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ABSTRACT

In order to accommodate an increasing demand for glassy carbon products with

tailored characteristics, one has to understand the origin of their structure-re-

lated properties. In this work, through the use of high-resolution transmission

electron microscopy, Raman spectroscopy, and electron energy loss spec-

troscopy it has been demonstrated that the structure of glassy carbon at different

stages of the carbonization process resembles the curvature observed in frag-

ments of nanotubes, fullerenes, or nanoonions. The measured nanoindentation

hardness and reduced Young’s modulus change as a function of the pyrolysis

temperature from the range of 600–2500 �C and reach maximum values for

carbon pyrolyzed at around 1000 �C. Essentially, the highest values of the

mechanical parameters for glassy carbon manufactured at that temperature can

be related to the greatest amount of non-planar sp2-hybridized carbon atoms

involved in the formation of curved graphene-like layers. Such complex labyr-

inth-like structure with sp2-type bonding would be rigid and hard to break that

explains the glassy carbon high strength and hardness.

Introduction

The disordered, non-graphitizing glassy carbons, also

called glass-like carbons, are typically synthesized by

pyrolysis of polymeric precursor such as phenolic

resins or polyfurfuryl alcohol [1–4]. Due to their rel-

ative ease of production and a diverse range of

physical properties, such as high thermal resistance,

extreme chemical stability, low density and great

hardness compared with other carbons, gases

impermeability, and high electrical conductivity,

these carbons have been extensively industrially

applied since decades. In addition, glassy carbons

exhibit excellent biologic compatibility with blood

and tissues, meaning that they have a high potential

for use in medicine [5]. The most recent studies have
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suggested that glassy carbons have a fullerene-re-

lated structure. Such model of the structure, pro-

posed by Harris [2, 6–8], consists of broken and

imperfect fullerene fragments in the form of curved

sp2-bonded graphene-like planes, which can be mul-

tilayered and which often surround closed pores. The

presence of curvature has been attributed to the

topological defects in the form of non-hexagonal

carbon rings such as pentagons and heptagons that

were directly observed by the high-resolution trans-

mission electron microscope (HRTEM) [9]. When

glassy carbons are exposed to the temperature, the

building structural blocks start ordering within

individual graphene-like layers and the number of

layers increases [2, 6–8, 10, 11]. Ordering within the

layers is accompanied by increase in their sizes.

However, even after heat treatment at temperatures

of 3000 �C and above the glassy carbons cannot be

transformed into crystalline graphite [7, 10] and

preserve the general type of atomic disorder

remaining features of the paracrystalline structure

[12].

The structure is a key factor determining glassy

carbon porosity, mechanical, and electronic proper-

ties. Therefore, the possibility to control the temper-

ature-induced structural transformation is critically

important for the fabrication of the glassy carbon

products with desired functional features. It is

essential to note that novel glassy carbon applica-

tions, such as micro-electro-mechanical systems

[13, 14], that can be used for medical prostheses

[15, 16] require comprehensive characterization of the

properties–structure relationships at both, bulk- and

nanoscale level. But up to now, the knowledge on

how the manufacturing temperature, that is, how the

internal structure affects the properties of glassy

carbons is insufficient. Herein, high-resolution

transmission electron microscopy, Raman spec-

troscopy, electron energy loss spectroscopy (EELS),

and nanoindentation measurements were performed

on a series of glassy carbons prepared by pyrolysis of

polyfurfuryl alcohol at different temperatures from

the range 600–2500 �C to shed more light on the

evolution of their structure and properties during the

heat treatment. The main aim of this work is inves-

tigation of correlations between the structure of the

glassy carbons changing under the thermal treatment

and their mechanical characteristics.

Experimental details

Preparation of glassy carbons

The glassy carbons studied here were prepared from

furfuryl alcohol as a precursor. Polymeric furfuryl

alcohol-based samples were pyrolyzed under pro-

tective Ar gas flow. The heating rate was 10 �C/h to

200 �C and 5 �C/h to the different desired tempera-

tures: 600, 800, and 980 �C. Upon reaching the final

heat treatment level, the temperature was held con-

stant for 2 h. Then, the carbonized samples were

allowed to cool in Ar flow. Next, some of the samples

carbonized at 980 �C were further heat treated at

1500, 2000, and 2500 �C in Ar atmosphere. The high-

temperature processing was performed with the

heating rate of 4 �C/min from the room temperature

up to the maximum pyrolysis temperature with the

samples residence time 2 h at the final temperature.

The glassy carbons heat treated as described above at

different temperatures ranging from 600 to 2500 �C

are labeled here according to the maximum anneal-

ing temperature as GC600, GC800, GC980, GC1500,

GC2000, and GC2500, respectively. The chemical

composition of the prepared carbons was examined

using the X-ray fluorescence spectroscopy. The C

content, included in Table 1, increases monotonically

and tends toward 100% for high-temperature car-

bonization. The presence of elements other than C

and O was below 0.1 at.%. The densities of the sam-

ples were monitored using helium pycnometer and

are presented in Table 1. The density is observed to

be the highest at temperature of 800 �C. Above

800 �C, the density decreases significantly due to

rearrangement of the structure, formation, and

growth of closed pores and for GC2500 is around

1.51 g/cm3. The observations of density changes with

pyrolysis temperature are generally in agreement

with behavior reported by Zhang et al. [17] for glassy

carbons from phenolic resins.

High-resolution transmission electron
microscopy and electron energy loss
spectroscopy

TEM investigations were done on a probe Cs-cor-

rected S/TEM Titan 80-300 FEI microscope, equipped

with a Gatan Tridiem 863 spectrometer. The prepa-

ration of samples was performed as follows: The

pyrolyzed glassy carbon disks were ground in a steel
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mill, the obtained powders were dispersed in ethanol

using an ultrasonic bath, and then droplets of such

prepared dispersions were put onto a carbon—coated

lacey substrate supported by a copper grid and dried

at room temperature. HRTEM imaging was obtained

at 300 kV. The images were recorded with 1 s expo-

sure time to avoid radiation damage of samples.

EELS spectra were acquired at 80 kV in STEM

mode. Lower acceleration voltage of the electron was

applied to exclude the influence of the electron beam

on the structure of the material under test [18, 19].

The measurements were performed in STEM mode,

allowing for the proper selection of fragments for

analysis—sufficiently thin and homogeneous. The

fitting procedure of EELS bands was performed with

the Fityk software [20].

Raman spectroscopy

The Raman spectra of the series of glassy carbons

were obtained using WITec Alfa 300R Raman spec-

trometer equipped with a confocal microscope, a

532-nm Nd:YAG diode laser and a highly sensitive

back-illuminated Newton-CCD camera. The data

were collected at room temperature with a 50 9 ob-

jective (NA = 0.5), accumulated with 10 s exposure

time and 100 repetitions in the spectral range

between 200 and 3500 cm-1. For each glassy carbon

sample, the Raman scattering was measured at dif-

ferent places to make sure that the probed materials

are homogeneous and the collected spectra provide

representative structural information of bulk mate-

rial. The fitting procedure of Raman bands was per-

formed with the Fityk software [20].

Nanoindentation

Nanoindentation tests were performed with the

Hysitron TriboIndenter TI-950 system. We have used

Berkovich diamond tip to conduct the mechanical

tests. The maximum load applied to the indenter was

0.8 mN, while the load function was composed of

three parts: 5 s loading, 2 s dwell time, and 5 s

unloading. The thermal drift rate was less than

0.1 nm/s. All experiments were performed in a con-

stant ambient temperature and humidity, shielding

the equipment from external vibrations. The Berko-

vich tip was calibrated using the fused quartz as a

standard. The key parameters obtained during the

nanoindentation experiment were hardness (H) and

reduced Young’s modulus (Er). They were estimated

using the well-known Oliver–Pharr method [21] as

follows:

H ¼
Pmax

Ar

; ð1Þ

where Pmax is the maximum load and Ar is the

residual indentation area;

1

Er

¼
1� m

2

E
þ
1� m

2
ind

Eind

; ð2Þ

where E and m are the elastic modulus and Poisson’s

ratio of the sample, respectively, Eind and mind are the

same parameters of the diamond indenter tip.

Results

Comparative characterization of glassy
carbon structural organization by HRTEM

The representative HRTEM images at different

magnifications of the glassy carbons pyrolyzed at

various temperatures, 600, 980, 1500, 2000, and

2500 �C are presented in Fig. 1. Black lines in these

pictures represent parts of the carbon sheets which lie

approximately parallel to the incident electron beam.

The pictures show the evolution from a network of

randomly oriented, disordered carbon domains to a

more organized system resembling onion-like ele-

ments in which carbon layers are less rippled. The

glassy carbon microstructure passes through a few

Table 1 C content and helium

density of the glass-like

carbons pyrolyzed at different

temperatures from the range

600–2500 �C

Glass-like carbon C content ± 1 [%] He density ± 0.01 [g/cm3]

GC600 94 1.60

GC800 96 1.88

GC980 97 1.77

GC1500 98 1.55

GC2000 100 1.52

GC2500 100 1.51
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Figure 1 Representative HRTEM images at various magnifica-

tions of different regions of glassy carbon samples pyrolyzed at

temperatures from the range 600–2500 �C. Rectangular frames

expose domains with stacked graphene-like layers; round frames

show onion-like structures enclosing pores; arrows indicate curved

structural units.
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phases during the conversion to its high-temperature

form. The low-temperature glassy carbon (this pyr-

olyzed at 600 �C) is comprised of curled layers, as can

be seen in Fig. 1a–c. Such curvature can arise from

both, defects in the graphene-like domains and con-

nections between them. The presence of bridges

between the neighboring carbon domains is a natural

consequence of the starting polymer network which

undergoes extensive cross-linking [22] that was pos-

tulated by Franklin in early models of graphitizing

and non-graphitizing carbons [10]. The microstruc-

ture of the GC600 sample is homogeneous. However,

clusters of two, three, or even four layers of about

1–2 nm long that are arranged in stacks can be dis-

tinguished (marked in Fig. 1b by rectangular frames)

in the overall tangle of randomly distributed carbon

layers. Most of these carbon segments up to 1–2 nm

long are bent. Completely flat layers are very rare.

The distance between neighboring layers is irregular

not only due to their curvature, but also cross-links

and branches they create and which are marked in

Fig. 1b with arrows. The gaps created between the

curved layers may result in slit-shaped nanometer

pores.

In the case of the GC800 and GC980 samples, in the

HRTEM images (Fig. 1d–i) one can notice that some

changes in the structure have been undergone due to

the higher annealing temperature. Like the GC600,

some of the layers are stacked in groups. In the case

of the GC800 and GC980, however, the stacks are

longer and there are definitely more packages of

three, four, or even more layers which are aligned

roughly parallel to each other (Fig. 1e, h). As regards

the structural curvature, a few types of the curvature-

related behavior can be distinguished. The first type

refers to the corrugation of surface observed for

almost every carbon layer in the structure. The

expected source of such curvature is the presence of

structural defects in the form of vacancies and non-

hexagonal carbon rings causing the graphene-like

sheet to transform from a planar to curved geometry

[6, 23, 24]. The different types of defects may be

created during the coalescence of structural units

[25]. During pyrolysis, atoms are not in the thermo-

dynamic equilibrium and many dangling bonds

occur. The structure is allowed to eliminate them in

the non-equilibrium conditions by the formation of

polygons such as pentagons or heptagons or higher-

membered rings resulting in the folding of carbon

layers. It should be noted that the pentagon rings are

also originally present in the initial structure of the

furfuryl alcohol polymer [22, 26] and they can partly

survive at the later stages of heat treatment, as con-

firmed by Tondi et al. [27], causing out-of-plane rip-

ples. In parallel, the curvature is created by the

carbon layers which branch out or link together by

forming the specific tubular caps, marked in Fig. 1h, i

with filled arrows. Such type of bridges between

adjacent carbon layers creates compact 3D network

which may prevent graphitization and make the

material strong.

With increasing the carbonization temperature

above 800 �C, the curvature related with elements

resembling fragments of fullerenes, onions or even

completely closed fullerene-like particles is more

prevalent. The different types of curved structural

elements for the GC980 are marked with arrows in

Fig. 1h, i.

On the further heat treatment up to 1500 �C, one

can notice in Fig. 1j–l that within the microstructure

of glassy carbon two parts mixing with each other can

be clearly distinguished. The first part, more orga-

nized, consists of groups of stacked and more or less

parallel planes, while the second part, globally dis-

ordered, is characterized by randomly oriented and

twisted layers of various sizes. We observe that the

glassy carbon crystallites grow at the expense of the

more disordered part of the microstructure. The less-

organized regions are consumed by the domains with

parallel layers resulting in their growth, both in

width and height, and simultaneously in creation of

empty voids. In the low-temperature glassy carbons,

the microporosity is a direct consequence of

misalignment of the curved sheets or their packages.

As the annealing temperature increases, the bigger

pores are formed due to joining of disordered frag-

ments to more ordered domains. This leads to the

creation of isolated, non-connected voids such as

these marked with circle frames in Fig. 1n, r. The

HRTEM images pretty clearly exhibit that dimen-

sions of the micropores are tunable by the heat

treatment in the range of few angstroms to several

nanometers. Up to the maximum annealing temper-

ature 2500 �C, the gradual elongation of graphene-

like layers, increase in their number in the stacks and

growth of pores are observable. As the pyrolysis

temperature increases, the onion-like carbon struc-

tures become more prevalent. The high-temperature

GC2500 is mostly composed of well-organized great

fragments of onions or even entire onions (Fig. 1p–r).
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They are made up of the curved and faceted graphite-

like crystallites up to around 10 nm long and 10

layers thick. The onion-like elements are interwoven

together and limit pores which are much larger than

in the low-temperature glass-like carbons.

Correlation of first- and second-order Raman
peaks behavior with the structural
transformation

The first-order Raman spectra display two main

peaks between 1200 and 1700 cm-1, as shown in

Fig. 2a, which are characteristic features of graphitic

carbons [28]. The peak at around 1600 cm-1 is called

graphitic or simply G band and is due to optical

phonon mode with E2g symmetry associated with an

in-plane stretching of sp2-bonded carbon atoms. The

peak at around 1350 cm-1 is called disorder-induced

or D band and is not observed for single-crystal

perfect graphite [29]. The origin of the D mode had

long been debated, and more recently it was attrib-

uted to the double-resonant Raman scattering [30].

The spectra of the first-order Raman region normal-

ized to the D band intensity and overlapped to better

distinguish differences between them are presented

in Fig. 2b. The main characteristic feature of these

spectra is the increase in the D intensity (ID) with

respect to the G peak intensity (IG) and sharpening of

the D peak width with increasing pyrolysis temper-

ature up to 2500 �C. The ratio of intensities ID/IG or

corresponding integrated areas upon D and G peaks

is sometimes used to calculate the averaged in-plane

size of graphitic domains (La). According to the for-

mula proposed by Tuinstra and Koenig: ID/IG * 1/

La (the so-called T-K rule) [28]. In the case of the

studied here glassy carbons by HRTEM images, we

observe continuous growth of carbon layers with the

heat treatment temperature. Therefore, the T-K rule

does not appear to be fulfilled in this case. Ferrari and

Robertson [31] showed that for amorphous and dis-

ordered carbons the development of the D peak

indicates ordering, exactly opposite to the case of

graphite. They argued that the T-K formula should

not be valid at very small values of La, because for

small La the D band strength is proportional to the

probability of finding a sixfold aromatic ring in the

carbon cluster that is proportional to the cluster area

La
2. Therefore, they submitted a new dependence of

the ID to IG ratio on the La size, namely ID/IG * La
2 for

carbons containing small clusters with La below

about 25 nm and suggested that such a behavior of

Raman spectra would be possible for non-crystalline

graphite progressively defected resulting in its

amorphization. Experimental example of this behav-

ior has been found, i.e., for glassy carbon implanted

with ions, which exhibited decreasing ID/IG ratio

Figure 2 Overview of the

Raman spectra for glassy

carbons pyrolyzed at different

temperatures from the range of

600–2500 �C (GC600–

GC2500) (a); comparison of

the normalized spectra for the

first-order region (b) and the

second-order region (c). The

insets show the best fit of the

experimental data for glassy

carbon pyrolyzed at 1500 �C

(GC1500).
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with higher ion doses due to loss in order and

decrease in crystallite size [32]. Here, we observe a

reverse process—the more disordered and fine car-

bon nucleuses are transformed during pyrolysis to

less defected, better organized and greater packages

of graphene layers and the ID/IG ratio increases with

higher temperature. Similar tendency has been

already observed for carbonized polyfurfuryl alcohol

[33], cellulose [34], or wood [35].

In order to accurately recognize other bands con-

tributing to Raman scattering for the glassy carbons,

the spectra were fitted with the Voigt line shapes. A

representative example of the fitting of the first- and

second-order Raman spectra is showed for the glassy

carbon heat treated at 1500 �C as insets in Fig. 2b, c.

As a result of the fitting, we can distinguish six

components contributing to the first-order Raman

spectrum: (1) graphitic G peak at 1595 cm-1, (2) dis-

ordered D1 peak at 1355 cm-1, (3) D2 peak at

1630 cm-1 described in [29, 36], (4) D3 peak at

1549 cm-1 described in [28], (5) D4 peak at

1212 cm-1, and (6) D5 peak at 1110 cm-1. The D4 and

D5 features must account for the total spectra during

fitting of Raman data for all glassy carbon heat trea-

ted between 600 and 2500 �C; however, they weaken

in intensity during the progressive heat treatment.

Recently, Couzi et al. [37] showed that in the spectral

range 1000–1300 cm-1 of various defective carbon

materials three different components participate to

the scattered signal and assigned them to the differ-

ent defect-induced double resonance inter-valley

processes. The idea of the defect-related history of the

reported here D4 and D5 peaks seems to be reason-

able. Interestingly, Fujimori et al. [38] experimentally

identified a Raman signal from Stone–Thrower–

Wales (STW) defects on single-walled carbon nan-

otubes in the range of 1100–1200 cm-1. Moreover,

according to theoretic calculations of the STW defect

in a flat graphene two characteristic Raman modes at

1122 and 1173 cm-1 are predicted [39]. We assume

that the D4 and D5 peaks observable here for the

glassy carbons can also come from the vibrations of

carbon atoms in non-hexagonal rings such as STW

defects which are considered as the reason of the

fullerene-like structure of glassy carbons [6–8].

The second-order Raman spectra compared in

Fig. 2c reveal four peaks: (1) 2�D1 peak at 2695 cm-1,

(2) G ? D1 peak at 2940 cm-1, (3) 2�D2 at 3250 cm-1,

and (4) D1 ? D4 at 2450 cm-1. They are the over-

tones or the combined tones of the first-order bands.

For the low-temperature glassy carbons up to

1000 �C, the 2�D1 band merges with the other sur-

rounding bands to form a small modulated bump.

The intensity of the 2�D1 peak increases roughly six

times for GC1500 in comparison with the GC980 and

then decreases gradually for GC2000 and GC2500. It

should be mentioned that the 2�D1 peak, named

historically the G’ peak, for graphene is more intense

than the G band compared to bulk graphite [39–42].

Increasing the number of graphene layers in the stack

leads to a significant decrease in the 2�D1 to G

intensity ratio [43, 44]. Indeed, for the glassy carbons

we observe a systematic drop of the 2�D1 intensity

with increase in the heat treatment temperature

above the 1500 �C. That is probably the effect of

increase in number of layers in the graphite-like

domains, as can be seen in the electron microscopic

images in Fig. 1. The lack of clearly pronounced

peaks in the second-order region for the glassy car-

bons at 600, 800, and 980 �C may be due to a much

lower intensity of the first-order Raman modes.

Moreover, the low intensity of the 2�D1 bands for the

low-temperature glassy carbons GC600–GC980 may

be explained by the small lateral size of the graphene-

like layers and/or very high defect densities causing

strong distortion of graphene-like clusters. Further

formation of greater and more uniform carbon

hexagonal network for the GC1500 causes significant

rise in the 2�D1 intensity.

Evidence of curved structural units in low-
frequency Raman spectra

In the low-frequency region below 900 cm-1 of the

measured spectra, a number of Raman-active modes

were observed. All glassy carbons show peaks near

260 cm-1 (P1), 440 cm-1 (P2), 620 cm-1 (P3), and

860 cm-1 (P4), as can be seen in Fig. 3, while this

Raman region is completely silent for graphite and

diamond crystals according to the group theory [45].

Analogous bands in the low-frequency region of

Raman spectra were found for carbon nanotubes,

fullerenes, or nanoonions [46–50] as well for more

exotic non-planar carbon structures such as tubular

cones, whiskers, and polyhedral crystals [51]. There-

fore, we assume that the observed modes are markers

of curvature-related geometry in the investigated

glassy carbons, which has been already confirmed by

the HRTEM images.
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It is known that a band in the range 100–350 cm-1

is a signature of single-walled carbon nanotubes

(SWCNTs) and is related to their radial breathing

modes (RBMs) unique to cylindrical symmetry [52].

The RBMs correspond to the coherent vibration of the

carbon atoms where all the tube atoms vibrate radi-

ally in phase. Zhao et al. [53] established that the

RBMs can also give active Raman peaks in the 100–

600 cm-1 region for multi-walled carbon nanotubes

(MWCNTs). These RBM frequencies (xRBM) are

therefore very useful for identifying whether a given

carbon material contains curved, nanotube-like ele-

ments. The xRBM depends on the nanotube diameter

d as:

xRBM ¼
A

d
þ B; ð3Þ

where A and B are experimentally determined con-

stants dependent on environment in which nanotube

is present. The reported glassy carbon building

blocks are multilayer nanostructures which can be

classified as fragments of MWCNTs. It was

determined that for SWNTs of 1.5 nm in diameter

measured in bundles A ¼ 234 cm-1 and B = 10 cm-1

[53]. If we take the values of A and B parameters as

mentioned above and we assume that recorded P1

peaks are 10% up-shifted due to interlayer interac-

tions in multilayered domains [29], we are able to

estimate the diameter of the nanotube fragments

possibly responsible for the breathing vibrations to be

of approximately 1 nm. Such nanotube-like elements

of approximately 1 nm in diameter can be easily

found in HRTEM images and their examples were

attached as insets to Fig. 3.

Beside the P1 peak around 260 cm-1, the Raman

spectra contain also broad features with maxima at

around 440 cm-1 (P2), 620 cm-1 (P3), and 860 cm-1

(P4). Herein reported low-frequency Raman modes

for glassy carbons are analogs to the Raman features

identified by Roy et al. [50] for carbon nanoonions

produced by the arc discharge of graphite electrodes.

Tan et al. [51] also observed Raman peaks at * 470,

620, and 860 cm-1 in ion-implanted highly oriented

pyrolytic carbon and in turbostratically stacked par-

ticles. Moreover, it was showed first time by Rao et al.

[47] that SWCNTs exhibit numerous Raman modes in

the region 300–1400 cm-1. Two possible explanations

for the origin of these peaks were proposed. One

claims that these modes are combination of the

acoustic and optical phonon modes activated due to

nanotube geometry, and the other that they arise

from structural defects [54]. Hence, it is clear that

disorder and defects strongly influence the Raman

spectra of carbon materials and the features reported

here for glassy carbons in the range 350–900 cm-1 can

be defect-induced Raman modes.

Bonding character of carbon atoms
at different stages of thermal treatment

HRTEM and Raman spectroscopy results showed

that glassy carbons at different stages of pyrolysis

contain curved structural units. The question that

arises is what type of bonds between carbon atoms

the buckled layers contain. The presence of diamond-

like sp3-bonded atoms would explain the high hard-

ness and resistance to graphitization of glassy car-

bons, and in the past an idea appeared that the sp3-

bonded carbons may act as potential cross-linking

[55]. We used electron energy loss spectroscopy to

estimate the amount of the possible sp3 bonds as well

Figure 3 Low-frequency Raman modes for glassy carbons

pyrolyzed up to different temperatures from the range of

600–2500 �C (GC600–GC2500). The insets show selected

HRTEM images with curved structural units of around 1 nm in

diameter.
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as to evaluate the sp2-type bond character at different

stages of the pyrolysis process.

The representative EELS spectra in the C-K edge

region after background subtraction by fitting a

power-low curve shown in Fig. 4a have two main

features: the p* peak around 285 eV, caused by

transitions from the carbon 1s core level to the anti-

bonding state of p bonding, and the r* peak around

291 eV, caused by transitions from the carbon 1s core

level to the anti-bonding state of r bonding. For

GC600, the p* feature is broad and the r* peak is

poorly defined. With increase in pyrolysis tempera-

ture, the EELS spectra show an increase in the

intensity of the p* peak in respect to the r* peak

intensity. Simultaneously, the r* signal becomes

more noticeable with rising temperature and the

appearance of another weak features on the high

energy side of the r* peak, indicating an increase in

longer range order [56]. Such a behavior of these

spectra is typical for conversion of disorder carbon

structure toward graphitic sp2 bond configuration.

However, the near-edge fine structure above 295 eV

is less pronounced than in case for graphitic samples

with three-dimensional crystalline order [56]. We

used a procedure developed by Berger et al. [57] for

determining the fraction of sp2-bonded carbon atoms

in the glassy carbons. This method is based on esti-

mation of the ratio of integrated window centered

upon the p* peak (Ip�) to the integrated area con-

taining both, p* and r* peaks (Ip�þ r�), according to

the following equation:

sp2

sp2 þ sp3
¼

Ip�
Ip�þr�

ð4Þ

Here, for calculations we used 6 eV window cen-

tered at 292 eV over the both p* andr* peaks. The ratio

obtained according to the (4) is usually normalized to

the factor determined from spectra of a 100% sp2-

hybridized material. The most often highly oriented

pyrolytic graphite (HOPG) is used [56, 58]. However,

an open discussion is correctness of such technique

[59, 60]. Therefore, in order to avoid the uncertainty

related with the choice of reference material we used

theGC2500 sample as a reference in this series of glassy

carbons. Based on recent studies by X-ray and neutron

diffraction combined with molecular dynamic simu-

lations [61] and the resulting optimized models of the

glassy carbon atomic structures (available as .xyz files

in the supporting information of the Ref. [61]), we

determined the percentage amount of sp3 carbon

bonds in the proposed model of the GC2500 atomic

structure to be about 0.5%. Therefore, we treat the

glassy carbon heated at 2500 �C as a material contain-

ing near 100% sp2 carbon hybridization. The computed

changes in the sp2-bonded C atoms content as a func-

tion of pyrolysis temperature with respect to the

GC2500 reference are presented in Fig. 4b. The dis-

persion of the determined sp2 fractions does not exceed

6% of the mean values. The fraction of sp2 bonds is

definitely over the fraction of sp3 bonds, starting from

about 95% for low-temperature glassy carbon GC600

and monotonically rising to almost 100% for GC2000.

For low-temperature samples containing hydrogen, it

is possible that we include intensity from electronic

transition to the C–H(r*) orbital giving signal about

287–289 eV, and the resulting content of sp2 bonds

determined by the procedure described above may be

erroneously higher, as noticed by Daniels et al. [62].

Figure 5a shows example of a Gaussian fit to the C-

K edge of glassy carbon pyrolyzed at 980 �C. Similar

fits were employed for spectra of other glassy car-

bons. It is generally not possible to fit just one

Gaussian peak to the 1s to p* transition range. An

additional peak about 287 eV must be included even

for high-temperature glassy carbons. It is unlikely

that a significant amount of hydrogen can survive at

Figure 4 Variation in the

glassy carbon electron energy

loss in the C-K edge region

(a), and in the determined sp2-

hybridized bond content (b) as

a function of pyrolysis

temperature from the range of

600–2500 �C (GC600–

GC2500).
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such high temperature as 2500 �C. Thus, the origin of

the feature around 287 eV due to hydrogen content

can be questionable. Other idea explaining the addi-

tional residual feature is that it can be due to the

presence of curved fullerene-like bond configuration.

Nyberg et al. [63] found that C-K absorption spectra

of C60 and C70 fullerenes consist of double-peaked p*

component. The shoulder on the high energy side of

the 1s to p* peak centered at 287 eV was also con-

firmed in spectra of fullerenes by other researches

[57, 60]. Bearing in mind the results from HRTEM

and Raman spectroscopy which indicate that the

structure of glassy carbon at different stages of

pyrolysis has features of fullerene-like units, we

suggest that the EELS spectra of glassy carbons can

resemble the spectra of fullerenes. Therefore, we used

the ratio of the integrated intensity upon the 287 eV

peak (Ip�np) to the area under both 285 and 287 eV

peaks (Ip�total) related with the 1s to p* signal, as a

measure of the sp2 non-planar bond content (sp2np) to

the total (fullerene-like non-planar and graphitic-like

planar) sp2 carbon bonds content (sp2total), according to

the following formula:

sp2np
sp2total

¼
Ip � np
Ip � total

ð5Þ

This intensity ratio should reflect the degree of

curvature of glassy carbon structure due to non-pla-

nar, strained sp2 bonds. The results are presented in

Fig. 5b. The dispersion of such determined non-pla-

nar sp2 bond fractions does not exceed 13% of the

mean values.

According to the obtained results, the ratio of non-

planar sp2-bonded to all sp2-bonded carbon atoms

increases from approximately 25% for GC600 up to

about 38% for GC980 and then a subsequent drop of

this ratio is observed to about 30% for GC2500. The

initial increase in the fraction of fullerene-like non-

planar sp2 bonds seems to be a consequence of coa-

lescence of carbon domains. Under the increasing

temperature, disordered layers within the glassy

carbon merge and connect in various ways, as can be

seen in the HRTEM images displayed in Fig. 1. The

creation of the postulated non-hexagonal rings dur-

ing the structure reorganization with heat treatment

would explain the revealed rise to the non-planar,

strained sp2 bond content associated with the buckled

units. With further increase in the heat treatment

temperature, however, more and more defects could

be healed progressively providing layers with higher

fraction of planar graphitic-like sp2 bonds.

Mechanical properties and their correlations
with the structure

A schematic comparison of the force–displacement

response of the studied glassy carbons upon inden-

tation with 800 lN terminal force is shown in Fig. 6.

For the sample carbonized at the lowest temperature,

Figure 5 Example of a

Gaussian fit to the C-K edge of

glassy carbon pyrolyzed at

980 �C (GC980) (a), and

variation in the sp2-hybridized

non-planar bond content as a

function of pyrolysis

temperature from the range of

600–2500 �C (b).

Figure 6 Indentation hysteresis curves of the glassy carbons

pyrolyzed at different temperatures from the range of

600–2500 �C (GC600–GC2500).
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GC600, the penetration by the indentation is the

deepest. A progressive increase in the slope of the

load–displacement curve and decrease in the pene-

tration depth are observed up to carbonization at

980 �C. Interestingly, with further increase in car-

bonization temperature from 980 up to 2500 �C, the

material response is reverse and the penetration

depth increases gradually. Similar behavior in the

temperature range from 1000 to 3000 �C was previ-

ously reported by Iwashita et al. [64, 69]. This can be

simply explained taking into account the previously

described structural changes with increasing pyroly-

sis temperature. Easier penetration of glassy carbon

by indenter can be due to softening of the material

during development of more graphitic structure and

growth of pores with elevation of heat treatment

temperature above around 1000 �C. The unloading

paths do not completely retrace the loading paths but

return to the origin forming hysteresis loops. The

area of the hysteresis loop corresponds to the energy

loss during the deformation of the sample surface by

the indentation. For the low-temperature glassy car-

bon, GC600, there is only very small difference

between loading and unloading curves, what

demonstrates nearly perfect elastic deformation.

Moreover, any residual indentation impression after

complete loading was observed. This means that the

position of indentation tip of the impression at the

maximum load goes back to the original sample

surface level. The energy dissipation is mostly related

with the elastic reversible deformation.

Figure 7 shows the effect of pyrolysis temperature

on the hardness and the reduced Young’s modulus of

the glassy carbons. These mechanical properties for

each sample were calculated as averaged values over

around 24 measurements of material ability to resist

deformation after applying local force. Uncertainties

estimated as standard deviations were not greater

than 4% for H and 3% for Er. The values of the

determined hardness and reduced Young’s modulus

rise from around 3.1 and 15.6 GPa, respectively, for

glassy carbon carbonized at 600 �C up to around 5.9

and 37.6 GPa, respectively, for 980 �C. With further

increase in heat treatment temperature, a continuous

decrease in H and Er is observed up to around 4 and

26.6 GPa, respectively, for 2500 �C. Thus, the effect of

pyrolysis temperature on mechanical properties of

these polyfurfuryl alcohol-derived glassy carbons in

the range of 600–2500 �C can be separated into two

ranges: until reaching the temperature of 1000 �C and

upon reaching the 1000 �C.

Franklin [10] proposed that the great hardness of

the non-graphitizing carbons must be attributed to

the strong cross-links between neighboring domains,

which may be partially destroyed at high tempera-

tures resulting in hardness decrease. The work of

Jenkins and Kawamura [65] shed more light on the

changes of glassy carbon mechanical properties

during carbonization process. They demonstrated

that the hardness increases approximately linearly

with the decrease in H/C ratio during material

decomposition up to 1500 �C, what is followed by, as

they suggested, creation of cross-links and inter-

molecular forces. Further decrease in mechanical

performance for higher heat treatment temperatures

is related with breaking some of the cross-link bonds

during development of more graphitic structures.

Similar conclusions were generally given also by

other authors in more recent reports [64, 66, 67].

In the present work, we revealed that the changes

in hardness and reduced Young’s modulus follow the

same trend as the changes in the content of non-

planar to the total amount of sp2 carbon bonds with

increase in pyrolysis temperature. Comparison of the

data from EELS in Fig. 5b with nanoindentation

results in Fig. 7a, b shows that the measured

Figure 7 Variation in the

glassy carbon nanoindentation

hardness (a), and reduced

Young’s modulus b as a

function of pyrolysis

temperature from the range of

600–2500 �C.
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mechanical properties are a direct response of the

structural transformation that undergoes with

increase in heat treatment temperature. The fraction

of sp2 non-planar, fullerene-like or nanotube-like

bonds with respect to the total content of sp2-hy-

bridized bonds between carbon atoms in structural

units can be used for hardness and Young’s modulus

rating. It is known that carbon nanotubes are one of

the strongest materials known [68]. They are also

very elastic. It is due to the interlocking carbon-to-

carbon covalent bonds. The presence of nanotube-like

elements in the structure of glassy carbons can be

responsible for their high hardness and strength. The

nanotube-like bridges between neighboring carbon

layers evident in HRTEM images bind the entire

structure into a tight network. It is worth to mention

that recently proposed structural models of glassy

carbons [60] display the possible configurations of

such fullerene-like or nanotube-like interfaces. Based

on the models, it was established that the creation of

such interlayer connections, or so-called cross-links,

is facilitated by the presence of defects in the form of

non-hexagonal rings, vacancies, isolated sp3 bonds or

chains which introduce curvature. The curved units

may also effectively inhibit the movement of carbon

layers and prevent the graphitization.

Conclusions

In this work, the detailed structure studies of the non-

graphitizing glassy carbons prepared by pyrolysis of

polyfurfuryl alcohol at different temperatures from

600 to 2500 �C and its effect on the mechanical

properties of these materials were reported. It was

proven that the mechanical properties (hardness and

reduced Young’s modulus) of the glassy carbons

measured via nanoindentation as a function of the

pyrolysis temperature are a direct reflection of their

internal structure. The presence of fullerene-like or

nanotube-like elements in the structure of glassy

carbons is considered to be responsible for their high

hardness and strength. The hardness and the reduced

Young’s modulus scale non-monotonically as a

function of the pyrolysis temperature reaching max-

imum values of 5.9 and 37.6 GPa, respectively, for

glassy carbon pyrolyzed at 980 �C. The peculiar

mechanical behavior of the glassy carbon around

1000 �C is attributed to the greatest amount of non-

planar sp2-hybridized carbon atoms involved in the

building of curved and often interconnected full-

erene-like elements at this temperature. The struc-

tural curvature seems to be gradually formed at the

early stages of the pyrolysis process (at temperatures

up to * 1000 �C) due to merging of the initial small

carbon domains. The cross-links between neighbor-

ing graphene-like layers may have nature of non-

planar sp2-type bonds whose content was quantified

by EELS measurements. It was demonstrated that at

the initial stages of pyrolysis up to 1000 �C the

amount of fullerene-like non-planar to total sp2 car-

bon bonds increases. Then, with higher heat treat-

ment temperatures the structure is transformed into

units composed of greater and less-defected graphite-

like domains resulting in decrease in non-planar sp2

bond content and drop in mechanical performance.

In other words, when the material is heated at tem-

peratures higher than 1000 �C, it becomes more

ordered but weaker. Therefore, the fraction of sp2

non-planar fullerene-like or nanotube-like bonds

with respect to the total content of sp2-bonds in the

glass-like carbons can be used for evaluation of their

mechanical properties.

The knowledge of the structure–property correla-

tions is essential to manufacture glassy carbon

products with tailored features. Undoubtedly, one of

the most promising glassy carbon’s uses is the fab-

rication of glassy carbon-based super lightweight and

strong microlattices. They represent a significant step

forward in the field of lightweight mechanical meta-

materials and can exert a great impact for medical

applications. Due to glassy carbon’s good mechanical

properties, electrical conductivity, and biocompati-

bility, this material is interesting for microimplants in

the line of microstents, microscaffolds for bone

regeneration, and microelectrodes. We hope that the

developed here quantitative relationships between

the structure and mechanical properties will benefit

the further design of the glassy carbon systems.
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