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Influence of the sign of the zeta potential of nanodiamond particles on

the morphology of graphene-detonation nanodiamond composites in the

form of suspensions and aerogels
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A new method of using the detonation nanodiamond with positive and negative zeta potential as a spacer for

aerogels based on graphene oxide is presented. It is shown that the dosed addition of detonation nanodiamonds’

particles to the suspension of graphene oxide hydrosol made it possible to triple the specific surface area of the

resulting aerogel compared to graphene oxide aerogel, and this effect is more significant when nanodiamonds with

a positive zeta potential are used. It was also shown that aerogels derived from graphene oxide and detonation

nanodiamond with a positive zeta potential have a specific morphology with graphene oxide platelets being twisted.

This effect is discussed in terms of the change in the average zeta potential of the initial mixtures.
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Introduction

Graphene-based aerogels derived from graphene oxide

(GO) suspensions [1] by various methods attracted con-

siderable attention of the scientific community due to

the combination of a high specific surface area, electrical

conductivity, thermal stability, mechanical strength, and

adsorption ability [2-4]. Given these features, graphene-

based aerogels can be used as sorbents for oil and specific

ions [5–7], graphene-based catalysts [8] and highly porous

electrodes for the fabrication of supercapacitors [9,10].
However, several fundamental problems remain to be solved

in the formation and subsequent use of graphene-based

aerogels. The main one is the problem of the graphene

layers stacking due to van der Waals interaction, which

leads to degradation of the porous structure of aerogels and

a significant decrease in the specific surface area [2,11–13].
Because of this factor, the experimentally achieved capacity,

as well as the sorption and catalytic activities of graphene

aerogels, are significantly lower than theoretically predicted

ones [9]. Thus, the prevention of graphene layers stacking

is an important milestone in the further improvement of the

graphene aerogels properties.

One of the approaches to solve the problem of stacking

is the introduction of additional particles into the aerogels

structure, the so-called spacers, which prevent the inter-

action and stacking of graphene layers. Silica and metal

nanoparticles, as well as carbon nanostructures, such as

carbon nanotubes, fullerenes, and nanodiamonds, can be

used as a spacer.

By using various spacers for the fabrication of the

graphene oxide-based aerogels, a unique combination of

properties of the final material can be obtained, which opens

opportunities for a wide application of such structures For

example, in the paper [14] the authors added CoS spherical

nanoparticles to graphene-based aerogels to improve its elec-

trochemical characteristics. Furthermore, Ref. [15] reports

on applying carbon nanotubes as a spacer to manufacture

the supercapacitors with a long service life (more than 1000

cycles). In Ref. [16] the authors obtained a composite

material suitable for the oxygen electrochemical reduction,

and in Ref. [17] the authors reported on producing the

adsorbent with magnetic properties.

Nevertheless, there are several general properties that

the spacer in the graphene aerogel must exhibit. Firstly,

the addition of spacer should not lead to the reduction
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of key parameters of the final material, particularly — its

specific surface area. Besides, the spacer must be stable

in the liquid or gas medium of the aerogel, has a size of

about 1−50 nm, and should be easily chemically modified.

As mentioned earlier, several types of spacers are used in

graphene aerogels. Most of them are coupled to graphene

or graphene oxide platelets by covalent bonds or van der

Waals forces.

Q. Wang et al. in Ref. [18] suggested that the introduction

of hydroxylated nanodiamond particles as such spacer is also

a promising strategy to prevent agglomeration of graphene

and graphene derivatives. Based on the description of the

authors’ experiment, it was supposed that nanodiamond

and GO particles in this case are covalently bonded.

Besides, no aerogel was obtained in the experiment of

the authors. In [19] detonation nanodiamond agglomerates

were used as spacer to form films based on the reduced

graphene oxide and onion-like carbon. The authors’ material

demonstrated high electrical conductivity (in the range of

7400−20300 S/m) and high specific surface area (420m2/g).

However, note that there is one more way to bond

graphene and/or graphene oxide platelets and spacer: to

create conditions for their heterocoagulation by a simple

electrostatic interaction. This phenomenon, in particular,

can be observed in mixtures with particles having opposite

charge.

Nanodiamonds obtained by the detonation method (det-
onation nanodiamonds (DND)) and subjected to deagglom-

eration and purification procedures are smaller than the

nanodiamonds in the papers [18,19]. The maximum of the

size distribution of DND particles is lies at about 5 nm [20].
The DND surface can also be modified by chemical and

physical means. Depending on the solvent, some chemical

groups can dissociate in the liquid phase, forming an electric

double layer (EDL). When a particle with a EDL moves in

a medium, its electrophoretic mobility can be measured,

and the difference of potentials between the inner and outer

layers of the EDL can be calculated. This value is called

the zeta potential. At the same time, note that obtaining

of colloidal solutions of DND particles with positive (ζ+)
or negative (ζ -) zeta potential in an aqueous medium is

currently a well-established technology [21,22]. It is the

high value of the ζ -potential of DND and GO particles

in aqueous medium (+70± 10mV for DND(ζ+) [21]
and −80± 10mV for DND(ζ -) [22] according to the

Hückel model; −70± 20mV for GO according to the

Smoluchowski model [23]) that governs for the stability

of colloidal solutions of such particles. Our decision to

choose DND(ζ+) particles as the spacer for GO platelets

is based on the assumed electrostatic interaction between

positively charged DND particles and negatively charged

GO platelets in the aqueous medium. The addition of DND

suspension with a positive zeta potential (ζ+) (DND(ζ+))
to GO suspension should lead to their heterocoagulation,

while the addition of DND suspension with negative zeta

potential (ζ -) (DNA(ζ -)) should lead to coagulation by van

der Waals forces. In this way, composite structures with

different types of components bonding can be formed.

In the present paper composites in the forms of suspen-

sions and aerogels acquired from the initial suspension of

GO, from a mixture of GO and DND (ζ+), and from

the mixture of GO and DND (ζ -) were fabricated and

examined. The resulting aerogels with the addition of

DND particles demonstrate a higher specific surface area

compared to the initial GO aerogel. Different morphology

of GO-DND(ζ+) and GO-DND(ζ -) aerogels is shown and

explained based on changing the average ζ -potential of the

initial mixtures. Besides, it is shown that the morphology

and specific area of the obtained aerogels weakly depend

on the amount of added DND(ζ+) nanoparticles.

1. Samples and methods of investigation

1.1. Graphene oxide suspension

Aqueous suspensions of GO were obtained based on

the oxidation and exfoliation of graphite by the modified

Hummers method [24]. During synthesis and further

experiments, ultrasonic treatment of the GO suspension

was excluded to prevent the disruption of the GO platelets.

The zeta potential of GO particles was measured to be

−90± 20mV (Smoluchowski’s model). Aqueous suspen-

sions of GO with a concentration of 0.11wt.% were used in

the work.

1.2. Hydrosols of nanodiamond particles

Industrial DND produced by FSUE
”
SKTB Technolog“

was purified from metallic and inert impurities according to

the technology described in [20]. The ash content of the

purified DND powder was estimated to be < 0.1wt.%.

A hydrosol of DND(ζ -) particles was obtained by

dispersing the corresponding DND particles in deion-

ized water and centrifugation (RCF (Relative Centrifugal

Force)= 1.8 · 104 g, time= 40min) of the initial DND pow-

der preliminarily annealed in air at 430◦C for 6 h according

to the procedure described in [22]. Electrokinetic potential

of obtained particles in hydrosol: −74± 5mV (Hückel
model). CDND(ζ -) = 1.00wt.%. Before use, the obtained

hydrosol was subjected to treatment in an ultrasonic bath

with operating frequency of 35k̇Hz for 40min.

The hydrosol of DND(ζ+) particles was prepared by

similar procedure from the initial DND powder, pre-

liminarily annealed in a hydrogen atmosphere at 600◦C

for 3 h in accordance with [21]. Zeta potential of ob-

tained particles in hydrosol: (+70± 6)mV (Hückel model).
CDND(ζ+) = 1.12wt.%. Before the use, the resulting hy-

drosol was also subjected to treatment in the ultrasonic bath

with operating frequency of 35k̇Hz for 40min.

For both the DND(ζ+) hydrosol and the DND(ζ -)
hydrosol, the maximum in the particle size distribu-

tion was 4.5 nm (similar to the distributions published

in [20,22]).
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Sample preparation details: mass ratio of GO and DND in the sample (mGO/mDND) before and after washing out and number of washing

cycles to remove excess of DND

Sample
Initial mass ratio Number

Approximate mass ratio

mGO/mDND wash cycles
mGO/mDND after

removal of excess DND

GO−DND(ζ -) [1.25 → 5.0] 1.25 1 5.0

GO−DND(ζ -) [0.25 → 0.4] 0.25 1 0.4

GO−DND(ζ -) [0.14 → 0.2] 0.14 1 0.2

GO−DND(ζ+) [2.5 → 2.5] 2.5 1 2.5

GO−DND(ζ+) [1.25 → 1.4] 1.25 1 1.4

GO−DND(ζ+) [0.6 → 0.7] 0.6 1 0.7

GO−DND(ζ+) [0.4 → 0.4] 0.4 4 0.4

GO−DND(ζ+) [0.25 → 0.25] 0.25 4 0.25

GO−DND(ζ+) [0.18 → 0.24] 0.18 7 0.24

GO−DND(ζ+) [0.14 → 0.25] 0.14 7 0.25

1.3. Composites
”
graphene-detonation

nanodiamond“ in the form of suspensions

To acquire composites in the form of suspensions,

aqueous suspensions of GO were mixed with DND(ζ+)
or DND(ζ -) hydrosols. To do this, GO aqueous suspension

and hydrosol of DND particles with ζ -potential of a certain

sign were simultaneously added to a glass with deionized

water while stirring constantly. The volume ratios of GO

hydrosol and DND hydrosol were selected based on the

given mass ratio of GO/DND (mGO/mDND) indicated in

the Table. After mixing, the product was additionally stirred

for 15min.

To remove DND particles not bonded to GO particles

from the mixture, the obtained samples were centrifuged

at the following conditions: 1.8 · 104 g, 10min for samples

GO−DND(ζ+) and 1.8 · 104 g, 20min for GO−DND(ζ+)
samples. The supernatants were removed, and sediments

were diluted with deionized water of the same volume

after each centrifugation. The number of wash cycles for

each sample is shown in the Table. To determine the

amount of DND removed from the mixture and the approx-

imate mass ratio (mGO/mDND) after the washing process,

the weight of the solid component in the supernatant

after its drying was determined. The obtained samples,

washed of excess DND, are designated in this paper as

GO−DND(ζ -) [XX→YY] or GO−DND(ζ+) [XX→YY],
where XX — mGO/mDND in the sample before excess

DND was removed, YY — mGO/mDND in the sample

after excess DND was removed.

1.4. Composites
”
graphene-detonation

nanodiamond“ in the form of aerogels

Composites in the form of suspensions were frozen

by extrusion through a medical syringe into liquid ni-

trogen at a constant rate of 25ml/h using a Graseby

3150 syringe pump. After freezing, the samples

were lyophilized. The resulting samples are desig-

nated in this paper as GO−DND(ζ -) [XX→YY] aer or

GO−DND(ζ+) [XX→YY] aer. Afterwards, the sam-

ples were placed in a glass ampoule, evacuated, and

subjected to stepwise heat treatment, raising the tem-

perature up to 450◦C with constant evacuation of the

gaseous products of the GO reduction reaction from

the ampoule. After heating the samples were cooled

to room temperature while maintaining a vacuum in

the system. The resulting samples are designated

in this paper as GO−DND(ζ -) [XX→YY] aer red or

GO−DND(ζ+) [XX→YY] aer red.

1.5. Characterization of the samples

The size distribution of GO in suspensions and in all

composites in the form of suspensions was determined by

laser diffraction (LD) using a Mastersizer 2000 analyzer

(Malvern Panalytical, UK). DND(ζ+) and DND(ζ -) par-

ticle sizes in hydrosols were analyzed by dynamic light

scattering (DLS) on Zetasizer Nano ZS analyzer (Malvern

Panalytical, UK).

The electrophoretic mobility of DND(ζ+), DND(ζ -), GO
particles and all composites in the form of suspensions was

determined by laser Doppler electrophoresis (LDE) on a

Zetasizer Nano ZS analyzer (Malvern Panalytical, UK).

Washing of composites in the form of suspensions

from excess of DND was monitored by absorption spectra

recorded on a Unico 2800 spectrophotometer (Unico Sys.,

USA). All measurements were carried out using a quartz

cell with the optical path of 10mm. The procedure for

washing off unbound DND was repeated until the optical

density of the supernatant became lower than 0.5 at a

wavelength of 200 nm (Fig. 1), since DND has a high optical

density in the UV range [25,26].

The specific surface area was measured by the BET

(Brunauer–Emmett–Teller) method. To do this, the ma-

terial sample in the amount of 5−10mg was placed into

Technical Physics, 2022, Vol. 67, No. 12
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*GO–DND(ζ+)_[2.50→2.50] (after 1  cycle)
*GO–DND(ζ+)_[2.50→1.40] (after 1  cycle)
*GO–DND(ζ+)_[0.60→0.70] (after 1  cycle)
*GO–DND(ζ+)_[0.40→0.40] (after 1  cycle)
*GO–DND(ζ+)_[0.25→0.25] (after 1  cycle)
*GO–DND(ζ+)_[0.18→0.24] (after 1  cycle)
*GO–DND(ζ+)_[0.14→0.25] (after 1  cycle)
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Figure 1. Absorption spectra of supernatants upon removal

of excess DND from mixtures of GO−DND(ζ+) (a, b) and

GO−DND(ζ -) (c).

the ampoule and pumped out with a vacuum pump

to 10−2 mm Hg. After that, in order to clean the surface

from the adsorbed water and solvent residues, the sample

was thermally annealed at T = 450◦C for 30min with con-

tinuous pumping of desorption products from the heating

zone. After heat treatment, the ampoule with the sample

was placed in liquid nitrogen, and sorption curves were

recorded by periodically puffing a fixed volume of nitrogen

into the system, comparing the obtained results with the

measurement data of the ampoule without the sample. The

obtained data were recalculated to the specific surface area

through analysis in the parameters of the BET method.

For studies by transmission electron microscopy (TEM)
30µl of suspensions of the obtained composites (with a con-

centration of 0.001wt.%) were deposited onto copper grids

(400Mesh) using a mechanical pipette dispenser and dried

in air within 20 h. TEM images of the studied materials

were collected using a Jeol JEM-2100F microscope (Jeol,
Japan) with a resolution of 0.19 nm at accelerating voltage

of 200 kV.

The morphology of the samples’ surface was studied

by scanning electron microscopy (SEM) in the secondary

electron detection mode using a JSM 7001F scanning

electron microscope (JEOL, Japan).
X-ray diffraction studies of aerogels were carried out

using a Bruker D2 PHASER diffractometer (Bruker AXS,

Germany), made in Bragg–Brentano vertical geometry

and equipped with semiconductor linear (1D) position-

sensitive detector (PSD) LYNXEYE with the opening angle

of 5◦ . The CuKα radiation from a Bruker X-ray tube

with a Cu anode monochromatized by Ni filter (wavelength
λ = 0.1541 nm) was applied. X-ray diffraction patterns

were collected in the θ−2θ symmetrical scanning mode.

To reduce the influence of the possible effect of preferred

orientation of crystallites, the sample was rotated around

the axis of the sample holder, which coincided with the axis

of the goniometer. The X-ray patterns were corrected for

zero detector shift and sample displacement effects based

on additional measurements using a Si640d X-ray powder

standard (NIST, USA)
Small-angle X-ray scattering (SAXS) analysis was per-

formed both for composites in the form of suspensions and

for composites in the form of aerogels. The measurements

were carried out on the BioMUR beamline (Kurchatov
Synchrotron Radiation Source, NRC

”
Kurchatov Institute“,

Moscow) [27,28]. The energy of the synchrotron radiation

beam on the sample was 8.58 keV (wavelength= 1.445 Å),
two unit modes were used (distance from the sample to

the detector 1 and 2.5m), the range of scattering vectors q
was 0.04−4 nm−1, which makes it possible to examine the

structure in the scale R ∼ 2π/q ∼ 1.5−150 nm. Liquid

samples were measured in thin quartz capillaries (diame-

ter 1.5mm, wall thickness 0.01mm); capillaries filled with

solvent (water) were used as background samples. Dry

samples (aerogels) were measured between two layers of

a polyimide film (kapton); two layers of kapton were also

used as a background.

2. Results and discussion

2.1. Investigation of features of mixing GO and
DND during the formation of GO−DND(ζ -)
and GO−DND(ζ+) composites in the form of
suspensions

In Ref. [29] it was shown that the laser diffraction

method can be used to analyze the size of graphene oxide

Technical Physics, 2022, Vol. 67, No. 12
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Figure 2. Value of the median D(0.5) of the particle size distribu-
tion vs. mass ratio of GO−DND(ζ -) (a) and GO−DND(ζ+) (b).
The mass ratio is given before removal of excess DND. 1, 2 —
GO−DND(ζ -) mixtures before and after removing excess DND,

respectively; 3, 4 — mixtures of GO−DND(ζ+) before and

after removal of excess DND, respectively; 5 — GO aqueous

suspension.

platelets in water due to their alignment and orthogonal

orientation relative to the direction of the propagating

radiation. Light scattering from GO particles in this case is

determined by diffraction at their edges in accordance with

the Fraunhofer light diffraction model. However, the mixing

of GO with detonation nanodiamond particles leads to the

formation of new structures of a complex shape and with a

different orientation relative to the beam, which significantly

complicates the interpretation of the results obtained by

this method. Nevertheless, analysis of the results obtained

allows us to draw some important conclusions regarding the

formed structures.

DND(ζ -) particles, like GO, in aqueous medium are

characterized by a negative value of ζ -potential. Thus,

when mixing DND(ζ -) hydrosol with GO suspension, it

is assumed that mutual coagulation of particles should not

occur due to the presence of electrostatic repulsion forces

between particles. Indeed, the addition of even a significant

amount of DND particles (mGO/mDND = 0.14) to a GO

suspension does not lead to significant changes in the size of

GO particles (Fig. 2, a). Nevertheless, there is a tendency for

the decrease in the median value D(0.5) with the increase in

the mass fraction of DND, which also manifests itself after

washing the mixture from the excess of nanodiamond. The

decrease in the size of GO particles can be associated with

the effect of the charged DND particles on the arrangement

of GO platelets in the mixture. When the mixture is

washed of the excess of DND, nanodiamond particles co-

deposit with GO platelets under the action of centripetal

acceleration. Such collective deposition can lead to DND

particles binding to each other and to GO platelets due to

intermolecular attraction forces (van der Waals forces).
A fundamentally different situation is observed in the

interaction of DND(ζ+) particles with GO, since when

DND(ζ+) is added to GO, the Tindall effect is observed,

which indicates mutual coagulation (heterocoagulation) of

the particles. With the increase in the mass fraction of

DND(ζ+), the sizes of aggregates grow, reaching several

tens of micrometers (Fig. 2, b), which is probably due to

DND particle binding several GO platelets. Notably, drastic

size decrease in the mGO/mDND range from 0.4 to 0.25

can be observed. Such a drop, as follows from the data on

the electrophoretic mobility of the structures under study

(Fig. 3), is due to that in this range the negative charge

of the GO platelets becomes completely compensated by

the positive charge of DND at mGO/mDND≈ 0.29. In

this case, the electrostatic binding of the GO platelets by

means of DND(ζ+) particles stops. With the increase

in the DND mass fraction, the excessive positive charge

formed near each plate provides the possibility for large

structures to disrupt, probably, even to individual GO

platelets, which surface is covered with DND particles

in maximum amount. Washing the mixtures from the

excess of DND showed that up to mGO/mDND= 0.25

almost complete binding of DND particles to GO platelets

is observed (see Table). However, as in the case of

GO−DND(ζ -) mixtures, washing leads to decrease in the

median size of aggregates (Fig. 2, b). Probably, in this case

the binding of DND particles to each other occurs due to

the van der Waals forces, which ultimately leads to density

increasing of the resulting structures.

The analysis of the values of the electrophoretic mobility

of the obtained structures (ue) allows us to state that

in the case of GO−DND(ζ+) XX mixtures, the negative

charge of the GO platelets becomes compensated by

the positive charge of the DND(ζ+) particles, which is

characterized by a monotonic decrease of the mobility’s

absolute value of the formed structures with an increase

in the mass fraction of DND(ζ+) and, ultimately, the

sign change of the structure charge at mGO/mDND= 0.29

(Fig. 3). Washing mixtures from the excess of DND(ζ+)
shows that at mass ratio of mGO/mDND> 0.25, almost

all nanodiamond particles remains bound to GO platelets,

Technical Physics, 2022, Vol. 67, No. 12
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and the electrophoretic mobility of aggregates is fixed at

a value close to 0.5 · 10−8 m2 V−1 s−1. In the case of

GO−DND(ζ -) mixtures, the increase in the mass fraction

of DND particles in the mixture does not lead to a

significant change in the mobility of such structures, and

increase in the absolute value of mobility after washing

the mixture of excess DND can be associated with the

size and shape change of these structures. In this case,

it is obvious that to create composites in the form of

suspensions, it is most appropriate to use the phenomenon

of heterocoagulation of DND(ζ+) and GO particles in

aqueous mixtures. In this case, the limiting mGO/mDND

ratio at which complete binding of diamond nanoparticles

to GO platelets is observed is 0.24± 0.05.

Fig. 4 shows TEM images of samples GO–
DND(ζ -) [XX→YY] and GO−DND(ζ+) [XX→YY]. In

the case of GO−DND(ζ -) systems this effect is much

weaker (Fig. 4, g, h) due to mutual repulsion of GO sheets

both from each other and from DND(ζ -) particles. The

bonding between DND(ζ -) and GO is apparently formed

due to the van der Waals interaction. Nevertheless,

electrostatic repulsion leads to a less dense distribution

of DND(ζ -) over the GO sheet, due to which multilayer

graphene inclusions occur in the final composite.

As expected from the analysis of laser diffraction and

laser Doppler electrophoresis data, the GO−DND(ζ+) and

GO−DND(ζ -) composites have different nanostructures. In

the case of GO−DND(ζ+), nanodiamond particles are

rather uniformly distributed over the surface of the GO

platelets both in the case of high and low concentrations.

The regions of DND(ζ+) nanoparticles localization in

Fig. 4, a correspond to the regions of the maximum con-

centration of oxygen-containing hydroxyl and epoxy groups

involved in electrostatic interaction with positively charged

DND(ζ+) particles. The increase of the concentration

and density of nanoparticles after centrifugation is due to

the additional binding of nanodiamond particles, now by

means of van der Waals forces, to regions of sp2-hybridized

carbon of the GO surface, which are locally preserved after

synthesis.

Unlike DND(ζ+), the spatial distribution of DND(ζ -)
nanoparticles has a pronounced heterogeneity with the

formation of extended interconnected structures. This con-

figuration corresponds to the geometry of the regions of the

non-oxidized GO surface [30,31] — zones of sp2-hybridized

carbon — which is consistent with the assumption about

the predominant localization of DND nanoparticles (ζ -) on

the GO surface areas free from negatively charged oxygen-

containing groups, and adsorption due to van der Waals

forces.

2.2. Structure of GO−DND(ζ -) and GO−DND(ζ+)
composites in the form of aerogels

The SAXS curves (dependences of the scattering in-

tensity I on the momentum transfer q) for compos-

ites in the form of suspensions are shown in Fig. 5.

Samples of suspensions with DND particles with ζ -

potentials of different signs were studied. Composites

with minimum (mGO/mDND= 5.0 for GO−DND(ζ -)
and 2.5 for GO−DND(ζ+) respectively) and maxi-

mum (mGO/mDND= 0.2 for GO−DND(ζ -) and 0.25 for

GO−DND(ζ+), respectively) content of DND particles in

the composite relative to GO were compared.

Sample of the initial GO (suspension of initial graphene

oxide) has a scattering curve specified by the exponen-

tial function (straight line in double logarithmic scales)
I(q) ∝ q−D , which corresponds to scattering from fractal

objects [32–34]. The exponent power factor D (slope of

the curve) is 2, which corresponds to scattering from the

lamellar graphene platelets and indicates their strictly flat

structure. All samples containing DND have two exponen-

tial ranges with a break at q ∼ 0.7−0.8 nm−1 (corresponds
to the scale R ∼ 2π/q ∼ 8 nm in a direct space), which

coincides with the previously published results of small-

angle neutron scattering (SANS) on GO−DND complexes

washed of free DND [35].
Previously, it was shown that small-angle scattering from

DNDs in suspensions and gels is also characterized by two

exponential ranges [36,37]. The range of large q with

a slope of 4−4.3 corresponds to primary DND particles,

which are smooth objects with sharp edges, and the

slope ∼ 2.3 at smaller q characterizes clusters of primary

DND particles, which are fractal structures in the form of

ordered branched chains of DND particles. At the same

time, in the scattering patterns of DND suspensions and

gels, the boundary between these two regions is at ca.

q ∼ 1 nm−1, which approximately corresponds to the size

of these particles R ∼ 2π/q ∼ 5 nm.

In our case (for GO−DND composites in the form of

suspensions), the kink position shifts to q ∼ 0.7−0.8 nm−1,

Technical Physics, 2022, Vol. 67, No. 12
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Figure 4. TEM images of air-dried composites in the form of suspensions: GO−DND(ζ+) [2.5 → 2.5] before (a) and after (b) flushing,
GO− DND(ζ+) [0.25 → 0.25] before (c) and after (d) washing off, GO−DND( z eta+) [0.14 → 0.25] before (e) and after (f) washing

off, GO−DND(ζ -) [1.25 → 5.0] (g) and GO−DND(ζ -) [0.14 → 0.2 ] (h) after washing off.

0.1 1
–1q, nm

I,
 a

. 
u
.

–110

010

110

210

310

410

510
–2.25~q

–4.3~q

–2~q

–2~q

–2.0~q 5

~q–2.4

–4~q

GO
GO–DND(ζ–)_[1.25→5.00] 
GO–DND(ζ–)_[0.14→0.20]
GO–DND(ζ+)_[2.50→2.50]
GO–DND(ζ+)_[0.25→0.25]

a b

–1q, nm

GO–DND(ζ–)_[1.25→5.00] 
GO–DND(ζ+)_[2.50→2.50]

2
I(

q
)q

, 
a.

 u
.

0 0.4 0.8 1.2 1.6

10

100

q1

q2
q3

Figure 5. Small-angle X-ray scattering for GO suspension and suspension composites; a — scattering intensity I(q): dots — experimental

data; straight lines — approximations by the exponential model I(q) ∝ q−D with indication of the exponent (slope) D; b — data in Kratky

representation I(q)q2 .

which can be related both to the GO contribution into

scattering and to a change in the supraparticle organization

of DND particles when they bounds to GO. The range

of q > 0.8 nm−1 has a slope close to 4, as for DND

suspensions. At high DND concentrations (samples GO–
DND(ζ -) [0.14→0.2] and GO–DND(ζ+) [0.25 → 0.25]),
the slope is 4.3, which was repeatedly confirmed earlier by

the SANS technique for DND particles in hydrosols. This

corresponds to dense particles with sharp edges. Exponen-

tial law scattering with D > 4 (deviation from Porod’s law)
usually corresponds to the formation of a diffuse shell on

the surface of dense particles (density gradient). Scattering
asymptotic is usually represented as I(q) ∼ q−(4+2β), where

β is the diffuseness index of the shell (0 < β < 1), [33,38].
Note that in a number of papers, when the technology for

obtaining isolated 4−5 diamond particles from the batch
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of detonation carbon was not yet sufficiently developed,

the presence of a non-diamond shell around the diamond

core [39] was indicated. However, when explaining the

scattering pattern from DND particles in this paper, the

interpretation of the exponential slope with D > 4 can be

more complicated, since it was shown that the thickness of

the diffuse shell (sp2 + x -defective phase) for DND (ζ+)
is minimal [40]. One of the explanations for this effect

may be scattering interference from neighboring particles,

as shown for DNDs (ζ+) in [37]. However, the deviation

from Porod’s law to the same extent is also observed for

DND (ζ -), in which the fraction of sp2 + x -defective phase

is noticeably larger, so we cannot exclude the influence of

the uncompensated background, which always takes place

in the experiment and depends on the concentration [41].
In our GO−DND composites in the form of suspensions,

the increase in the slope of this part of the curve in the range

4−4.3 is also observed, as in the case of DND hydrosols

and gels, which is associated with scattering from primary

particles of DND.

Another reason for the break in the SAXS curve may

be due to the GO contribution to scattering. The break in

the scattering curves for the GO−DND(ζ+) complexes at

large q was explained in the paper [39] by the thickness

of the scattering objects (graphene sheets), and its shift

to smaller q — thickening of these formations due to the

binding of DND particles and their clusters to individual

GO sheets. Apparently, in our composites sticking of DND

particles to GO sheets on both sides is also observed, and

the thickness of the formed structure becomes about 10 nm.

The range at q < 0.8 nm−1 allows us to estimate

the differences in the structure of the obtained

composites of GO with DND(ζ -) and DND(ζ+) on

the scale ∼ 10−100 nm. Composites with DND(ζ -)
(GO−DND(ζ -) 5.0 and GO−DND(ζ -) 0.2) have

a higher slope of the curves (2.4 and 2.25) than

with DND(ζ+) (GO−DND(ζ+) [2.5 → 2.5] and

GO−DND(ζ+) [0.25 → 0.25]), whose slope almost

strictly remains 2.0. This means that DND(ζ+) are bound

to the graphene oxide sheet and distributed over it rather

uniformly without distorting its plane. The GO−DND(ζ+)
system does not contain free DND particles (i. e., all

introduced DNDs are bound to GO), so our results

coincide with the results [38] for samples with similar

mixing conditions: when small amounts of DND(ζ+) were

added to low concentrated GO suspensions, the exponential

dependence with a slope of 2 was also preserved. However,

with the increase in the DND content and the use of high

concentration GO suspensions the authors of paper [38]
obtained a curve slope of 2.3 in this area, apparently due to

the presence of unbound DND in the system.

DND(ζ -) particles, as expected, bind worse to GO. As

can be seen from the Table and Fig. 1, it is impossible to

remove free DND(ζ -) particles from suspension composites

without material loss (samples GO–DND(ζ -) [1.25 → 5.0]
and GO–DND(ζ -) [0.14 → 0.2]). And these unbound

DND(ζ -) particles are the ones that make a significant

contribution to the scattering pattern at q < 0.8 nm−1,

leading to slopes of 2.25−2.4, characteristic for DND

suspensions. Deviation from the exponential dependence

at the smallest angles (q < 0.07−0.08) is also specific for

DND hydrosols and gels and is due to the contribution from

unbound DND particles (ζ -), which characterizes the next

level of DND particles organization in hydrosols, namely,

intercluster interaction [39].
Small-angle scattering data for synchrotron radiation

demonstrate (Fig. 5, a) that the GO−DND(ζ -) and

GO−DND(ζ+) in aqueous suspensions form nanosized

and submicron structures with the fractal dimension Df∼ 2,

which is individually characteristic for both graphene oxide

in the form of flat sheets of small thickness (1.1± 0.2 nm),
and for diamonds that tend to organize into chain structures

with a dimension close to the indicated one. This makes

it possible to use further the Kratky representation and

analyze the data in the form of I(q)q2 in order to reveal

the features of spatial correlations between components

in composites, considering deviations from the I(q) ∼ 1

dependence dominating in scattering qDf (Fig. 5, a). In this

representation the results are shown in Fig. 5, b, where one

can see a significant difference in the scattering patterns for

GO−DND(ζ -) and GO−DND composites (ζ+) with low

DND content.

Negatively charged diamonds are more prone to the for-

mation of nanosized aggregates, as evidenced by an intense

peak with a maximum at the position qmax ∼ 0.11 nm−1.

As a result, the characteristic size of diamond aggregates is

∼ 2π/qmax ∼ 60 nm. In the case of positively charged dia-

monds, this peak is weakly pronounced, which is explained

by the predominant intercalation of diamonds between GO

sheets. The peak’s shift towards increasing of momentum,

qmax ∼ 0.16 nm−1, reflects the size of diamond aggregates

decreasing to ∼ 40 nm. At the same time, such complexes

exhibit a more pronounced wide peak at the position

qmax ∼ 0.5 nm−1, which is associated with the interference

in scattering at contacts of diamond-graphene assemblies on

the corresponding distance ∼ 12 nm. This scale corresponds

to approximately three sizes of the diamond particle, i. e.

the observed object is two GO sheets bounded through

DND(ζ+) diamond particles. The outer surface of such

assembly also contains diamond particles with a diameter of

dP ∼ 4.5 nm, which determines the transverse dimension

of the assembly ∼ 3dP . Note that negatively charged

diamonds also form similar assemblies, but less efficiently,

which can be seen from the weakly pronounced enhance-

ment of scattering at scattering vectors q ∼ 0.2−0.8 nm−1

(Fig. 5, b). A more detailed data processing made it

possible to determine not only the indicated structural

characteristics, but also directly confirm that diamonds are

spacers between graphene sheets. In Fig. 5, b, in addition to

peaks at positions q2, q3, there is a peak at the value of the

scattering vector q1 ∼ 1.15 nm−1, which corresponds to a

scale ∼ 2π/qmax ∼ 5.5 nm, exceeding the diamond particle

size by ∼ 1 nm. It should be concluded that the found

value just corresponds to the distance between the GO
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Figure 6. SAXS on composite samples in the form of aerogels; a — scattering intensity I(q): dots — experimental data; straight

lines — approximations by the power model I(q) ∝ q−D with indication of the exponent (slope) D; insert — SAXS for a sample without

DND; b — distribution function of distances between scattering centers in the sample GO−DND(ζ+) [0.25 → 0.25] aer; c — correlation

function for sample GO−DND(ζ+) [0.25 → 0.25] aer.

sheets connected through diamonds, L1 = dP + δGO, where

δGO ∼ 1 nm is single-layer GO thickness.

2.3. Structure of GO−DND(ζ -) and GO−DND(ζ+)
composites in the form of suspensions

Fig. 6 shows the SAXS curves for GO and GO aerogels

with the addition of DNDs. Pure graphene aerogels

(insert in Fig. 6) mostly scatter according to the expo-

nential law I(q) ∼ q−D . The slope of the curve D = −4

(corresponds to dense objects with smooth boundaries,

Porod’s law), smooth deviations from the slope −4 begin

only at small angles, which characterizes the size of such

dense formations. The GO aer sample is specified by this

dependence up to q = 0.04−0.05 nm−1 (minimum particle

sizes ∼ 120−150 nm).

For q > 1 nm−1, the slope of the SAXS curves for the

three studied samples of GO−DNA aerogels is D ∼ 4.2,

which is slightly greater than 4 (Porod’s law corresponding

to dense particles with sharp edges). Apparently, this region
corresponds to the primary dense DND particles 4−5 nm

in size, which are part of the aerogel. Exceeding the power

of 4 for the slope of this section is presumably due to the

interference on the ordered diamond particles, as we have

shown above and earlier for DND [36] sols and gels.

On large scales, the GO−DND(ζ+) structures greatly

differ from GO–DND(ζ -) structures. Sample GO–
DND(ζ+) [0.25 → 0.25] aer on a scale of 20−60 nm has

a section with a slope of −1.45, which corresponds to the

common mass fractal with dimension of 1.45 (linear curved
chains of particles or also sections with broken surface).
On scales 100−150 nm the sample is a surface fractal with

fractal dimension Ds = 6−3.4 = 2.6.

Samples of the GO−DND(ζ -) [XX→YY] aer series have
a significantly higher scattering intensity in the small-angle

part. Apparently, this is due to the fact that DND particles

in such structures are combined into branched chains

and bulk clusters, which contribute to scattering (as in

DND hydrosols), while in GO−DND(ζ+) structures DND

particles are more isolated and probably distributed almost

uniformly on graphene sheets. The scattering curve for

the GO−DND(ζ -) [1.25 → 5.0] aer sample has slopes 2.4

−8∗ Technical Physics, 2022, Vol. 67, No. 12
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Figure 7. X-ray diffraction patterns of samples of initial GO (a), composite GO−DND(ζ -) in the form of aerogels (b) and also
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for graphene. The curves are shifted along the y-axis for clarity.

and 2.9 (mass fractals with corresponding fractal dimen-

sions) with an kink at about 60−80 nm. The sample curve

GO−DND(ζ -) [0.25 → 0.4] aer on scales 20−150 nm is

also a mass fractal (dimension 2.7). Mass fractals in GO

aerogels with DND(ζ -) with a dimension close to 3 may

mean quite densely filled multilayer structures.

Of greatest interest is the aerogel sample with positively

charged diamonds (GO–DND(ζ+) [0.25 → 0.25] aer). For
it, using the gnom program of the ATSAS package [43],
the function of the distances distribution between scattering

centers (Fig. 6, b) was plotted, where a wide main peak

is seen with a maximum position, approximately corre-

sponding to the radius of gyration of the detected particles,

Rg = 41.1± 0.1 nm. At small distances R ≤ 10 nm a tiny

peak is observed against the background of the main

peak, which shows correlations of the small radius. The

transition to the correlation function γ(R) = P(R)/R2 made

it possible to determine this radius from the analysis of

the spectrum displayed in Fig. 6, c. At small radii, linear

behavior of data is observed in logarithmic coordinates

depending on the radius, which corresponds to the func-

tion γ(R) ∼ exp(−R/RC), where the correlation radius

is RC = 3.0± 0.1 nm, which corresponds to the gyration

radius of small scattering objects in the present aerogel

Rg =
√
6RC ∼ 7.3± 0.2 nm.

The characteristic features of X-ray diffraction of samples

of nanosized forms of carbon synthesized from graphite

include the following: 1) blurring of the diffraction maxima

corresponding to reflections of crystalline graphite; 2) shift

of the first maximum towards small angles relative to

the 00.2 reflection of graphite; 3) high intensity for two-

dimensional diffraction reflections (10 and 11) [43–45].
Fig. 7, a shows the diffraction pattern of the aerogel

acquired from the original GO (black curve), which has a

narrow peak at the double Bragg angle 2θ = 11.3◦, which

corresponds to diffraction reflection from planes (00.2) with

basal distance dn = 0.78 nm. This value corresponds to

published data [46]. Besides, one can observe less intense

broadened asymmetric peaks at 2θ = 43◦ and 2θ = 77.7◦,

which are characteristic of 10 and 11 reflections. These

peaks appear as a result of two-dimensional diffraction on a

flat carbon network of graphene [43].
Diffraction from detonation diamond nanocrystallites was

well studied and described in detail in a series of our

articles [47]. According to the tabular data, the diffraction

curves of diamonds should demonstrate diffraction maxima

at the angles 2θ = 43.9, 75.3, 91.5◦, respectively [48].
Exactly such a set of maxima is observed on the curve

for the GO–DND(ζ -) [0.14 → 0.2] aer sample (Fig. 7, a,
blue curve). From the data of the analysis of the

position and half-width of the diffraction maxima, it can

be concluded that the dominant phase in the sample under

study is the diamond material, which is characterized by the

crystal lattice parameter a = 0.35657 ± 0.00001 nm (the
identification of the maxima according to the reflection

from certain crystallographic planes is shown in the Fig. 7).
A detailed analysis of the shape of the diffraction curves

and the dependence of the maxima broadening with angle

change makes it possible to draw a conclusion about the

characteristic size of the coherent scattering region (CSR)
in the sample (or about the sizes of crystallites) and

microstresses in them. Nanodiamond crystallites in the

GO–DND(ζ -) [0.14 → 0.2] aer sample are characterized

by average particle size with CSR = 4.5± 0.1 nm and

e0 = 0.0019 ± 0.0001. Note that for this sample, a shoulder

is observed on the scattering curve in the characteristic

region for graphene oxide 2θ = 11.3◦, the appearance of

which we attribute to scattering from graphene sheets

forming aerogel walls.

The position of the observed features in the 2θ = 15−35◦

range can be distorted by background scattering from the

cell. However, if the maximum at 2θ = 30◦ remains

Technical Physics, 2022, Vol. 67, No. 12
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Figure 8. SEM images of composites in form of aerogel: a — sample GO aer; b, c, d — samples GO−DND(ζ -) [1.25 → 5.0] aer,
GO−DND(ζ -) [0.25 → 0.4] aer and GO−DND(ζ -) [0.14 → 0.2] aer respectively; e, f, g — samples GO−DND(ζ+) [2.5 → 2.5] aer,
GO−DND(ζ+) [0.4 → 0.4] aer and GO−DND(ζ+) [0.18 → 0.24] aer respectively. The scale mark for all images is shown in Fig. 8, a

and corresponds to the size of 10 µm.
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a b

Figure 9. SEM images of composites in form of aerogel: a — GO−DND(ζ -) [1.25 → 5.0], b — GO−DND(ζ+) [2.5 → 2.5]. The

scale mark corresponds to the size of 1 µm.

unchanged in its position and intensity for all samples, which

indicates that it belongs to scattering from the cell, then the

fact that the intensity of the maximum at 2θ = 18◦ changes

indicates the presence of some features in the structure

of the sample. The presence of such a maximum can be

explained both by scattering from graphite nanoparticles,

which may be present in the initial suspension of graphene

oxide, and by scattering from those areas in the aerogel that

form the corners and joints of its walls. The first version is

more probable, since the presence of such particles was

already observed in the final product of graphene oxide

synthesis [49].

Fig. 7, b shows X-ray diffraction patterns for GO/DND

aerogels with different DND(ζ+) contents from the max-

imum, characterized by mGO/mDND(ζ+)=0.25, to the

minimum at mGO/mDND(ζ+) = 2.5. The analysis of the

maxima corresponding to diffraction by diamond particles

makes it possible to estimate their structural parameters:

a = 0.35758 ± 0.00001 nm, CSR = 4.7± 0.1 nm and

e0 = 0.0033 ± 0.0001, i.e. DND particles in aerogels prac-

tically do not differ in structure. On the diffraction patterns

of these samples, one can detect characteristic features that

appear as a result of scattering from GO sheets and nanodia-

mond particles, and their intensity depends on the content of

DND particles in the sample (i. e., on the mass ratio). Thus,
for the GO–DND(ζ+) [2.5 → 2.5] aer sample, maximum

is clearly visible at 2θ = 11◦, and no maxima appear

at angles typical for 220 and 311 diamond reflections.

The asymmetric shape and the shift of the maximum at

2θ = 43◦ towards smaller angles allows us to consider it

as a superposition of diamond reflection 111 and graphene

reflection 10. Note that although the content of DND in this

sample is low, the intensity of the graphene peak 00.2 is

significantly weakened (compared to the aerogel sample

without DND), although the peak 10 appears quite clearly.

This fact indicates a greater distortion of the packing

(stacking, mutual arrangement) and planarity of graphene

oxide sheets in comparison with the pure aerogel sample.

For the GO–DND(ζ+) [0.4 → 0.4] aer sample, a shoulder

in the scattering curve is still observed in the 2θ = 11◦

region, while for the GO–DND(ζ+) [0.14 → 0.25] aer
sample in the indicated range 2θ = 10−23◦ no features

are observed. This means that with such mass ratio

mGO/mDND(ζ+) all graphene sheets are separated from

each other. Note that for composite in the form of aerogel

GO–DND(ζ -) [0.14 → 0.2] aer, even with a higher content

of DND particles, the shoulder in the scattering pattern by

2θ = 11◦ is still observed, and its intensity is comparable

to that of the GO–DND(ζ+) [0.4 → 0.4] aer sample. This

fact correlates well with the TEM data (Fig. 4)

At the macroscale, the aerogel composites obtained by

lyophilization are structurally similar to the aerogels studied,

for example, in [18]. SEM images of aerogel samples with

different concentrations of DND(ζ+) and DND(ζ -) (Fig. 8)
show that in the case of DND with a positive charge, there

is a significant change in the morphology of the composites

compared with the original GO material. Already in the case

of composites with the lowest DND content, the formation

of filaments from GO sheets is observed (Fig. 8, e). With

increase in the mass fraction of DNDs in the composite, the

fraction of
”
rolled up“ GO sheets increases, as well as the

thickening of the filaments.

In the case of GO−DND(ζ -) composites, GO sheets

do not roll up into filaments even at the highest DND

concentration (Fig. 8, d). The only noticeable change is the

structure densification due to a denser coating of GO sheets

with nanodiamonds.

Magnified SEM images of the surface of GO sheets

coated with DND (Fig. 9) show that in the case of

GO−DND(ζ -) composites, nanodiamonds aggregate on the

surface of the sheets, forming areas with dense filling. In

the case of GO−DND(ζ+) composites, nanodiamonds are

more uniformly distributed over the surface of the GO sheet

in the form of individual weakly aggregated particles.

Fig. 10 shows the results of the estimation of the

specific surface area (SSA) by the BET method. The
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Figure 10. Specific surface area of composites in the form

of aerogels vs. mass ratio GO/DND. The dotted line shows

the specific surface area of the sample without DND addition,

prepared under similar conditions. The mass ratio is given before

removal of excess DND.

measurements were carried out on samples subjected to

annealing. However, the SEM monitoring showed that no

changes in morphology were observed in aerogels after

annealing; therefore, the result obtained can be analyzed on

the basis of data on the structure of aerogels not subjected to

temperature effects. The analysis of the SSA of composites

in the form of aerogels showed that even a small addition

of DND particles to graphene oxide leads to a multiple

increase in SSA of aerogels. The points on the graphs

correspond to the actual mass ratio of GO/DND after the

mixtures washing to remove excess DND. It can be seen

that SSA increase of aerogels is observed for both types of

structures. However, for the structures GO−DND(ζ+) we

managed to achieve the maximum value of SSA 530m2/g,

while for the structures GO−DND(ζ -) the maximum value

was 486m2/g. Note that in the case of the latter, at

a GO/DND mass ratio exceeding 2.5, the SSA drops to

387m2/g. Apparently, with insufficient amount of DND

particles in the initial mixture a significant amount of GO

sheets stick together is formed (which is confirmed by XRD

data, Fig. 7).

3. Results and discussion

Control of the morphology of graphene platelets, GO and

their derivatives with obtaining their
”
crumpled“ and

”
rolled

up“ configurations is currently one of the approaches to the

formation of graphene-based electrode materials for energy

storage systems, biofuel cells, applications in the field of

catalysis and for the manufacture of adsorbents [48,50,51].
For this purpose, approaches are used to control the

colloidal stability of GO suspensions by adding salts [50],
soft controlled reduction of graphene oxide [47]. In the latter

case, due to a gradual reduction in the number of functional

groups in graphene oxide and, as a consequence, decrease

in the contribution of Coulomb forces, the time occurs

when the van der Waals forces become comparable with

the Coulomb forces opposing them, which are responsible

for the high stability of GO in water.

In the present paper the control of the morphology of

graphene layers and the production of
”
rolled up“ GO

sheets is implemented not through a complex strategy of

gradual reduction of graphene oxide, but through a simpler

and more Facile approach based on the introduction of

DND(ζ+) nanoparticles. Given the mutual compensation of

DND(ζ+) and GO(ζ -) charges, the electrostatic repulsion

of particles responsible for colloidal stability disappears, and

heterocoagulation occurs. As a result, graphene sheets

roll up as the only thermodynamically favorable behavior

of such a system. However, in contrast to the controlled

reduction of GO, obtaining the structure based on the

addition of DND nanoparticles is easier to implement in

practice. Moreover, DND(ζ+) particles play an additional

role of
”
spacer“ for GO layers, preventing the formation of

multilayer regions and maintaining the interlayer distance

in structures based on this nanocomposite in the range of

4−5 nm, which is optimal value for the transport of organic

molecules and metal ions for further practical application

in the field of catalysis electrochemistry. The synthesis

strategy consists not only in choosing detonation diamond

nanoparticles as the spacer, but mainly in observing a

specially developed protocol for mixing the components that

form the composite: with constant stirring, a suspension of

GO and a hydrosol of DND particles are simultaneously fed

into water until the desired mass ratio of these components

is reached in the final composite. This approach makes

it possible to avoid undesirable stacking of GO layers

and aggregation of DND particles, which may prevent the

obtaining of composites.

The results obtained demonstrate that the approach to

fabricate nanostructured composites based on graphenes

and DNDs makes it possible not only to obtain
”
rolled

up“ GO sheets, but also to control the morphology of

the resulting structure by choosing the DND type. If the

addition of DND(ζ+) suspension to GO suspension leads

to heterocoagulation and roll up of sheets, then the addition

of a DND(ζ -) suspension leads to the formation of more

lamellar structures due to the preservation of electrostatic

repulsion between separate sheets, and local areas of a

single sheet. As the TEM and SAXS data show, DND(ζ+)
particles are more uniformly distributed over the GO sheet,

while in the case of DND(ζ -) the particles are clustered in

the non-oxidized GO regions namely sp2-domains. At the

same time, the combination of data from laser diffraction,

spectrophotometry, laser Doppler electrophoresis, and small-

angle X-ray scattering for composites in the form of

suspensions allows us to assume that, regardless of the sign

of the zeta potential of DND particles, there is
”
saturation

effect“ of the structure, appearing in a limited number

of DND particles that can strongly bind to GO sheets
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and it was shown that for DND(ζ+) and DND(ζ -) the

limiting concentration of DND particles differs significantly.

Just because of the saturation effect the excess DND is

washed out by simple centrifugation, and in the case of

GO−DND(ζ+) the structures with a larger fraction of

separated GO sheets are predominantly formed, while in the

case of GO−DND(ζ -) — structures with a lower fraction

of separated sheets and sticky sheets of GO without the

introduction of DND at are being assembled. Since only

limited number of DND(ζ+) can be bound to a given

amount of GO, it is expected that the SSA of structures

of the GO−DND(ζ+) type with mGO/mDND < 0.5 are

also in close ranges. Nevertheless, varying mGO/mDND

in the initial mixture, it is possible to reach a different

value of the total zeta potential and, as a consequence, a

different degree of deformation of graphene oxide sheets

during lyophilization and aerogel formation, and hence a

different SSA.

Separately, note that the acquired results once again

demonstrated the effectiveness of the SAXS method

for studying nanocomposite structures based on GO

and carbon nanoparticles, such as GO−DND(ζ+) and

GO−DND(ζ -) [39] in the form of suspensions. Even more

unique SAXS results were obtained for composites in the

form of aerogels. Their originality lies in the numerical

description of the morphology of the structures, which

makes it possible to compare them with the mechanisms of

folding of graphene sheets discussed in the literature [52].
Obtaining data on the nano- and microstructure of such

systems when they are in liquid medium before fabricating

and studying coatings (multilayer films) and aerogels based

on them allows us to expand the fundamental understanding

of the processes of particles restructuring during deposition

(aerosol, spin-coating or other) and lyophilization, to de-

velop practical approaches to obtaining such structures with

a given morphology.

Conclusion

In this paper composites in the form of aqueous suspen-

sions and aerogels based on GO and DND with different

signs of the zeta potential (DND(ζ+) and DND(ζ -)) are

fabricated and examined. It is shown that, despite the

fundamental possibility of forming both GO−DND(ζ+)
systems and GO−DND(ζ -) systems, the use of DND with

positive zeta potential advances the formation of a more

uniform composite (
”
sandwich structure“).

Furthermore, the fundamental difference in the morphol-

ogy of the GO−DND(ζ+) and GO−DND(ζ -) structures

is shown, which is explained by different mechanisms

of coagulation at the stage of mixtures formation. It is

demonstrated and explained in terms of the electrophoretic

mobility of nanoparticles that the use of DND(ζ+) makes

it possible to form composites in the form of aerogels with

a greater proportion of separated graphene oxide sheets,

which, under conditions of mutual charge compensation,

leads to twisting of graphene oxide sheets in the final

structure and to a significant increase in its specific surface

area.
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