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Abstract: In this study, the influence of boron doping on structural and surface
properties of carbon material synthesized by a hydrothermal method was inves-
tigated, and the obtained results were compared with the previously published
influence that boron has on characteristics of carbonized boron-doped hydro-
thermal carbons (CHTCB). Hydrothermal carbons doped with boron (HTCB)
were obtained by the hydrothermal synthesis of glucose solutions with different
nominal concentrations of boric acid. It was found that glucose based hydro-
thermal carbon does not have developed porosity, and the presence of boron in
their structure has insignificant influence on it. On the contrary, additional car-
bonization increases the specific surface area of the undoped sample, while an
increase in boron content drastically decreases the specific surface area. Boron
doping leads to a decrease in the amount of surface oxygen groups, for both,
hydrothermally synthesized and additionally carbonized materials. Raman ana-
lysis showed that the boron content does not affect a structural arrangement of
the HTCB samples, and Raman structural parameters show a higher degree of
disorder, compared to the CHTCB samples. Comparison of structural and sur-
face characteristics of hydrothermal carbons and carbonized materials contri-
butes to the study of the so far, insufficiently clarified influence that boron
incorporation has on the material characteristics.
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INTRODUCTION

Carbon can be found in a wide variety of allotropes from crystalline (dia-
mond, graphite) to amorphous (carbon black, activated carbon, glassy carbon,
etc.). In the past decades, nanostructured forms of crystalline carbon have rec-
eived increasing attention due to their remarkable properties based on their unus-
ual physicochemical properties.!-2 The main disadvantage of using such crystal-
line nanocarbons for energy and environmental-related application is their high
production costs. This is related to the rather expensive precursors and catalysts
utilized, as well as to the complicated apparatus needed for their production nor-
mally involving high temperatures.

Conversely, hydrothermal carbonization has gained increasing attention in
the field of material science, since it can successfully exploit cheap and renew-
able biomass as the carbon precursor.3-6 In addition, hydrothermal carbonization
demonstrates the capability of producing highly functionalized carbon material
under a mild temperature (<200 °C) and self-generated pressure.”-8 The resultant
materials were solid hydrophilic carbon microspheres with abundant functional
groups on the surface. The characteristics of these microspheres, such as size,
microstructure, and crystallinity, are controllable by the synthesis process and its
respective experimental parameters.” It was reported that the sizes of the carbon
spheres from styrene as a precursor can be controlled quite well by adjusting the
pyrolysis parameters.!9 The carbon spheres obtained after pyrolysis showed a
higher carbonization degree than those obtained by hydrothermal carbonization
because the pyrolysis occurs at much higher temperatures.

However, just because of its low process temperature, the materials obtained
by hydrothermal carbonization have some limiting factors, such as low ash con-
tent, low porosity, low aromatic structure, and low recalcitrance,8 and the pos-
sibility to modify some of these properties is crucial for the expansion of its
application. One of the most important prerequisites for the successful perform-
ance of hydrothermal carbonization-based materials in various applications is
material functionality. Typical materials produced by hydrothermal carbonization
contain polar surface oxygen groups, such as —-COOH, —OH and —C=0.!! The
flexibility of hydrothermal carbonized materials is that groups present on the sur-
face can be further functionalized. Two of the most commonly used methods of
functionalization are: in situ functionalization and post-modification strategies.
Heteroatom doping represents one of the possibilities for obtaining functional-
ized material in situ in one-step (bulk/surface) functionalization.!2:13 Among
many heteroatoms, boron has been proved to induce interesting electronic pro-
perties to carbon materials.!4-17 Boron with its electrical structure shows a ten-
dency for substitution incorporation in carbon structure up to its solid solubility
limit. Above this limit, boron atoms have been shown to occupy interstitial posi-
tions in the lattice and have a disturbing effect on the structural properties.!® The
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presence of substitutionally bonded boron atoms in a carbon structure inhibit the
C-0, reaction because boron acts as an electron acceptor, which could decrease
the electron density at the carbon crystallite edges and this consequently leads to
a reduction of both the number of active sites and the reactivity of these sites.!®
Nevertheless, a previous study showed that the number and nature of active sites
and, consequently, the formation of surface oxides are dependent on the distri-
bution of boron in the precursors.20.21

High-temperature treatment (HTT) of hydrothermally derived spheres repre-
sents one of the post-modification strategies that could lead to the removal of
most of the oxygenated groups and convert the structure into a turbostratic-like
disordered carbon structure with aromatic character and hydrophobic pro-
perties.!2 A previous study was focused on the characterization of boron-doped
hydrothermal carbon with post high temperature treatment.22 It was shown that
the synergy of boron doping and thermal treatment to 1000 °C facilitated the
preparation of a material with specific structural and surface chemistry character-
istics, which are crucial for the application of the obtained material as a carbon
paste electrode.

Many previous studies were focused on both applications and fundamental
aspects motivated by the interest in producing carbonaceous powders with
tunable sizes and surface properties.23-26 To the best of our knowledge, there is
no publication regarding the characterization of boron-doped hydrothermal car-
bons. Moreover, the influence that boron atoms have on the characteristics of car-
bon materials have not yet been fully clarified and, based on previous work,20-22
it could be quite different, depending on boron concentration and distribution in
the carbon material, the type of the carbon material and the stage of its modi-
fication. Considering these facts, the present study was aimed at the clarification
of the influence of boron doping on the structural and surface properties of
carbons synthesized by hydrothermal carbonization and the comparison of the
obtained results with previously published results that are related to carbonized
glucose based hydrothermal carbons. This comparison could provide a better
insight into the influence of B doping on the structural and surface characteristics
of carbon materials in the different stages of synthesis.

EXPERIMENTAL

To produce boron doped hydrothermal carbon (HTCB) samples, a 2 M aqueous solution
of D(+)-glucose was prepared. Boric acid was used as the source of boron and it was added to
the starting solution to obtain nominal boron concentrations of 0.0 (undoped sample), 0.2, 0.6
and 1.0 wt. %. After sealing, the autoclave was heated in a programmable oven for 24 h at
180 °C. The obtained samples were filtered, washed with distilled water and ethanol, and
marked as hydrothermally carbonized samples: HTCB,, HTCB ,, HTCB( ¢ and HTCB;.

In order to reveal the influence of boron doping on the surface and structural character-
istics of the hydrothermally synthesized carbons, the HTCB samples were characterized and
the obtained results compared with the previously published?? characteristics of boron-doped
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hydrothermal carbons, synthesized in the same way, subsequently carbonized in nitrogen to
1237 K, and marked as CHTCB,,, CHTCB,, ,, CHTCB 4 and CHTCB;.

Final boron concentrations were determined using inductively coupled plasma mass
spectrometry (ICP-MS, Agilent 7500ce) with a detection limit for B of 0.1 gdm?3. The
samples were prepared according to the preparation method described in the literature: the
samples were digested by fusing with sodium carbonate and dissolving the resulting melt in
water with a small amount of hydrochloric acid.!4

Raman spectra were taken with an Advantage 532 Raman spectrometer (DeltaNu Inc.)
by a frequency doubled diode pumped YAG type laser operating at 532 nm.

Surface structure and morphology were studied by scanning electron microscopy (Mira
Tescan X3).

Qualitative analyses of surface oxygen groups of samples were performed by Fourier
transform infrared spectroscopy (FT-IR, Bomem MB-Series, Hartmann & Braun). The FT-IR
measurements were performed at wavelengths in the range 4000 to 400 cm ™.

The specific surface area of the HTCB samples was analyzed using the Surfer (Thermo
Fisher Scientific, USA), and the mesopore surface and micropore volume were estimated
using the #-plot method.2” The tested samples were degassed at 100 °C for 4 h, and N, ads-
orption and desorption isotherms were obtained at the temperature of liquid nitrogen.

The Boehm method?® was used for the determination of acidic and basic oxygen groups,
present on the surface of the HTCB and CHTCB samples. For determination of the acidic
sites, small quantities (0.1 g) of HTCB and CHTCB samples were mixed with 10 cm? of base
solutions (0.1 M NaOH, 0.1 M NaHCOj; or 0.05 M Na,CO3) in 25 cm? beakers. The beakers
were sealed and shaken for 24 h. The solutions were then filtered and titrated with 0.05 M
H,SO,. Similarly, the basic sites were determined by mixing 0.1 g of the examined materials
with 10 cm? of 0.1 M HCI. The obtained solutions were titrated with 0.1 M NaOH.

RESULTS AND DISCUSSION

The presence of B in the structure of the examined samples was confirmed
by ICP-MS, and the results are given in Table I. Considering that for the B-doped
samples the initial concentrations of boron in the starting glucose solution were
0.2, 0.6 and 1.0 wt. %, it could be concluded that a considerable portion (60—72
%) of the boron atoms was incorporated into the HTCB samples. In contrast to
that, the boron content in carbonized samples was significantly reduced and
ranged from 0.09 to 0.19 wt.%,22 indicating that a significant amount of boron is
lost during thermal treatment. The results show that the content of dopant in the
carbon materials obtained by the subsequent carbonization is not proportional to
the concentration of dopant in the precursor. Furthermore, these results indicate
that the chemical bonds between the boron and carbon atoms within the HTCB
samples are quite weak, especially for the samples with the high nominal concen-
tration of boron (0.6 and 1.0 wt. %), since most of the boron atoms leave the
material during HTT, and only a small portion of the boron atoms manage to
create chemical bonds and incorporate into the the structure of the carbonized
material.

The SEM photographs of HTCB samples are shown in Fig. 1. In general, the
morphologies of all samples consist of carbon spheres with a smooth surface.
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The presence of 1.0 % of boron in the precursor solution induced a significant
increase in the particle size, as well as an increase in the inhomogeneity of the
size of the spheres.

TABLE I. Measured boron concentration and incorporation efficiency, and calculated Raman
spectra parameters for the HTCB samples

c B incorporation Peak position Bandwidth

Sample wt. % efﬁcig)lcy, o, Peak o cm! /lg

HTCB, — — D 1390 221 1.7
G 1608 136

HTCBy, 0.12 60 D 1389 218 1.7
G 1605 130

HTCBy ¢ 0.38 63 D 1382 220 1.6
G 1597 133

HTCB, 0.72 72 D 1389 221 1.6
G 1607 138

As was previously shown,29 more acidic conditions of starting glucose sol-
utions induced by the addition of the boric acid could cause am enhancement of
the hydrothermal reactions, which could induce particle condensation. The same
trend of increasing particle size with the nominal concentration of boron is main-
tained after high temperature treatment.22

(N S um Sum
— —

Fig. 1. SEM photographs of a) HTCB,, b) HTCB,) ,, ¢) HTCB 4 and d) HTCB;.

The structural characteristics of the HTCB samples were analyzed by Raman
spectroscopy. From the Raman spectra of the HTCB samples (Fig. 2), it could be
noticed that the D and G peaks, which are characteristic of the disordered carbon
structure, are very well defined.20-30.31 As previously shown,22 incorporation of
boron into the structure of CHTCB samples to a nominal concentration of 0.6 wt.
% induced some kind of structural ordering, but for the sample with a nominal
boron concentration of 1.0 wt. %, deterioration of structural parameters was obs-
erved as a result of the greater lattice point occupation by boron atoms. Never-
theless, the peaks of the HTCB Raman spectra are similar to each other and sig-
nificantly wide, which indicates a more disordered structure of the HTCB samples
compared to the CHTCB samples. In order to analyze changes in the bonding
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structure, Raman spectra parameters (peaks position, bandwidth and intensity, /p
and /g) were obtained by deconvolution of the spectra (not shown here), using
Gaussian fitting. Values of Ip/Ig (Table I) also confirm the higher degree of dis-
order for the HTCB samples compared to CHTCB. Namely, for CHTCB samples,
the values of Ip/Ig were in the range from 0.9 to 1.2, while for HTCB samples the
values were 1.6 or 1.7 and this difference is a direct consequence of the thermal
treatment up to 1000 °C, which involves the formation of a more carbonic structure
with a higher degree of structural arrangement.32-34 According to the Raman spec-
tra parameters, B incorporation does not affect the structural characteristics of the
HTCB samples.

1100 1200 1300 1400 1500 1600 1700 1800
HTCB,

\

.| HTCB,,

HTCB,

Relative intensity, a.u

HTCB,

)

L L L !

P

1100 1200 1300 1400 1500 1600 1700 1800
o -1 .

Raman shift, cm Fig. 2. Raman spectra of the HTCB samples.

Nitrogen adsorption-desorption isotherms for the HTCB samples, as the amount
of N; adsorbed as function of relative pressure at —196 °C, are shown in Fig. 3.

Adsorption —=—
Desorption —0—

—=—HTCB,
—e—HTCB,,
7 —a—HTCB,,

Fig 3. Nitrogen adsorption—desorption
isotherms obtained for the HTCB
samples.
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According to the IUPAC classification,3> the isotherms of the samples are of
type II. Reversible type II isotherms are correlated with nonporous or macro-
porous adsorbents. The shape of isotherms is a consequence of the multilayer
adsorption where thickness of the adsorbed multilayer sharply increases without
limit at relative pressures close to 1. Specific surface areas calculated by the BET
equation, SggT, volume of micropores, Vmicro, and mesoporous surface area,
Steso, are listed in Table II.

TABLE II. Textural characteristics of HTCB samples

Sample Sgpr/ m? gl Sineso / M2 g7 Viniero / 1073 cm? g1
HTCB, 9.87 6.24 0.54
HTCB,, 8.12 4.98 0.47
HTCBy 4.03 2.19 0.35
HTCB;, 4.98 2.93 0.39

The obtained SggT values lie within 4-10 m2 g-! for all the tested samples
and, along with other presented textural characteristics, confirm that the HTCB
samples are nonporous. The reason for this lay in the chemical processes that
follow hydrothermal carbonization, and involve carbonization and solubilization
of the organics. Through these processes, tarry substances are formed, leading to
plugging of the pores and cause the formation of carbon materials with closed
porosity and very small values of the BET surface area.36-38

The ASggT values, which represent the magnitude of the change in the SggT
values after thermal treatment of HTCB samples, are shown in Fig. 4 (ASBgT =
= SReT(CHTCBy) — SgeT(HTCBY)). A significant difference in the SggT values
before and after HTT, of almost 40 times, can be noticed for the undoped sample
(0.0 wt.% B). However, for B-doped samples, the differences in the Sgpt values
decrease drastically, without showing a strictly doping-level dependence, even
having a negative value for the sample with the highest nominal boron concen-

450

AS,..=S,.(CHTCB )-S,_ (HTCB))
400
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& 300
E
~ 2501
&
o 200
<
150
1004
50_ . . .
Fig. 4. The differences in Sgpt
o 02 04 06 08 10 values induced by subsequent car-
Nominal boron concentration, % bonization of the HTCB samples.
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tration (1.0 wt.% B). Based on this comparative analysis, it seems that the ther-
mal treatment of undoped sample, HTCB, has an improvement effect on the sur-
face area and porosity. On the contrary, the presence of B in the HTCB samples
induced an inhibition of the development of the surface area for the final CHTCB
samples. This may be a consequence of the alterations in the chemical reactions
and processes, which follow the arranging carbon structure during carbonization,
along with boron atom diffusion and its packing into the pores.22-3%

Hydrothermally derived carbons are generally characterized with abundant
functional groups on their surface.#0 To analyze the type of surface oxygen
groups, FT-IR analysis of HTCB samples was performed, and FT-IR spectra are
shown in Fig. 5. The broard band between 3000 and 3700 cm™! is assigned to the
stretching vibrations of O—H (hydroxyl or carboxyl), and the bands around 2815
to 3000 cm™! are the characteristic stretching vibrations of aliphatic C—H. The
bands near 1706 cm™! and at 1622 ¢cm™! are attributed to C=O and C-C vib-
rations, suggesting aromatization of the samples during the hydrothermal treat-
ment.#1:42 The peak at 1384 cm™! is related to the deformation vibration of the
C-O bond in the carboxyl group,22 while the peaks in the range of 1300-1000
cm~! may originate from the stretching vibrations of the C—OH bond, or bending
vibrations of the O—H bond, indicating the presence of hydroxyl groups.2?2 The
peak at 797 cm! originates from the out-of-plane bending vibration of the aro-
matic C—H bond, while the peak at 1510 cm™! originates from stretching vibrat-
ions of the aromatic ring.43 It could be noted that the intensity of FT-IR spectra
bands decreases for samples with higher boron content. A similar phenomenon
was previously observed for carbonized HTCB samples.2? The reduction of the
content of surface oxygen groups related to the presence of B atoms in carbon
structure is a well-known phenomenon. One of the explanations for this pheno-
menon is the redistribution of charge in a carbon material, which occurs when
boron is substituted into its structure in a way to block the otherwise accessible
active sites, and protect them from interaction with oxygen.20:44

HT GB A
Wi CBos

g
3
§ Wi CBo2
2
g \a\T CB [\]
=
©
'_

4000 3500 3000 2500 2000 1500 1000  seo  Fig. 5. FT-IR spectra of the HTCB
Wavenumbers, cm’ samples.
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The Boehm method was used to determine the acid/basic character of the
HTCB samples, through the amounts of acidic surface oxygen groups (carboxyl,
lactone, phenol), and basic functionalities (chromene, ketone, and pyrone groups,
along with the delocalized m-electrons of graphene layers). The results obtained
by Boehm titrations (Table III) confirmed the influence that the incorporated
boron has on the content of surface oxygen groups, through the trend of decreas-
ing the number of surface oxygen groups with increasing boron content. The
obtained results showed that basic groups are dominant on the surface of both
HTCB and CHTCB types of samples. The total amount of functional groups pre-
sent on the surfaces of CHTCB samples was drastically lower, compared with
HTCB samples, which is the consequence of the applied thermal treatment, which
leads to the conversion of the more disorder (hydrothermal) carbon structure into
a carbon structure with more prominent aromatic character and hydrophobic
properties, characteristic for carbon materials obtained by carbonization.!2

TABLE III. Amount of acidic and basic surface oxygen groups for the HTCB and carbonized
HTCB samples

Sample Amount of acidic groups, mmol g!  Amount of basic groups, mmol g'!
HTCB, 1.142 4.695
HTCBy, 1.153 4.502
HTCBy ¢ 0.925 1.892
HTCB, 0.896 1.388
CHTCB, 0.162 0.187
CHTCBy , 0.038 0.066
CHTCBy ¢ 0.031 0.056
CHTCB;, 0.030 0.058
CONCLUSIONS

Hydrothermal carbonization of glucose in the presence of boric acid led to a
significant incorporation of boron atoms into the structure of hydrothermal carbon
samples. However, under the high-temperature treatment, most of the boron atoms
leave the material structure, due to the weak bonding established between boron
atoms and hydrothermal carbon structure. Boron addition of 1.0 % in precursor
solution induced significant enhancement of particles size, although high-tem-
perature treatment led to a decrease of the particle size as a consequence of mass
loss and shrinkage processes, which occur during the treatment. The number of
surface oxygen groups was reduced by incorporation of boron, and further, even
more reduced by additional high-temperature treatment. Raman analysis showed
that the boron-doped hydrothermal carbon samples are characterized by a lower
carbonic structure with a lower degree of structural arrangement without a clear
dependence between parameters values and boron content in the structure. Due to
the structural transition that occurs during high-temperature treatment, carbon-
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ized boron-doped samples show much higher values of the specific surface area
compared to the boron-doped hydrothermal carbon samples, but inversely pro-
portional to the content of boron, the presence of which has a strong inhibitory
effect on the development of porosity. Nevertheless, comparison of the results
obtained for hydrothermal carbons in different stages of synthesis suggest that
the presence of boron brings significant changes in the characteristics of the mat-
erial, hence boron doping represent an effective method for tailoring the struc-
ture, morphology, and surface properties of hydrothermally synthesized carbons.

Acknowledgement. The research was funded by the Ministry of Education, Science and
Technological Development of the Republic of Serbia (Contracts No. 451-03-9/2021-14/
/200135, 451-03-9/2021-14/200287 and 451-03-9/2021-14/200017).

U3BOJI

YTULIAJ IOINTUPALA BOPOM HA KAPAKTEPUCTUKE XUJPOTEPMATHUX KAPBOHA
HA BA3U I'TTYKO3E

AHA M. KAJIMJATIUC', MAPUHA M. MAJIETUR?, AHBEJIUKA 3. BJEJTAJALL*?, BUJbAHA M. BABUR",
TAMAPA 3. MUHOBUE APCUR' 1 MAPUJA M. BYKYEBUR®
’ﬂaéopauiopuja 3a mawiepujane, Unciutiyw 3a HyKieapHe Hayxe Bunua-Unciuiiyw og HAYUOHATHOT
3nauaja, Ynueepsutieini y beoipagy, Muxe Ietiposuha Anaca 12—14, 11000 Beoipag, *Unosayuonu ueninap
Texnonouko—meiaanypuixoi paxyniieiia, Kapneiujesa 4, 11000 Beoipag, *C2N — Centre for Nanoscience
and Nanotechnology Universite Paris-Saclay, 10 boulevard Thomas Gobert, 91120 Palaiseau, France,
4Hch7uu7ym 3a pusuxy-HHCTUTY W 0g HAUUOHATHOT 3HAaudja, YHueep3uiiell y beoipagy, IIpeipesuya
118, 11080 Beoipag u 4Texuonom1co—memaﬂypm1cu Qaxyniuein, Ynueep3uiieii y beoipagy,
Kapueiujesa 4, 11000 beoipag

Y oBOM pafly MCIHUTaH je yTHLaj MHKOpIopaudje dopa Ha CTPYKTypDHE M MOBPLIMHCKE
KapaKTepUCTHKe xuaporepmanHux kapdoHa (HTCB), mobujeHmx XuppoTepMaaHOM Kapdo-
HU3alMjoM ITIyKO3e y NPUCYCTBY Pas3IMYMUTHX KOHLIEHTpaluja DOpHe KHUCelrHe, Kao MpeKyp-
copa bopa. H3BplleHa je MOBPIIMHCKA U CTPYKTypHa KapaKTepH3aldja MaTepujana, a Zo0u-
jeHu pesyntaTH cy ynopeheHM ca kapakTepuCTHKama HaKkHagHO kapbonusoBaHux HTCB.
PesynrtaTé cy nokasaay fja XUApoTepMalHU KapdoH Ha Dasu IIykose Hema pasBHjeHy II0p03-
HOCT, a TIPUCYCTBO DOpa y CTPYKTYPH OBUX MaTepHjaja HEMa 3HadyajHUjer yTULaja Ha CIELH-
¢uuny nospiiuHy. C mpyre crpaHe, nojaTHa kapdoHusanuja nosehasa crenuduyHy HOBp-
IIWHY HeNOMWpaHOr y30pKka, a mosehawe campskaja 6opa JOBOOW IO OPACTHYHOT CMamema
cnenuduyHe noBpluvHe. Jonupawme HOpPOM MOBOAU 10 CMamema KOJMWYMHE MOBPUIMHCKUX
KHCEOHUKOBHUX TpyTa, Kako KOJ XUIPOTEPMAJIHO CUHTETUCAHHX, TAKO U KOZ AOJATHO Kapbo-
HU30BaHUX MaTepujana. AHanmsaom PaMaHckux cnekrapa yTBpheHo je Aa cangpskaj dopa He
yTHYEe Ha CTPYKTYpHO ypeheme ysopaka HTCB, kao 1 na HaxHagHa KapOOHU3aLHUja OBOOH [0
nosehama ypehenoctu crpykrype. [lopeheme CTpyKTypHUX M INOBPIIMHCKUX KapaKTEPUCTHKA
XUIPOTEPMATHUX KapdoHA NOMWpaHUX OOPOM M HAKHAOHO KapDOHM30BAHWUX MaTepHjaia
IorpuHehe pasjaurmerny yTrllaja HHKOpIIOpauyje dopa Ha KapaKTePUCTHKe OBUX MaTepHjana.

(TTpumisero 11. okrobpa 2021, pesuaupano 30. nenembpa 2021, npuxsaheno 3. janyapa 2022)
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