullah University — as to the applicant's entitlement to claim the priority of the

of Science and Technology, Thuwal 23955 (SA). earlier application (Rule 4.17(Hi))

— of inventorship (Rule 4.1 7(iv))

(54) Title: GRAPHENE MATERIALS AND IMPROVED METHODS OF MAKING, DRYING, AND APPLICATIONS

FIGURE 1

(57) Abstract: The impact of post-synthesis processing in, for example, graphene oxid or reduced graphene oxide materials for super-
capacitor electrodes has been analyzed. A comparative study of vacuum, freeze and critical poin drying was carried out for graphene

© oxide or hydrothermally reduced graphene oxide demonstrating that the optimization of the specific surface area and preservation of the
porous network is important to maximize its properties such as supercapacitance performance. A s described below, using a supercritical

0 0 2 - 1 - 1fluid as the drying medium, unprecedented values of specific surface area (e.g., 364 m g ) and supercapacitance (e.g., 441 F g ) for
® this class of materials were achieved.

O

[Continued on next page]



W O 2018/033816 A l Illlll II lllll lllll lllll ill III III Hill lllll lllll ll lllll III III llll llll

Published:

— with international search report (Art. 21(3))
— before the expiration of the time limit for amending the

claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))



GRAPHENE MATERIALS AND IMPROVED METHODS OF MAKING,
DRYING, AND APPLICATIONS

INTRODUCTION

Graphene flakes can be produced in large scale by reducing

graphene oxide (GO). 1 Methods to carry out this reaction are varied and

include the use of chemicals such as hydrazine2 or sodium borohydride.3

Thermal and hydrothermal treatments are two other popular reduction

routes 4, 5. The latter is also commonly used to decorate graphene

flakes with a range of nanoparticles, sometimes in tandem with the

reduction of the parent GO.6-10 These composite materials have been

proposed for applications in, for example, catalysis 11 13 , energy

storage/conversion 14, 15- 16 , optics17 and drug delivery. 18 Given that

reduced graphene oxide (rGO) is a promising material for

electrochemical double layer capacitor (EDLC) electrodes, it is important

that its specific surface area be maximized. However, a literature search

reveals that, to the best of the inventors' knowledge, most reported

hydrothermally-reduced graphene oxide composites have a relatively

low surface area, < 100 m2 g- 1. 19- 2 1 In this respect, a key step is the

solvent-drying process after extracting the rGO product from the

autoclave. The most common approach is air or vacuum drying under

mild temperatures (<100 °C), a method that has been found to induce

the agglomeration of rGO flakes. 22-24 Briefly, the porous structure of the

"wet" rGO collapses upon drying as it is subjected to surface tension and

capillary forces. One less-commonly used approach, which has been

used in the preparation of aerogel materials, is freeze drying. 25 This

process consists of removing water from frozen material by sublimation

and desorption under vacuum. However, various stresses are generated



during the freezing and drying steps, particularly due to the so called

bound water (the small percentage of water that remains in the liquid

state and does not freeze). Whether employing air, vacuum or freeze

drying, residual humidity and induced stresses are two common factors

in these methods that considerably defeat the purpose of obtaining high

surface area, dry rGO powders (Figure 1).

SUMMARY

One possible way to avert the agglomeration and various stresses

of the materials is to use CPD, employed in the preparation of biological

specimens (e.g. plant tissue) for electron microscopy imaging26-28.

However, to the best of the inventors' knowledge, its application to

drying of powdered carbon materials such as rGO is not explored yet. In

the case of hydrothermally-reduced GO, the water would be exchanged

by the intermediate dehydration liquid, such as ethanol, which would in

turn be replaced by supercritical CO2. In the absence of a liquid-air

phase boundary, surface tension is eliminated and, upon, release of the

CO2 as gas, the dry, porous rGO could be collected (Figures 1 and 6).

Having surveyed the literature, the embodiments described and/or

claimed herein appear to be the first time that CPD has been employed

as a drying process for, for example, rGO. More importantly, there is no

real appreciation of how the drying step may influence the properties of

rGO materials such as their capacitance performance or other

electrochemical properties. To address this issue, we compared the

effect of employing vacuum, freeze and CPD drying methods on the

morphology, specific surface area, porosity and electrochemistry of

hydrothermally-reduced GO. In one embodiment, for sake of clarity, the

method is not used with, for, or to produce an aerogel material.



Embodiments described and/or claimed herein include improved

compositions, materials, devices, instrumentation, and systems, as well

as methods of making and using such compositions, materials, devices,

instrumentation, and systems. More particularly, an objective was to

replace the vacuum drying method by an alternative approach capable

of leading to weak residual humidity and weak stresses during drying,

providing for improved compositions and materials. Devices such as

supercapacitors can be prepared with use of the compositions and

materials described herein.

Particular embodiments include, for example, a composition

comprising graphene oxide or reduced graphene oxide which is

mesoporous and has a specific surface area of at least 364 m2/g

("embodiment A"). Another embodiment is an electrode composition

which comprises the composition A, wherein the electrode composition

has a supercapacitance of at least 441 F/g. In another embodiment, the

graphene oxide or reduced graphene oxide shows from a BET surface

analysis the presence of micropores and mesopores. In one

embodiment, the graphene oxide or reduced graphene oxide, when

dried to a powder material with a critical point dryer, shows a

predominance of mesopores over micropores and macropores,

identifiable by gas adsorption analysis. In one embodiment, the

predominance of mesopores results in the improvement of a specific

capacitance and/or a gas adsorption capability for the graphene oxide or

reduced graphene oxide.

Another embodiment provides for a composition (which can be

called "embodiment one") prepared by a method comprising: critical

point drying at least one graphene oxide material or reduced graphene

oxide material with use of a critical point dryer to produce a dried



graphene oxide material or a dried reduced graphene oxide material,

wherein the critical point dryer is used with a sample holder comprising

metal mesh, optionally the metal mesh having pores having a pore width

of 500 microns or less, or 250 microns or less, or 150 microns or less, or

50 microns to 250 microns. The dried graphene oxide material can be

subjected to hydrothermal reduction to form reduced graphene oxide.

In one embodiment, the graphene oxide or reduced graphene

oxide has a specific surface area of at least 364 m2/g.

In one embodiment, the graphene oxide or reduced graphene

oxide shows from a BET surface analysis the presence of micropores

and mesopores.

In one embodiment, an electrode composition comprises a

composition of "embodiment A" or "embodiment one," or any other

composition described herein, wherein the electrode composition has a

supercapacitance of at least 441 F/g.

Another embodiment provides for a method comprising: critical

point drying at least one graphene oxide material or reduced graphene

oxide material with use of a critical point dryer to produce a dried

graphene oxide material, wherein the critical point dryer is used with a

sample holder comprising metal mesh, optionally the metal mesh having

pores having a pore width of 500 microns or less, or 250 microns or less,

or 150 microns or less, or 50 microns to 250 microns. The dried

graphene oxide material can be subjected to hydrothermal reduction to

form reduced graphene oxide.

In one embodiment, the metal mesh is stainless steel mesh. In

another embodiment, the sample holder comprises walls of a fluorinated

polymer, optionally polytetrafluoroethylene.



In another embodiment, the at least one graphene oxide material

is an improved graphene oxide material.

In another embodiment, the hydrothermal reduction is carried out

at a temperature of at least 150°C.

Another embodiment provides for a critical point dryer comprising

a system for critical point drying and also supporting an interchangeable

sample holder, wherein dryer comprises the interchangeable sample

holder and the interchangeable sample holder comprises metal mesh,

optionally with pores having a pore width of 500 microns or less.

In sum, the selection of the post-synthesis drying approach for

hydrothermally reduced GO plays a significant role in controlling

properties such as, for example, the surface area, porosity and

electrochemical response of this material. By creatively fine tuning this

step, record high specific surface area and capacitance can be achieved

for the rGO/CPD product (364 cm2g- 1 and 441 Fg \ respectively).

Therefore, it is likely that the preservation of the porous network in rGO

materials for supercapacitor electrodes provides: (i) higher capacitance

levels; (ii) faster electron transport during the charge/discharge

processes; and/or (iii) better transport pathways for solvated ions.

Customizing the size of the mesopores can further improve the

capacitance performance of these materials.

BRIEF DESCRIPTION OF THE FIGURES

Figure 1 provides a schematic illustration of the various drying

processes available for rGO. CPD is known to preserve porous three-

dimensional networks upon water extraction as opposed to approaches

based in vacuum or freeze drying that result in pore collapse.



Figure 2 provides SEM images of: (a) rGO/vacuum; (b) rGO/freeze;

(c - d) rGO/CPD.

Figure 3 shows (a) Nitrogen adsorption-desorption isotherms; (b) pore-

size distributions for N 2 (calculated by using a slit DFT slit model). For

Figure 3(b), this signature is unique to CPD dried rGO; this defines the

mesoporous range (2-50 nm) of pore size.

Figure 4 shows (a) CV curves of rGO/vacuum, rGO/freeze, and

rGO/CPD in 1M H2SO4 at a scan rate of 100 mV s_ 1 ; (b) Galvanostatic

charge-discharge curves at a constant current density of 1 A g_1 ; (c)

Specific capacitance of rGO/CPD at different current densities; (d) Cyclic

performance of rGO/CPD at a current density of 1 A g- 1.

Figure 5 provides SEM images of the (a - b) rGO/vacuum and (c - d)

rGO/CPD samples. It is easily recognizable that the separation of the

layers in the CPD product is more regular/homogenous across the entire

sample, i.e. not restricted to a particular aggregate or parts of this.

Figure 6 provides digital photos of: (a) the wet rGO, (b) the rGO in (a)

after CPD processing, (c) two vials with 100 mg each of dried rGO

products, (d) two vials from Figure 6c, but also third vial shown with

freeze-dried rGO - the higher volume occupied by the rGO/CPD

compared to vacuumed dried rGO and freeze-dried rGO is notable.

Example is shown for rGO but applies equally to GO.

Figure 7 provides powder XRD patterns of the graphite precursor,

rGO/vacuum, rGO/freeze and rGO/CPD samples. The rGOs have equal

spectra precluding therefore structural dissimilarities.



Figure 8 shows high resolution XPS C1s spectra of (a) rGO/CPD, (b)

rGO/freeze and (c) rGO/vacuum samples. The deconvolution of the C1s

peak confirms the equivalent chemical identity in the three samples.

The high-resolution C 1s spectrum was convoluted for rGO/vacuum,

rGO/freeze and rGO/CPD. The spectrum shows an intense peak of

C=C (sp2 arrangement) located at 284.4 eV. Besides the C=C peak, the

C 1s spectrum deconvolution identified five other bands: sp3 (285.3 eV),

C-OH (286.4 eV), C=O (288.0 eV), O-C=O (288.9) and the π -ττ* satellite

peak (290.8 eV). The relative concentration (atomic %) of the

components was calculated using the CasaXPS software: C=C 65%, sp3

13%, C-OH 11% , C=O 5%, 0-C=O 3% and Pi-Pi* 3%.

Figure 9 shows nitrogen adsorption-desorption isotherms of: (a) rGO-

vacuum, (b) rGO-freeze.

Figure 10 shows pore-size distribution profiles from adsorption of N 2 on

the studied rGO materials (calculated using the BJH method). See also

Figure 3.

Figure 11 shows cyclic performance of a rGO/CPD sample, at a current

density of 1 A g- 1 in H2S O 4 . The capacitance is well retained throughout,

at more than 400 F g_1 .

Figure 12 shows drawings in different perspectives for two embodiments

for a smaller volume (left) and a larger volume (right) sample cell for

CPD use.

Figure 13 also shows drawings in different perspectives for two

embodiments for a smaller volume (left) and a larger volume (right)

sample cell but without the metal mesh or fasteners.

Figure 14 shows the metal mesh in top view and perspective view.



Figure 15 shows an embodiment for (a) schematic diagram of a CO2

critical point drying vessel and images of (b) the CO2critical point dryer

and (c) the microfiltration Teflon vessel.

Figure 16 shows additional specific surface areas reported in the literature

for rGO using the hydrothermal reduction method (see also Table II).

Figure 17 shows more data for GO - N2 adsorption-desorption isotherm

and pore-size distributions with particular focus on gas absorption

application.

Figure 18 shows GO - CO2 storage capacity.

Figure 19 shows CO2 storage capacity from literature.

DETAILED DESCRIPTION

INTRODUCTION

U.S. provisional filing serial number 62/375,852 filed August 16,

2016 is hereby incorporated by reference in its entirety.

All references cited herein are incorporated herein by reference in

their entirety.

Open transitional terms such as "comprising" or "comprises" can

be substituted if desired for particular embodiments with partially closed

or closed terms such as "consisting essentially of," "consists essentially

of," "consists of," or "consisting of."

One aspect provides a method comprising: critical point drying at

least one graphene oxide material or reduced graphene oxide material

with use of a critical point dryer to produce a dried graphene oxide



material or reduced graphene oxide material, wherein the critical point

dryer is used with a sample holder comprising metal mesh, optionally

with pores having a pore width of 500 microns or less, or 250 microns or

less, or 150 microns or less, or 50 microns to 250 microns. Another

aspect is a composition or material prepared by the methods described

herein. In one embodiment, the composition or material has a specific

surface area of at least 364 m2/g. In another embodiment, a

supercapacitor can be prepared having a supercapacitance of at least

441 F/g. More detailed description for these and other aspects are

provided.

CRITICAL POINT DRYING METHOD

Critical point drying (CPD) is generally known in the art, and

instrumentation for carrying out CPD (critical point dryers, accessories,

and materials) are available commercially. The sample holder and

larger instrumentation for critical point drying are described further

hereinbelow. Examples of CPD in the patent literature include US

Patent Publications 201 5/0216162; 2015/0079669; 2013/0239996; and

2013/0056036.

Any of the powders described herein, including graphene oxide

and reduced graphene oxide, can be subjected to CPD as described

herein.

GRAPHENE OXIDE MATERIALS

Graphene oxide (GO) materials are known in the art, as illustrated

by the references cited herein, for example. The material can be in



powder form. The material can be in different forms derived from the

drying step as per the methods described herein. The GO material can

be subjected to CPD. The GO material subjected to CPD can also

undergo hydrothermal reduction and then subjected once again to CPD.

The GO subjected to CPD can undergo further processing steps. The

hydrothermally reduced GO subjected to CPD can also undergo further

processing steps. The CPD-dried GO and reduced GO (or related

processed materials) can be subjected to characterization at any one of

these points in the method when it is in any of these forms. In one

embodiment, the so-called "improved graphene oxide" can be used.

HYDROTHERMAL REDUCTION STEP

After the critical point drying step for graphene oxide, the dried

graphene oxide material can be further subjected to hydrothermal

reduction which is a process known in the art. Additional critical point

drying can be carried out on the reduced graphene oxide material.

CHARACTERIZATION OF PRODUCT

The graphene product can be characterized by methods known in

the art. Characterization methods include characterization methods

known for carbon materials, including graphene materials, such as, for

example, SEM, TEM, surface area, BET specific surface area, XPS, X-

ray powder diffraction, FT-IR, Raman spectroscopy, AFM, TGA, DSC,

electronic conductivity measurements, cyclic voltammetry,

chronopotentiometry, and other methods known in the art.

In one embodiment, the graphene oxide or reduced graphene

oxide shows an open lamellar morphology with sets of nanosheet stacks



visible in SEM micrographs. The SEM method is further described in the

working examples and figures herein.

BET surface area analysis is known in the art. The method is

further described in the working examples and figures herein. In one

embodiment, a BET surface area of the graphene oxide or reduced

graphene oxide is at least 150 m2g 1, or at least 200 m2g-1, or at least

250 m2g-\ or at least 300 m2g-1, or at least 350 m2g-1, or at least 364

m2g- 1, or at least 400 m2g- 1.

The graphene oxide or reduced graphene oxide can also provide

for high supercapacitance values such as, for example, at least 300 F/g,

or at least 400 F/g, or at least 441 F/g.

CRITICAL POINT DRYER INSTRUMENTS AND SYSTEMS

Critical point dryers are commercially available and come with

accessories, instruction manuals, hardware, and software. The dryers

can be semi-automated or automated.

The dryers can be adapted to have interchangeable sample

holders. The sample holder can be modified depending on the sample

to be analyzed. The sample holder can be adapted for the drying of

powders.

Figures 12-1 5 show embodiments for a sample holder which can

be used for the critical point drying.

Figure 12 shows a smaller volume sample holder (left, Sample

Holder 1) and a larger volume sample holder (right, Sample Holder 2),

showing for each top, side (cross-sectional), and perspective views.



Sample Holder 1 has a height of 15 mm, whereas Sample Holder 2 has

a height of 50 mm. One can adapt the size of the sample holder to the

volume of the sample. Typical volumes can be, for example, 5 ml_ to

100 ml_, or 10 mL to 50 mL. In this embodiment, element 1 is a

cylindrically-shaped polytetrafluoroethylene vessel, and element 2 is a

stainless steel screen or mesh having an 125 micron micropore size.

More generally, the screen mesh can be, for example, 10 microns to 150

microns, or 50 microns to 150 microns, or 100 microns to 150 microns.

Even more generally, the sample holder comprising metal.mesh can

have pores adapted for powder drying, including small particle size

powder drying, having a pore width of, for example, 500 microns or less,

or 250 microns or less, or 150 microns or less, or 50 microns to 250

microns, or 50 microns to 150 microns, or 100 microns to 150 microns.

The screen can be used on the top and bottom of the holder. Other

materials and sizes can be used. In some embodiments, no special

tools are needed to handle the sample holder. Fasteners such as

slotted pan head screws can be used to hold the metal mesh to the cell.

Figure 13 shows again smaller and larger size embodiments for

two sample holders but without the metal mesh or fasteners. Again, top,

side (cross-sectional), and perspective views are provided. The only

difference between the two sample holders is in their height (again, 15

versus 50 mm).

Figure 14 shows an embodiment for the metal mesh in top view

and perspective view. The metal mesh can be in a generally circular

form. Openings can be provided to function with the fasteners. The

thickness of the metal mesh can be, for example, 1 mm to 2 mm. The

metal mesh can be made from, for example, metal such as, for example,

steel including, for example, stainless steel.



Figure 15 shows in an embodiment (a) schematic diagram of a

CO2 critical point drying vessel and images of (b) the CO2 critical point

dryer and (c) the microfiltration polytetrafluoroethylene vessel.

For handling and processing of powder materials, a sample holder

with filtration micropores can be designed and installed in a critical point

drying chamber (e.g., Leica EM CPD 300 ) , as shown in Figure 15. With

this sample holder, the intermediate solvent (e.g. ethanol) can be

exchange with liquid CO2 without losing the powder materials.

Therefore, the powder materials can be collected after the drying

process.

Companies offering CPD instrumentation include, for example,

Leica Microsystems (Buffalo Grove, IL), tousimis (Rockville, MD),

Electron Microscopy Sciences (EMS, Hatfield, PA), and SPI

Supplies/Structure Probe (West Chester, PA).

WORKING EXAMPLES: EXPERIMENTAL

Additional embodiments are provided in the non-limiting working

examples provided herein.

The preparation of the rGO materials was carried out using two

steps. Firstly, the oxidation of graphite powder followed the procedure

outlined in our previous work (adapted from the so-called improved

Hummers' method)29-30.

The conventional oxidation method of graphene oxide (GO) is the

Hummers' method (KMn04, NaN03, H2SO 4) , which is the most common

approach used to produce GO. In this work, the so-called improved-

Hummers' method (KMn04, 9:1 H2S O 4/ H3PO 4) was used. In this regard,



Tour et al. have demonstrated that preparing GO in 9:1 H2SO4/ H3PO4

while excluding NaNO3 clearly improves the efficiency of the oxidation

process and subsequently the quality of the produced GO29 . Overall, the

amounts used and conditions employed were also in order with those

commonly described in the literature (see, for example, cited references

1, 29, and 42-44 hereinbelow). In our previous work, we demonstrated

that the reduced graphene oxide materials are highly dependent on the

oxidation-reduction strategy selected which could influence (if not

dominate) their performance for some of the applications proposed in the

literature (e.g. supercapacitors) 30.

Next, the GO product was divided into three equal parts: the first

was dried in vacuum at 60 °C for 12h, the second was freeze-dried

under reduced pressure (0.133 mbar) for 24 hours and the third part was

dried by CPD (in CO2) . Then, the reduction of the dried GO parts was

undertaken through a hydrothermal method (at 180 °C for 24h). This

was followed by a drying step similar to, and consistent with, the one

used for the parent GO part. The dried hydrothermal rGO products are

hereafter designated as rGO/vacuum, rGO/freeze and rGO/CPD.

Further details on structural, chemical and electrochemical

characterization can be found in the supplementary information

described below.

Results and Discussion

Concerning the morphology and size of the rGO aggregates,

scanning electron microscopy (SEM) and optical imaging suggest there

is a visible effect when using varied drying methods (Figures 2, 5, and



6). Of the three hydrothermal rGO samples studied (rGO/vacuum,

rGO/freeze and rGO/CPD), the one dried with CPD clearly exhibited the

finest and most consistent separation of the graphitic basal planes

(Figures 2c and 2d, cf. also Figures 5c and 5d). Moreover, visual

comparison of the products shows that, for identical mass, the rGO/CPD

occupies a larger volume (Figure 6). This attests the network collapse

upon vacuum and freeze drying.

X-ray powder diffraction (XRD) and photoelectron spectroscopy

(XPS) analyses were performed to compare the structure and surface

chemistry of the rGOs as well as to assess the effectiveness of the

reduction step. All samples exhibited two broad diffraction peaks at 2Θ =

25° and 43°, which were assigned to the (002) and (101) planes of

graphite, respectively (Figure 7). 3 1 The structural and chemical similarity

of the rGOs was further confirmed by the high resolution XPS study of

the C1s peak, as shown in Figure 8. Hence, independently of the drying

method employed, the final products had equivalent reduction levels,

structure and surface chemistry.

N2 adsorption/desorption measurements were performed at 77 K

to characterize the specific surface area and pore size distribution of the

rGO materials (Figure 3). The three isotherms in Figure 3a are of type

IV indicating the presence of mesopores, as per the lUPAC

classification.32 While similar in type, the isotherms show significant

differences in N2 uptake and shape of the hysteresis loop. Accordingly,

the rGO/vacuum and rGO/freeze exhibited type H3 loops (Figure 9),

which are identified with plate-like porous aggregates as these originate

slit-shaped interlayer pores.33 In contrast, the rGO/CPD has a type H2

hysteresis response. This reveals the presence of a congruent network

of interconnected pores. In addition, this sample showed large N2 uptake



which could be correlated with a total pore volume of 1.17 cm3 g- 1 and a

Brunauer-Emmet-Teller (BET) specific surface area of 364 m2 g- 1. This

area is one order of magnitude higher than those of the rGO/vacuum

and rGO/freeze samples (Table 1) . As previously stated, reported

values for hydrothermal rGO, and respective composites, are usually

<100 m2/g. (see also Table I I and Figure 16)19·21·20·2 1·34.

Table 1. Specific surface area and pore structure of the rGO materials

studied.

Pore size distribution has been assessed by means of the Barrett-

Joyner-Halenda (BJH) adsorption method and density functional theory

(DFT) assuming slit pore shapes (Figures 10 and 3b, respectively).

Although the textural analysis shows pores <2 nm in size for both

rGO/vacuum and rGO/CPD, these account little in the overall porosity,

as per the micropore volume and area values extracted from t-plots (see

Table 1) . Interestingly, the presence of micropores is absent in the

rGO/freeze sample. From the BJH and DFT pore size distribution

profiles, it is obvious why the rGO/CPD shows superior surface area.

With a width range of about 1 nm to more than 75 nm, the largest

contribution (mode) originates from 20 nm sized mesopores. Note that,



at the critical point of CO2 (304.1 K, 7.39 MPa), the exchange of

molecules between the gas and fluid phases is balanced and the density

of the fluid and gas phases is equal. The absence of a liquid-gas

interface (surface tension is zero) is crucial to retain the original rGO

nanosheets' network (no structural collapse, as schematised in Fig. 1).

Furthermore, it is plausible that additional layer/nanosheet separation

can be promoted by the expansion/release of intercalated CO2.35

Overall, the rGO/CPD is a mesoporous material with a relatively high

surface area and wide pore size distribution. The contrast with the

vacuum and freeze dried products (structurally collapsed) is easily

observable by naked eye, as the side-by-side photo in Figure 5 shows.

To correlate the effect of the drying step with the properties of the

rGO materials, their electrochemical capacitive behavior was

characterized by cyclic voltammetry (CV) and galvanostatic charge-

discharge (GCD) in a three-electrodes configuration (Figure 4). While a

fairly rectangular shape was obtained for all cases (indicating a

dominant EDLC-type behavior), both the electrodes using rGO/vacuum

and rGO/freeze materials exhibited low current responses when

compared to the CV profile of the rGO/CPD electrode (Figure 4a). The

pair of broad peaks at ~0.3-0.4 V is attributed to the reversible redox

reaction of residual oxygen-containing functional groups (e.g. hydroxyl,

carbonyl and carboxyl), known to persist in the rGO materials 30, 36. As for

the GCD profiles in Figure 4b, these repeatedly showed a slight non¬

linear shape, which confirmed the existence of both EDLC and

pseudocapacitive responses in the materials. The calculated specific

capacitance of the rGO/vacuum, rGO/freeze and rGO/CPD was 258,

262 and 441 F g-\ respectively. The rate capability of the rGO/CPD

electrode was tested by calculating the specific capacitances at current



densities from 1 to 8 A g- 1 (Figure 4c). The values extracted from the

discharging curves were 441-419 F g- , indicating a remarkable

consistency in the electrochemical response. Finally, the stability of the

rGO/CPD electrode was studied using GCD at a current density of 1 A g~

1 for 200 cycles (Figure 4d). One other rGO/CPD sample, also probed in

a three-electrodes configuration, was cycled for a longer period of time

(1000 cycles at 1 A g- 1) and showed similar behavior (Figure 11). While

the initial drop was most likely due to an activation process, 37 the results

point to a long-term performance with full capacitance retention. Given

the structural and chemical similarity of the materials, the excellent

capacitance behavior and stability of rGO/CPD (almost two times higher

than rGO/vacuum and rGO/freeze) can be attributed to the network of

interconnected pores described above. The optimized network, where

mesopores predominate, facilitates the rapid ion transportation and

reversible adsorption of H+ and SO4
2- during charge/discharge

processes. Note that the specific capacitance achieved for the rGO/CPD

material is considerably greater than other values reported in the

literature for analogous rGO materials, usually <300 F g- 1 (cf. Table III)1,

14. 38-41

Supporting Information

1. Experimental Section

1.1. Drying equipment

The vacuum drying process was performed in a Thermo Scientific

Lindberg Blue M vacuum oven. For the freeze drying process, a

Labconco Freezone 2.5plus was used. Finally, the critical point drying

was performed in a Leica EM CPD300. Sample holders can be used as

shown in Figures 12-1 5.



1.2. Characterisation

The powder X-ray diffraction (XRD) analysis was performed on a

diffractometer (Bruker D8 Advance) with Cu Kα radiation (A = 1.5418 A).

The morphology of the samples was observed with scanning electron

microscopy (SEM) (FEI Quanta 600, 4 kV). N2 adsorption-desorption

measurements were conducted at 77 K with a Micromeritics ASAP 2420

instrument. Prior to the analysis, the samples were degassed under

vacuum at 80 °C for at least 12 h. The specific surface area was

calculated using the Brunauer-Emmett-Teller (BET) method. The pore

size distribution analysis in the mesopore range was performed using

the Barrett-Joyner-Halenda. (BJH) formulism applied to the isotherm

adsorption branch, and the full micro-meso pore size distribution was

calculated using the DFT model assuming slit pores using the

Microactive Interactive data analysis software. X-ray photoelectron

spectroscopy (XPS) studies were carried out in a Kratos Axis Ultra DLD

spectrometer equipped with a monochromatic Al Kα X-ray source (hv =

1486.6 eV) operating at 150 W, a multi-channel plate and delay line

detector under a vacuum of ~10-9 mbar. The survey and high-resolution

XPS spectra were collected at fixed analyzer pass energies of 160 eV

and 20 eV, respectively. Samples were mounted in floating mode in

order to avoid differential charging. Binding energies were referenced to

the sp2 hybridized (C=C) carbon for the C 1s peak set at 284.4 eV.

1.3. Electrochemical characterisation

For the electrochemical characterization, the working electrodes

were prepared by mixing ~2 mg of the selected rGO with 15 µ Ι of Nafion

(Sigma-Aldrich, 5 wt.%), 500 µ Ι of deionized water (MilliQ, 18.2 ΜΩ -cm)

and 500 µ Ι of ethanol (Sigma-Aldrich, >99.8). The mixture was

ultrasonicated for 30 min to form a homogenous slurry. The slurry was



drop-cast onto the glassy carbon electrode (3 mm diameter) and dried

under an incandescent bulb lamp for -10 min. All electrochemical

experiments were carried out in 1 M H2SO4 at room temperature using a

three-electrodes system, in which a Pt wire and a standard calomel

electrode (SCE) were used as the counter and reference electrodes,

respectively. Cyclic voltammetry (CV), at scan rates of 100 mV s 1, and

galvanostatic charge-discharge runs were carried out using a BioLogic

VMP3 electrochemical workstation. The specific capacitance was

calculated from the CV and discharging curves according to the

following equation:

where Csp (F g_1 ) is the specific capacitance of the electrode, I (A) is the

discharging current, At (s) is the discharging time, AV (V) is the potential

and m (g) is the mass of the rGO.

Table Π. Specific surface areas reported in the literature for rGO using the hydrothermal
reduction method. See also Figure 16.



Table III. Electrochemical performance of rGOs reported in the literature.
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EMBODIMENTS FOR CARBON DIOXIDE CAPTURE

Another application for the compositions and materials (and

methods of making them) described herein is carbon dioxide capture.

See, in particular, Figures 16-19. The effective capture of CO2 emitted

by fossil-fuel-based power plants and other large industrial facilities is a

top global priority to reduce the impact of global climate change and



energy crisis (Chowdhury, S.; Balasubramanian, R., Highly efficient,

rapid and selective C02 capture by thermally treated graphene

nanosheets. Journal of C02 Utilization 2016, 13, 50-60). As a result,

several adsorbent materials have been studied for separation and

storage of CO2 from fuel gases and other industrial exhaust streams.

Recently, graphite and graphene have received a great deal of attention

for gas adsorption, however, there has been little work carried out on

graphene oxide (GO) for gas adsorption (Table IV) (Burress, J. W.;

Gadipelli, S.; Ford, J.; Simmons, J. M.; Zhou, W.; Yildirim, T., Graphene

Oxide Framework Materials: Theoretical Predictions and Experimental

Results. Angewandte Chemie International Edition 2010, 49 (47), 8902-

8904).

Moreover, while GO with different degrees of oxidation and

functionalization have been studied, the characterization of their porosity

and/or gas adsorption properties is still overlooked. The most common

GO production process is the so-called Hummer's method (or an

adaptation of this). Not surprisingly, the few studies that have delved

into CO2 capture using GO have been based in GO derived from the

Hummer's method without serious concerns on the steps involved. One

such step, that is key is the drying methodology used after the GO

product is obtained. The reported specific surface area of GO materials

are less than or about 100 m2 g 1 (Table V), possibly due to the GO pore

network collapse and sheet re-aggregation taking place during the

drying step.

In this study, we illustrate that GO can be turned into a potentially

relevant gas storage material by using an adapted ("Improved")

Hummer's method that results in a material (improved GO, or IGO) with

a higher degree of oxidation (A. Alazmi et al., Polyhedron, DOI:



10.1 0 16/j.poly.201 6.04.044). Depending on the post-synthesis drying

method employed, it is possible to partially tune the pore width/volume

and specific surface area of the GO material. In line with this, the effect

of employing vacuum, freeze and critical point drying (CPD) on the

morphology, specific surface area, porosity and gas adsorption

properties of IGO can be and has been determined. Our findings

demonstrate for the first time that the CPD process can have a positive

influence on the characteristic of GO materials, and it represents an

effective strategy in the design and development of GO-based solid

adsorbents for CO2 capture.

Overall, GO-vacuum dried material and GO-freeze-dried material

are exclusively made up of micro-pores in the material. On the other

hand, the GO-CPD dried material comprises micro, meso and macro

pores. At the range of pressure of 0-1 bar, the micro pores are filled,

while the meso and macro pores will only be filled at higher pressures

(>1 0 bar). From the t-plot, the micro pore volume of the GO-CPD is

comparable with the micro pore volume of GO-Vacuum and GO-freeze

(Table 4). This can explain the comparable CO2- uptake values for GO-

vacuum dried, GO-freeze dried, and GO-CPD dried materials.

On the other hand, our observation demonstrated that the GO

prepared using Improved-Hummers' method has higher CO2- uptake

than the GO prepared using Hummers' method (Figure 17). The filling

of the meso/macro pores of GO-CPD at higher pressure (>1 0 bar) can

improve the CO2- uptake value of these materials.





WHAT IS CLAIMED IS:

1. A composition comprising graphene oxide or reduced graphene oxide

which is mesoporous and has a specific surface area of at least 364

m2/g.

2 . The composition of claim 1, wherein the graphene oxide or reduced

graphene oxide shows from a BET surface analysis the presence of

micropores and mesopores.

3. The composition of any one of claims 1-2, wherein the graphene

oxide or reduced graphene oxide, when dried to a powder material with

a critical point dryer, shows a predominance of mesopores over

micropores and macropores, identifiable by gas adsorption analysis.

4. The composition of claim 3 , where the predominance of mesopores

results in the improvement of a specific capacitance and/or a gas

adsorption capability for the graphene oxide or reduced graphene oxide.

5. An electrode composition, wherein the electrode composition

comprises the composition of any one of claims 1-4 and has a

supercapacitance of at least 441 F/g.

6 . A composition prepared by a method comprising:

critical point drying at least one graphene oxide or reduced

graphene oxide material with use of a critical point dryer to produce a

dried graphene oxide or dried reduced graphene oxide material, wherein

the critical point dryer is used with a sample holder comprising metal

mesh, the metal mesh having pores having a pore width of 500 microns



or less, or 250 microns or less, or 150 microns or less, or 50 microns to

250 microns.

7. The composition of claim 6, wherein the graphene oxide or reduced

graphene oxide has a specific surface area of at least 364 m2/g.

8. The composition of any one of claims 6-7, wherein the graphene

oxide or reduced graphene oxide shows from a BET surface analysis the

presence of micropores and mesopores.

9. The composition of any one of claims 6-8, wherein the graphene

oxide or reduced graphene oxide, when dried to a powder material with

a critical point dryer, shows a predominance of mesopores over

micropores and macropores, identifiable by gas adsorption analysis.

10. The composition of claim 9 , where the predominance of mesopores

results in the improvement of a specific capacitance and/or a gas

adsorption capability for the reduced graphene oxide.

11. An electrode composition comprising a composition of any one of

claims 1-10, wherein the electrode composition has a supercapacitance

of at least 441 F/g.

12. A method comprising:

critical point drying at least one graphene oxide material or

reduced graphene oxide material with use of a critical point dryer to

produce a dried graphene oxide material or reduced graphene oxide

material, wherein the critical point dryer is used with a sample holder

comprising metal mesh, optionally the metal mesh having pores having

a pore width of 500 microns or less, or 250 microns or less, or 150

microns or less, or 50 microns to 250 microns.



13. The method of claim 12, wherein the metal mesh is stainless steel

mesh, and wherein the sample holder comprises walls of a fluorinated

polymer, optionally polytetrafluoroethylene.
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