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Thermal Conductivity of Detonation Nanodiamond Hydrogels

and Hydrosols by Direct Heat Flux Measurements

Liliya O. Usoltseva, Dmitry S. Volkov, Mikhail V. Korobov, and Mikhail A. Proskurnin

Figure S1. Cell for fluids of the FOX 50 analyzer.

Figure S2. Cell for paste specimens (top view) in a disassembled form (left) and a side view with a thin spacer
(right).
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Figure S3. Linear (R = 0.999) dependence of the experimental and reference thermal conductivity values for
NMP, ethanol, methanol, ethylene glycol, and water.

S1. Characterization of detonation nanodiamonds
S1.1. Particle size

The paper used the only approach for characterization of particle sizes based on the
DSC method since correlations with the results of other methods were obtained in ad-
vance. Thus, the X-ray diffraction method was used to determine the sizes of primary
crystallites. The survey diffractograms for the RDDM, SDND, RUDDM brands contain
three diffraction maxima at angles 20, 43.9; 75.3 and 91.5, corresponding to the crystallo-
graphic planes (111), (220) and (311) of the cubic diamond crystal lattice. All the samples
studied are diamonds [1,2]. No extraneous phases were detected in significant amounts
(more than 5 %). Based on the broadening effect of the X-ray diffraction line, the size of
crystallites for SODND and RUDDM were determined as 3.1 + 0.2 and 3.8 + 0.2 nm, respec-
tively. The sizes obtained by the X-ray diffraction method for the initial samples and ob-
tained during fractionation correlate well with the data of TEM and DSC, which is most
sensitive to size changes [1].

The DLS method was used to determine the size of clusters of colloidal solutions of
various brands; it is seen (Fig. S4) the correspondence between the parameter AT and the
size of aggregates in solution [1], i.e., a correlation between the particle sizes in powders,
and the size of aggregates in aqueous dispersions prepared from them was demonstrated.
Furthermore, a similar correlation for fractions was observed for the hydration radius ob-
tained from small-angle neutron scattering data [3,4].

Table S1. Nanodiamond brands used in the study and estimated mean particle sizes from the Gibbs—Kelvin equation (P

=0.95, 1 =3).
DSC measurements with the Gibbs—
NDs brand Description Manufacturer Kelvin equation - -
o Mean particle diam-
AT, °C
eter, nm
SDND Single-Digit NanoDiamonds | 12smaChem GmbH, Berlin, 9.0+0.3 73+0.5
Germany
modified nanodiamond material of
R . S+0. 1 x0.
RUDDM RUDDM grade, fraction 0—150 Real-Dzerzhinsk LLC, Dzer- 75%05 10.1+0.7
RDDM modified nanodiamond material of zhinsk, Russia 28405 2541

RDDM grade, fraction 0-0.125

AT=62%10

AT=831038

AT=90%10

0 T r\|||||| \III\Hl T IIIII\I|

1 10 100 1000
Size, nm

Figure S4. DLS curves for SDND, NanoAmando, and RUDDM samples (red, green, and blue lines). The
concentrations of nanodiamonds for all samples were 1.0 mg mL! [1].
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51.2. Electrokinetic potential (PALS technique)

The potential of aqueous solutions (1 mg mL-) is —(66.1 + 1.3), —(64.0 = 1.1), and —(55
+ 1) mV for RDDM, SDND, and RUDDMV, respectively. The pH of aqueous solutions of
RDDM, SDND, RUDDM were 5.4, 9.1, and 8.2 (+ 0.2). With a decrease in pH, SDND and
RUDDM solutions were unstable. With an increase in concentration (2.5 mg mL-"), the
potential also decreased —(52.8 + 1.0) and —(46.3 + 0.3) for SDND and RUDDM; however,
in any case, the studied brands were characterized by high stability, and the sedimenta-
tion and aggregative stability of sols weakly correlated with the primary size of crystal-
lites.

51.3. Impurity composition (ICP-AES)

Table S2. Elements contents in nanodiamonds samples, determined directly in dis-
persions (all concentrations are in ppm, results uncertainty is +15%). *1-3: RDDM,
RUDDM, SDND. «—» means <1 ug g'.

1* 2 3

Ag - - 660 + 100
Al 4+1 300 + 45 530 + 80
B 300 + 45 - 540 + 80
Ba - - 25+ 4
Bi - - 3.0+05
Ca - 78 + 12 280 + 40
Cd - - -

Ce - - 7+1
Co - 1.0+02 19+£03
Cr 15+ 2 57 +9 11+2
Cu 33+5 410 + 62 20+ 3
Fe 133 + 20 4,100 + 620 1,780 + 270
Hf - - -

Hg - - -

K - - 20+ 3
Mg - 80+1.2 40+ 6
Mn - 5+1 21 +£3
Mo 4+1 12+ 2 13+2
Na 80+1.2 4,660 + 700 10,800 +1,600
Ni 86 + 13 170 + 26 15+ 2

P - 11+2
Pb 52+8 55+8 5+1

S 24 + 4 80 + 12 38+6
Sb - - 10+ 2
Si 180 + 27 170 + 26 1,470 + 220
Sn - 4+1 170 + 25
Sr - - 5+1

Ti 51+ 8 174 + 26 285 + 40
\V4 - - -

W 11+2 4+1 60+ 9

Y - - -

/n 4+1 8.0+12 3.0+05
Zr 23+ 4 4+1 17 + 3

> 933 + 140 10,300 + 1,500 16,800 + 2,500
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Detonation nanodiamonds consist of 95-98% carbon; all other elements are present
at the level of pg g! and below. Due to the different production technology, there is a
variation in the contents and set of elements. The ICP-AES directly determines the content
of impurities, and direct injection of a colloidal solution (10 mg mL-') can be used [5]. The
most significant impurity is iron (hundreds and thousands of pg g'), then (100-1000 pg
g') the components of the reaction chamber walls and the initiators of the explosion (Ti,
Cr, and Cu) and elements present in high concentrations in natural waters (Na, Si, Ca, Al,
and S). The remaining elements are present in small amounts (< 100 pg g). NDs from
different manufacturers contain very different impurities and, even for a single product
type, they change from lot to lot.

51.4. Surface examination (IR spectroscopy)

Nanodiamonds have a surface with a significant area and a large number of func-
tional groups. Due to the absence of standard samples of nanodiamonds with precisely
known surface composition, quantitative analysis by IR spectroscopy is complex. It is pos-
sible to judge the ratio of the number of groups only by the intensity ratio of peaks in one
sample. Typical IR spectra and the ratio of absorption bands are shown in Fig. S5 and
Table S2. The effect of strong oxidizing acids on nanodiamonds under the same conditions
does not lead to a surface with the same qualitative and quantitative composition of func-
tional groups. In addition, IR spectroscopy is insensitive to changes in the dispersion of
nanodiamonds (differences in the composition of surface groups for aggregates of differ-
ent sizes are minimal), which is shown during fractionation [1].

0 —

3850 3600 3350 3100

—— RUDDM (1)

1600 1350 1100 850 v, em!

NanoAmando

Figure S5. ATR-FTIR spectra in the mid-IR region (4000-650 cm™") of nanodiamond powders [1,2].

Table S3. Functional groups on the surface of the studied nanodiamonds [2]

Assignment

Band maximum

Hydrogen-bonded —O—H''H,O stretch

C=0 stretch of the isolated carboxyl group
H—O—H bend of liquid adsorbed water
Carboxyl C—O-H in-plane bend
Non-carboxyl C—O-H in-plane bend
Carboxyl C-O stretch

non-carboxyl C-O stretch

carboxyl out-of-plane C—O-H bend

O-H stretch and intermolecular hydrogen bonds

C=0 stretch of the anhydride carboxyl group

3695
3407
1762
1632
1440 (wide, shoulder)
1373
1267
1103
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non-carboxyl out-of-plane C—O—H bend 610

G1.5. Pore size (BET)

Powders are formed with a characteristic porous structure consisting of primary na-
noparticles combined into agglomerates. The pores are the gaps between the primary par-
ticles. The nanodiamond surface has a dual hydrophobic/hydrophilic nature, mesopores
are responsible for hydrophobic behavior, and micropores with functional groups are hy-
drophilic. The surface area of mesopores according to BET for the RUDDM brand is five-
fold higher (339 m? g') than for RDDM (56.7 m? g-'), and the micropore area is larger for
RDDM (6.9 and 2 m? g-1), as well as the average pore diameter: 10.0 and 6.1 nm (for RDDM
and RUDDM), which is consistent with the large diameter of primary RDDM particles [2].

S2. Silicon oxide sols

Table S4. Increase in the thermal conductivity of silicon oxide sols relative to water

SiO: brand; size, | Volume fraction of "[her.m.al c‘fn- Tempera- MeasFrement .
am* nanoparticles, %** duct1v1t37 in- ture.°C technique or in- | Ref.
crease, % strument

TM-50, 22 31 21 25 various [6]

TMA, 32 20 20 22 hot-wire [7]

SM, HS, TM; 11, 17, | 16 6,8, 16 25 hot-wire [8]

30

Tolitec, 40 and 80 9.4 5 25 KD2 Pro (hot-wire | [9]
principle)

Alfa Aesar, 20 3 28 25 KD2 Pro [10]

15-20 4 5 25 hot-wire [11]

Aerosil 200,12 4 2.5 20 3o [12]

12 4 23 25 hot-wire [13]

from bran, 50 3 13.5-38 25-55 KD2 Pro [14]

30 2.3 (5 wiw) 1045 20-55 Hot Disk Thermal | [15]
Constant Analyzer

12 1 3 25 hot-wire [16]

XFNANO tech., 20 1 34 20 hot wire [17]

Deke Daojin Sc., 30 1 1 25 KD2 Pro [18]

* Preparation of a colloidal solution with an ultrasonic bath or probe after adding a powder to water, the first 5 lines —
commercial dispersions.

** presents the maximum volume fraction from the studied.

Table S5. Colloidal silicon oxide LUDOX brands AM, SM-30, CL-X, TMA, HS-40, TM-50, (GRACE, USA), the main parameters
provided by the manufacturer

Brand
Parameter
AM SM-30 | CL-X TMA HS-40 TM-50
Surface charge Negative
Particle size, nm 12 7 22 22 12 34
Silica (as Si0z), % w/w 30 30 45 34 40 50
pH (25 °C) 8.9 10.0 9.1 9.0 9.7 9.0
Surface area, m? g ! 220 345 130 140 220 140
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Titratable Alkali (as Na,O), % w/w 0.24 0.56 0.19 0.21 0.41 0.5
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