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Carbonization-Temperature-Dependent Electrical Properties
of Carbon Nanofibers—From Nanoscale to Macroscale

Julian Borowec, Victor Selmert, Ansgar Kretzschmar, Kai Fries, Roland Schierholz,
Hans Kungl, Rüdiger-A. Eichel, Hermann Tempel, and Florian Hausen*

An exact understanding of the conductivity of individual fibers and their
networks is crucial to tailor the overall macroscopic properties of
polyacrylonitrile (PAN)-based carbon nanofibers (CNFs). Therefore,
microelectrical properties of CNF networks and nanoelectrical properties of
individual CNFs, carbonized at temperatures from 600 to 1000 °C, are studied
by means of conductive atomic force microscopy (C-AFM). At the microscale,
the CNF networks show good electrical interconnections enabling a
homogeneously distributed current flow. The network’s homogeneity is
underlined by the strong correlation of macroscopic conductivities,
determined by the four-point-method, and microscopic results. Both,
microscopic and macroscopic electrical properties, solely depend on the
carbonization temperature and the exact resulting fiber structure. Strikingly,
nanoscale high-resolution current maps of individual CNFs reveal a large
highly resistive surface fraction, representing a clear limitation. Highly
resistive surface domains are either attributed to disordered highly resistive
carbon structures at the surface or the absence of electron percolation paths
in the bulk volume. With increased carbonization temperature, the conductive
surface domains grow in size resulting in a higher conductivity. This work
contributes to existing microstructural models of CNFs by extending them by
electrical properties, especially electron percolation paths.

1. Introduction

Electrospun polyacrylonitrile (PAN) based carbon nanofibers
(CNFs) are promising next generation candidates for applications
as electrodes in sensors,[1–4] electrical devices,[5] electrochemical
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catalysis,[6] and energy conversion and
storage,[7–9] based on their high surface area
and conductive properties. Additional su-
perior adsorption properties,[10,11] such as
high CO2 selectivities, enable the utilization
of CNFs as carbon capture material.[12–15]

Furthermore, the interplay of both, elec-
trical and adsorption properties, is essen-
tial for electrical conductive adsorbents em-
ployed in the energy efficient electrical
swing adsorption (ESA) process.[16–18] To
tailor the overall macroscopic properties
of the CNFs to the respective application,
an exact understanding of the micro- and
nanoscale electrical properties of individual
fibers and of the fiber networks is crucial.

Over the last decades, many studies
analyzed the CNFs with a broad variety
of analytical techniques, including scan-
ning electron microscopy (SEM), trans-
mission electron microscopy (TEM), X-
ray diffraction (XRD), and Raman spec-
troscopy to characterize the CNFs’ morphol-
ogy, structure and their physical and chem-
ical properties.[7,12,19–27] A strong influence
of the exact preparation conditions, typically
stabilization and subsequent carbonization,

are found. The as-spun fibers are stabilized in air at tempera-
tures between 200 and 300 °C.[12,25,28] Thereby, cyclization of ni-
trile and incorporation of oxygen takes place and the conjugated
structure forms.[29] Subsequently, throughout the carbonization
step at elevated temperatures under inert gas atmosphere the
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crosslinking of the cyclisized polymer structure through denitro-
genation occurs, resulting in a partially crystalline graphitic struc-
ture, whereby the fiber network becomes conductive.[29] Scan-
ning tunneling microscopy (STM) revealed that the CNF’s sur-
face consists of both graphitic crystalline domains but also dis-
ordered domains.[30] It has been observed that with increasing
the carbonization temperature the crystallite sites grow.[19,21–23,25]

Accordingly, the amount of sp2-hybridized (i.e., graphitic) car-
bon increased with carbonization temperature,[7] resulting in an
increased order of carbon structures,[31] and thus, overall con-
ductivity. The order of carbon structure was also enhanced by
templating with nanoparticles,[32,33] and hot-drawing treatment
of as-spun CNF mats.[33–35] Furthermore, higher carbonization
temperatures may result in improved contacts of interconnected
CNFs within the network,[20] thus promoting a high macroscopic
conductivity.[25]

While there are many studies dealing with macroscopic con-
ductivity measurements,[7,19–21,26,27,33,36,37] reports investigating
the intrinsic electrical properties of carbon nanomaterials are
scarce. One possibility to analyze microscopic electrical proper-
ties is the microscopic four-point-method,[38,39] which was car-
ried out on multiwalled carbon nanotubes (MWNT) to investi-
gate their electrical breakdown.[40] Another possibility are two-
electrode-setups, created by spinning single PAN CNFs between
two contacts.[41,42] Thereby, the conductivity of a single CNF car-
bonized at 800 °C was reported to be 4.9 S cm−1[42], while a CNF
carbonized at 900 °C exhibited a conductivity of 130 S cm−1.[41] As
an alternative two-electrode-setup, conductive atomic force mi-
croscopy (C-AFM) enables a simultaneous structural and electri-
cal analysis, whereby defects in the structure of individual car-
bon nano tubes (CNTs) were found to cause a substantial in-
crease in the intrinsic resistivity.[43] The spatial resolution allows
C-AFM techniques the direct imaging of local electron percola-
tion paths.[44] So far, C-AFM has been used on CNFs to analyze
the effect of additives on the local conductivity. Ag nanoparticles
have been found to improve the nanoelectrical properties,[45] and
iron oxide nanoparticles have been found to increase the local
measured currents and lead to composite CNFs with a higher
specific capacity than the pure CNFs.[46]

This study reveals the effect of the carbonization temperature
on nano- and microscale electrical properties of CNFs and their
networks. Therefore, as in previous works,[7,12–15,22,23] different
electrospun PAN-based CNF mats carbonized at temperatures
within the range of 600–1000 °C were prepared, and each sam-
ple has been investigated by PeakForce Tunneling Atomic Force
Microscopy (PF TUNA, Bruker), a force–distance curve based C-
AFM mode. First, at the microscale, the interconnections of mul-
tiple fibers were investigated for each sample. Second, high res-
olution 200 nm × 200 nm maps of single CNFs within the net-
works of each sample were analyzed regarding their nanoscale
conductive surface domains. Furthermore, the microscopically
measured currents of each sample were quantified and correlated
with macroscopic conductivities.

2. Results and Discussion

2.1. SEM Analysis

The microscale fibrous morphology of CNFs, carbonized at 600,
800, and 1000 °C is demonstrated by SEM images shown in

Figure 1a–c, respectively. All CNF mats exhibit overlapping and
randomly oriented fibers. Most CNFs are straight, a few exhibit
curves and very few are broken, such as seen in Figure 1a. The
detailed diameter analysis of two SEM images acquired on dif-
ferent spots for each sample (Figure 1a–c; Figure S1a– c, Sup-
porting Information), by means of the DiameterJ algorithm,[47] is
shown in Figure 1d–f. The average diameters of the CNFs, shown
in Figure 1a–c, were found to be 279 ± 45, 252 ± 23, and 295 ±
51 nm for CNFs carbonized at 600, 800, and 1000 °C, respec-
tively. Subsequently, a clear trend in diameter change depending
on the carbonization temperature between 600 and 1000 °C is
not observed, which is in agreement with the literature.[7]

2.2. Microscale Electrical Properties

At the microscale, electrical properties have been analyzed by PF
TUNA contact current maps. The contact current maps were si-
multaneously recorded with the topography maps and are shown
in Figure 2. The topography maps, shown in Figure 2a–e, ex-
hibit randomly oriented and well interconnected CNFs with sim-
ilar morphologies independent of the exact carbonization tem-
perature. In contrast to the overall similar morphologies, the si-
multaneously captured corresponding current maps, shown in
Figure 2f–j, differ significantly as a function of the carbonization
temperature. Although CNFs carbonized at 600 °C (Figure 2f)
were analyzed with an elevated bias voltage of 100 mV, only low
currents in the order of a few pA were observed. The current
maps, depicted in Figure 2g–j, were acquired at a bias voltage
of 20 mV and exhibit currents up to tens of nA for the CNFs car-
bonized at 900 and 1000 °C.

The voltage source was located about 100 ± 10 μm from the
AFM tip. Therefore, to record a current signal, an electron perco-
lation path from the voltage source through multiple CNFs and
thus, CNF interconnections needs to be present. According to the
current maps displayed in Figure 2f–j, and the visible substantial
currents along CNFs, percolation paths exist in every analyzed
CNF. This observation underlines the good interconnections of
CNFs within the networks, as already observed morphologically
in Figure 2a–e. However, it is important to carefully analyze the
current maps, as a larger tip-surface contact area is prone to re-
sult in larger current values at these positions. This effect is ob-
served at the edges of single fibers (Figure 2f,h and partially 2i)
where the side of the tip rather than the foremost tip apex is in
contact with the CNFs. To eliminate these edge effects and en-
able an exact quantitative analysis of currents, high-resolution
200 nm × 200 nm current maps were acquired on different indi-
vidual CNFs within the fiber network for each sample.

2.3. Nanoscale Electrical Properties

Figure 3 shows an examplary series of AFM images with a
sequentially increased magnification for CNFs carbonized at
700 °C. The dashed boxes in Figure 3a–d indicates the zoom area
for each subsequent magnified scan. Thereby, the exact position
of the measured area on the CNF network is known. Compari-
son of Figure 3a and its subsequent zoom, shown in Figure 3b,
shows that the fiber morphology can be displayed reproducibly
emphasizing the non-destructive AFM character and the mea-
surement’s stability. Figure 3c shows a fiber intersection with
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Figure 1. a–c) SEM images of CNF mats carbonized at temperatures of 600 °C (a), 800 °C (b), and 1000 °C (c) are shown. The CNFs are mostly straight
with no preferred orientation and exhibit similar diameters. d–f) Histograms exhibiting the respective relative diameter frequencies determined by the
DiameterJ algorithm.[47] Analyzing an SEM image from another spot for each sample, displayed in Figure S1a–c (Supporting Information), yields a
comparable diameter distribution (red bars). The dashed lines indicate the averaged diameters.

Figure 2. a–e) 20μm × 20μm topography maps showing the CNF mats carbonized at temperatures ranging from 600 to 1000 °C. All samples exhibit
a fibrous morphology with randomly oriented CNFs. f–j) Respective simultaneously acquired contact current maps showing that currents were sensed
with a broad spatial distribution and along all CNFs. The CNFs carbonized at temperatures between 700 and 1000 °C (g–j) were measured with a bias
voltage of 20 mV, while the CNFs carbonized at 600 °C (f) were measured with a bias voltage of 100 mV to overcome the current detection limits.

Figure 3. a–e) Topography maps showing an examplary series of AFM images with a sequentially increased magnification for CNFs carbonized at
700 °C. The dashed boxes in the larger topography maps in (a–d) indicate the location of each subsequent map. Finally, the high-resolution
200 nm × 200 nm map in (e) exhibits the uppermost exposed part of an individual CNF.
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Figure 4. a) High-resolution 200 nm× 200 nm topography map of a typical
CNF, carbonized at 800 °C. The yellow spots originate from the simulta-
neously acquired current maps and indicate conductive surface domains
on which currents above 10 pA were observed. The dashed box indicates
the zoom for the subsequent map in (b). c,d) Additionally, both maps are
displayed in 3D to accentuate the CNFs curvature (c) and the conductive
surface domain distribution on the particle-like CNF structure (d).

two CNFs overlapping each other. Finally, Figure 3d shows a sin-
gle fiber with visible curvature. The highest resolution scan in
Figure 3e shows the uppermost exposed part of the fiber, thus,
ensuring that only the foremost tip apex is in contact with the
fiber, which is a necessity for the precise analysis of the nano-
electrical properties without edge effects.

Figure 4a shows a 200 nm × 200 nm topography map of a typ-
ical CNF carbonized at 800 °C. The yellow overlayed spots origi-
nate from the simultaneously acquired contact current map and
indicate the conductive surface domains where currents above
10 pA were observed. The conductive surface domains are a few
nanometers in size and are randomly distributed among the ex-
posed CNF surface. The dashed box in Figure 4a indicates the
zoom area which is displayed in Figure 4b. Additionally, the
same maps are illustrated in 3D, which is shown in Figure 4c,d.

Figure 4c accentuates the curvature of the individual fiber, while
Figure 4d highlights the nanoscale structure. Particle-like struc-
tures of tens of nanometers are visible, which is in agreement
with transmission electron microscopy (TEM) images acquired
during in situ carbonizations under vacuum.[22] Conductive sur-
face domains are found on top of such particle-like structures as
well as on their sides and in valleys. Current maps acquired on an-
other CNF carbonized at 800 °C (Figure S2, Supporting Informa-
tion) underline the presence of such randomly distributed con-
ductive and highly resistive surface domains on the CNFs’ sur-
faces.

The finding, that a large fraction of the CNFs’ surface area is
highly resistive, is striking. The observation of a significant ratio
of highly resistive areas on individual CNFs, and thus, represen-
tation of a strong limitation of the overall CNFs’ conductivity, is
attributed to two effects: First, highly resistive surface areas indi-
cate the presence of highly resistive surface species, due to dis-
ordered carbon structures. Their presence is in agreement with
earlier reported STM observations,[30] and TEM images.[22,48] Fur-
thermore, surface oxides, which were reported in an X-ray pho-
toelectron spectroscopy (XPS) study,[12] increase the resistivity
of carbons.[49] Second, highly resistive surface domains indicate
the absence of electron percolation paths in the bulk volume, al-
though the CNF surface might be of ordered conductive crys-
talline structure. The reason for the absence of percolation paths
can be highly resistive disordered turbostratic carbon structure
in the bulk, which has a high porosity and low alignment.[50]

To analyze the effect of the carbonization temperature on the
evolution of conductive surface domains, the 200 nm × 200 nm
contact current maps of CNFs carbonized within the range of
600 to 1000 °C are compared. Figure 5 shows the contact cur-
rent maps, originating from two different fibers within the same
sample for each carbonization temperature. All samples were
measured at a bias voltage of 20 mV. Overall, the contact cur-
rent maps depicted in Figure 5 clearly demonstrate the carboniza-
tion temperature dependence of the conductivity. The maximum
measured currents and conductive area fraction rise with increas-
ing carbonization temperature from 600 to 900 °C. The CNFs
carbonized at 1000 °C exhibit similar maximum currents as the
CNFs carbonized at 900 °C. Furthermore, an increase in the con-
ductive area fraction is not clearly observable.

In the following, the 200 nm × 200 nm current maps of each
sample are described individually. Figure 5a,b shows current
maps of two fibers of the sample carbonized at 600 °C. Conduc-
tive surface domains are not identified. To the contrary, CNFs
carbonized at 700 °C, visualized in Figure 5c,d, exhibits a few
clearly conductive surface domains with maximum currents of
around 0.1 nA and a few nanometers in size. Figure 5e,f displays
the CNFs carbonized at 800 °C exhibiting even more conduc-
tive surface domains. The size of these conductive surface do-
mains is comparable to those of the CNFs carbonized at 700 °C,
but higher maximum currents of around 0.5 nA are observed.
Both analyzed fibers are very homogeneous with respect to their
conductive surface domain pattern and their measured currents.
Figure 5g,h shows CNFs carbonized at 900 °C with conductive
surface domains that are much larger than for CNFs carbonized
at lower temperatures. While in Figure 5g a larger area frac-
tion is conductive, Figure 5h shows less conductive area frac-
tion. The maximum measured current values are similar for both
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Figure 5. 200 nm× 200 nm high-resolution contact current maps of two different CNFs within a fiber network of each sample carbonized at temperatures
within the range of 600–1000 °C. The current maps were acquired at a bias voltage of 20 mV simultaneously to topography maps such as seen in Figure 3e.
The conductive area fraction and the maximum observed currents increase significantly with the carbonization temperature.

fibers with around 10 nA. Figure 5i,j shows CNFs carbonized at
1000 °C. Both CNFs exhibit, similarly to Figure 5g,h, larger con-
ductive surface domains compared to the samples carbonized
within the temperature range of 600–800 °C. The maximum mea-
sured currents are around 10 nA, and thus, comparable to the
CNFs carbonized at 900 °C.

The increase in maximum measured currents and conduc-
tive surface domain size with raised carbonization temperature
is attributed to the growth and better alignment of graphitic
structures. This is in accordance with a selected-area electron
diffraction (SAED) study,[23] where the authors report that the
crystallites’ in-plane-widths and vertical heights in CNFs in-
crease from 1.4 to 2.0 nm and 1.0 to 1.2 nm, respectively, for
an elevated carbonization temperature of 1000 °C compared to
600 °C. Similarly, a Raman study reported crystallite in-
plane-widths of 1.5 nm to 2.47 nm for CNFs carbonized at
600 and 1000 °C, respectively.[27] The growth of conductive
surface domains and their crystallites is promoted by the car-
bonization temperature dependent loss of heteroatoms, such
as nitrogen, oxygen, and hydrogen,[7,12] that disturb the con-
ductive carbon structure, and subsequent crosslinking, align-
ing, and merging mechanism of carbon structures.[23] The
loss of heteroatoms results in an increase of bulk carbon
content from 63.5 to 91.5% for a carbonization temperature
increase from 600 to 1000 °C, as recently reported by el-
emental combustion analysis (CHNO).[12] In addition, while
the authors reported a loss of oxygen in the CNF bulk de-
tected by CHNO, the surface sensitive XPS characterization
does not reveal any changes of the near-surface oxygen con-
tent with increasing the carbonization temperature from 600 to
1000 °C.[12] Therefore, variations in the conductive area fractions
observed in Figure 5 are not associated with changing fractions of
surface oxides, that were reported to influence the resistivity.[49]

To discuss the high-resolution 200 nm × 200 nm current maps
of CNFs carbonized between 600 and 1000 °C, their histograms
are analyzed as displayed in Figure 6a. The histograms exhibit the
number of pixels, at which a current was detected, and their cor-
responding conductance. All histograms, illustrated in Figure 6a,

show bell-shaped conductance distributions. Conductances of
around 10−8 S are found for CNFs carbonized at 600 °C (bias volt-
age of 100 mV, cf. Figure S3, Supporting Information). The con-
ductance distribution is comparably narrow and the histogram is
cut-off at its left side due to detection limits at extremely low con-
ductances. The CNFs carbonized at 700 °C show a symmetrically
bell-shaped distribution exhibiting only few conductive spots on
which conductances between 2 × 10−8 and 3.4 × 10−5 S are ob-
served. Similarly, the CNFs carbonized at 800 °C also show a sym-
metrically bell-shaped conductance distribution, but with an in-
creased number of conductive spots and a broader distribution
ranging from 6.6 × 10−9 to 3.9 × 10−4 S.

While CNFs carbonized at temperatures within the range
of 600–800 °C are represented by a single peaked distribution
(Figure S4.1, Supporting Information), the conductance distri-
butions of individual CNFs carbonized at 900 and 1000 °C are
better represented by two peaks (Figure S4.2, Supporting Infor-
mation). The individual peak locations are shown in Figure S5
and Table S1 (Supporting Information) for each carbonization
temperature. CNFs carbonized at 900 and 1000 °C show conduc-
tances ranging from 2.2 × 10−9 to 7.6 × 10−3 S and 7.4 × 10−8

to 1.7 × 10−3 S, respectively. However, the description of the his-
tograms at 900 and 1000 °C by two peaks indicates the occurrence
of other carbon species. This might lead to a transition in electron
transport mechanism from tunneling to direct transport, which
is supported by the shift to a left-skewed bell shaped distribution
for CNFs carbonized at 1000 °C. Furthermore, this is in agree-
ment with XPS results exhibiting an increase of sp2-hybridized
carbons from around 65 % to 95 % of relative surface area for
CNFs carbonized at 1000 °C compared to 900 °C.[7]

2.4. Correlating Macro- and Microscopic Electrical Properties

To understand the implications of the nano- and microelectrical
findings for the macroscopic electrical performance, both macro-
scopic conductivities, determined by the four-point-method,
and microscopic conductances, determined by analyzing the
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Figure 6. a) Conductance histograms, derived from analysis of the conductive area (currents above 1 pA) of the contact current maps shown in
Figure 5c–j (bias voltage of 20 mV) and the contact current maps of the CNFs carbonized at 600 °C, shown in Figure S3e– f (Supporting Informa-
tion) (bias voltage of 100 mV to overcome detection limits). The conductance was calculated by dividing the contact current by the bias voltage. The
averaged conductance is not significantly influenced by changing the applied bias voltage, as shown in Figure S6 (Supporting Information). The his-
tograms are plotted as average of two current maps for each sample and the histograms of individual CNFs are displayed in Figure S4.1–4.3 (Supporting
Information). The dashed lines represent the averaged conductance of each sample. Furthermore, the averaged conductances of each sample are corre-
lated with the macroscopic conductivities determined by the four-point-method, displayed in (b). The microscopic data exhibit a strong correlation with
the macroscopic data and both depend on the carbonization temperature. Please note the logarithmic scales and the different units for conductivity and
conductance.

nanoscale currents, are analyzed and correlated. Figure 6b shows
the averaged conductances indicated already by the dashed lines
in Figure 6a. The averaged conductance values range from 1.2
× 10−8 to 2.1 × 10−4 S for the 600 and 1000 °C CNFs, respec-
tively. Macroscopic conductivity values on the same CNFs have
been obtained by the four-point-method and range from 4.4 ×
10−6 to 10.1 S cm−1 for the 600 and 1000 °C CNFs, respec-
tively. These values are in accordance with published data.[7] Mi-
croscopic conductance by C-AFM and macroscopic conductivity
from four-point-experiments are compared in Figure 6b, which
clearly shows the strong correlation of electrical properties that
are micro- and macroscopically determined by the carbonization
temperature.

The strong correlation between microscopic and macroscopic
results is striking, since macroscopic conductivity measurements
were performed with electrodes at the mm scale, which are
multiple orders of magnitude larger than the nanometer-scaled
AFM tip. Similarly, both measurements contain contributions
from the intrinsic CNF resistances and from the resistances be-
tween multiple CNF interconnections. In macroscopic experi-
ments contact resistances are eliminated due to its four-point-
setup. To the contrary, the microscopic conductances addition-
ally contain these contributions from the contact resistances.
Because of the comparably large contact area between voltage
source and sample, this resistance can be neglected. The spe-
cific tip-sample contact resistance is assumed to be a rather con-
stant factor for a given carbonization temperature, due to careful
experimental conditions (slow scan rate, constant normal load).
Furthermore, enlarging the distance between the voltage source
(carbon tape) and area under investigation by the C-AFM exper-
iment results in comparable recorded conductances (Figure S7,
Supporting Information). This might indicate that the bulk CNF
resistivity due to the interconnections of the fibers and the bulk
fiber structure itself is not the overall limiting factor. Based on

this work, either the absence of electron percolation toward the
surface or the near-surface structure itself provides the limiting
overall conductivities.

Figure 7a,b exhibits TEM images of fractured parts of the CNFs
carbonized at 600 and 1000 °C. While both CNFs exhibit or-
dered and disordered structures, an increase in carbonization
temperature clearly results in an increased order. The models,
shown in Figure 7c–e, visualize the results of increasing con-
ductive area fraction with raising carbonization temperature (cf.
Figure 5). The structural models (Figure 7c–e) are schematically
displayed as composition of highly ordered carbons (black and
yellow) and less ordered carbons (grey), following Bennett’s mod-
els derived from TEM images,[28,48] which is in agreement with
near-surface TEM images of in situ carbonized CNFs reported in
the literature.[22] The structure of a CNF carbonized at 600 °C,
shown in Figure 7c, exhibits only few highly ordered carbon do-
mains. Highly ordered carbon domains, which are highly resis-
tive due to missing percolation paths (black) are present and only
small high-resistance percolation paths to the surface exist (yel-
low). A large fraction of the carbon has a low order (gray). At car-
bonization temperatures of 800 °C, shown in Figure 7d, highly or-
dered carbon domains grow and thereby, previously highly resis-
tive domains can form percolation paths and become conductive.
At carbonization temperatures of 1000 °C, displayed in Figure 7e,
the order increases and the fraction of highly ordered carbon do-
mains is comparably large. However, the structure still exhibits
highly resistive domains representing a strong limitation for an
ideal macroscopic conductivity.

3. Conclusion

Carbonization temperature dependent micro- and nanoelectrical
properties of electrospun PAN-derived CNFs have been inves-
tigated by means of PF TUNA, a C-AFM mode, to investigate
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Figure 7. a,b) TEM images showing structures acquired at fractured parts of CNFs carbonized at 600 °C (a) and 1000 °C (b). Both exhibiting ordered
and disordered domains, while the order increased with raising carbonization temperature. c–e) Models showing a schematic cross section of the near-
surface structure for CNFs carbonized at 600 °C (c), 800 °C (d), and 1000 °C (e). The lines represent planes of highly ordered, potentially conductive,
carbon structures (black and yellow) and less ordered, highly resistive, carbons (gray). However, current can only flow if highly ordered structures form
electron percolation paths from the surface to the bulk (yellow). With increasing carbonization temperature the order of carbon structures increases,
resulting in growing conductive surface and bulk structures, and thus, improved electron percolation.

factors limiting an ideal macroscopic conductivity. 20 μm × 20
μm contact current maps of CNF mats show electron percola-
tion paths along all exposed CNFs with a homogeneous current
distribution. For an exact quantitative analysis of nanoscale elec-
trical properties, high-resolution 200 nm × 200 nm maps were
recorded on individual CNFs within CNF mats carbonized at
temperatures ranging from 600 to 1000 °C. In contrast to the ho-
mogeneous current distribution at the microscale, the nanoscale
reveals heterogeneities within single CNFs. Remarkably, all CNFs
still exhibit a large fraction of highly resistive surface domains
on their nanoscale surface. This is attributed to either highly re-
sistive carbon surface structures or the absence of electron per-
colation paths in the bulk volume. The conductive surface do-
mains strongly depend on the carbonization temperature. For
a bias voltage of 20 mV, no clearly conductive surface domains
were found for CNFs carbonized at 600 °C, while on CNFs car-
bonized within the temperature range of 700–900 °C a stepwise
increase in conductance and in the size of conductive surface do-
mains is observed with increasing carbonization temperature.
For CNFs carbonized at 1000 °C a further increase in the av-
erage conductance but no significant growth of the conductive
surface domain size was observed. However, the histograms at
900 and 1000 °C indicate the transition from tunneling to di-
rect electron-transport mechanism. The microscopic nanometer-
scaled conductance measurements exhibit a strong correlation
with the macroscopic conductivities recorded by the millimeter-
scaled four-point-method, which are in agreement with litera-
ture. Based on the results in this study, either the absence of
electron percolation paths toward the surface or the near-surface
structure itself provides the limiting overall conductivities, rather

than the bulk electron transport through multiple CNFs and
their interconnections. However, a limitation of the AFM as de-
scribed in the article is the undefined tip contact resistance. To
overcome this, it is proposed to determine individual CNF’s in-
trinsic and interconnection conductivities by microscopic four-
point-measurements. Furthermore, correlating CNFs’ crystallini-
ties, for example, from spectroscopy or X-ray-based methods,
with the results from this study, and investigating CNF cross sec-
tions might unravel the exact contribution of unformed perco-
lation paths and disordered surface structures to the observed
highly resistive surface. Such experiments would contribute to
an even more complete picture of the nanoscale origins of the
macroscopic electrical response of CNF networks.

4. Experimental Section
Synthesis of Carbon Nanofibers: All chemicals were used as re-

ceived without further purification. A solution of 10 wt% polyacryloni-
trile (PAN, homopolymer, 150 000 g mol−1, BOC Science, USA) in N,N-
dimethlylformamide (DMF, VWR Chemicals, Germany) was obtained by
dissolving 8 g of PAN in 72 g of DMF and stirring for two days at room
temperature. PAN nanofibers were created by an electrospinning process
using an electrospinning device equipped with a climate chamber (IME
Technologies, The Netherlands). As a collector a rotating drum was used
with a diameter of 6 cm and a rotation speed of 1500 rpm. The nozzle with
an inner diameter of 0.8 mm was placed 15 cm away from the collector and
moved parallel to the collector over a distance of 120 mm with a speed of
20 mm s−1 and a turn delay of 500 ms. The polymer solution was pumped
through the nozzle with a flowrate of 40 μL min−1 and accelerated by a
voltage of 25 kV. During the spinning process the climate was kept con-
stant at 30% relative humidity and 25 °C. After 6 h of electrospinning the
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Figure 8. For the experimental setup, the 1 cm2 CNF mats were electrically
contacted with carbon tape from the top.

obtained PAN-nanofiber mat was removed from the drum collector and
stabilized at 250 °C in air for 15 h in a drying furnace. Afterward, the fiber
mat was carbonized in a tube furnace under argon atmosphere (5.2, Air
Liquide) at various temperatures ranging from 600 to 1000 °C. The tube
furnace was heated with a rate of 300 K h−1 to the desired temperature
that was held for 3 h and then cooled with a rate of 200 K h−1.

SEM Analysis: For the measurement of SEM images, a small part of
the fiber mat (about 0.25–1 cm2) was fixed to the sample holder with car-
bon tape. SEM images were acquired with a Quanta FEG 650 microscope
(FEI, USA) equipped with an Everhart–Thornley detector. An acceleration
voltage of 5 kV was used.

TEM Analysis: TEM images were recorded with Tecnai G2 F20 (FEI,
USA) operated at 200 kV.[51] The CNF mats were dispersed in ethanol with
an ultrasonic finger and one droplet was applied on a lacey carbon grid.

PeakForce Tunneling Atomic Force Microscopy: AFM measurements
were performed with a Dimension Icon (Bruker, USA) in the current sens-
ing and force-distance curve based PeakForce Tunneling Atomic Force Mi-
croscopy mode (PF TUNA, Bruker, USA). EFM tips (Nanoworld, Swiss)
with a nominal spring constant of 2.8 N m–1 and an electrically conduc-
tive PtIr5 coating on the silicon tip have been employed and individually
calibrated. The force–distance curve based mode was employed to avoid
wear phenomena of the conductive coating. Figure 8 illustrates the setup.
A conductive carbon tape, mounted on the top of one side of the 1 cm2

samples, ensured good electrical contact. All performed AFM scans were
centered in a distance of around 100 μm from the carbon tape, if not
stated differently. The bias voltage applied at the carbon tape was typically
20 mV or, if stated in the manuscript, 100 mV for CNFs carbonized at
600 °C. The high-resolution scans for quantitative analysis of electrical
properties were measured with a constant maximum normal load of
6.5 nN and a slow scan rate of 0.5 Hz. If not stated differently, the scans
consists of 256 × 256 pixels. As the bias voltage (Figure S3c–f, Support-
ing Information) and normal load (Figure S8, Supporting Information)
influence the measured currents, both were chosen high enough to ex-
ceed currents above the detection limit (around 1 pA), but low enough to
prevent high currents exceeding the saturation limit (1 μA). The recorded
contact current was the current averaged over the tip–sample contact du-
ration during each tapping cycle. 2D images were processed with pySPM
package (v0.2.20) for Python.[52] 3D images were created with NanoScope
Analysis software (v2.0, Bruker) and GIMP.

Measurement of the Electric Conductivity by the Four-Point-Method: The
CNF mats were cut into rectangles with a side length of 3–6 cm. The thick-
ness of the fiber mats was measured 5 times with a thickness dial gauge
(Käfer Messuhrenfabrik, Germany), once in every corner and once in the
center of the rectangular shaped mat. For the measurement of the conduc-
tivity, a Loresta GX with a LSP probe head (Nittoseiko Analytech, Japan)
was used. The probe head featured a linear electrode assembly with four
electrodes with an electrode-to-electrode distance of 5 mm. Each electrode
pin has a rounded tip with a diameter of 2 mm. The probe head was placed
in the middle of the sample parallel to the longer side of the CNF mat rect-
angle. The measured resistance was converted to a specific resistivity by
the use of a resistivity correction factor (RCF) calculated by the device from

the position of the probe head, and the dimensions of the CNF mat utiliz-
ing the Poissons equation as specified in the literature.[53]

Statistical Analysis: The statistical analysis of CNF diameters, shown
in Figure 1d–f and Figure S1d–f (Supporting Information), was performed
with DiameterJ (v1.018), which underlying algorithms are specified in the
literature.[47] The analysis of two SEM images for each sample, segmented
by DiameterJ’s M1 thresholding, provided the respective diameter distri-
bution. For each analyzed image, the relative frequencies were calculated
by dividing the frequency counts for a specific diameter by the total fre-
quency count.

The histograms shown in Figure 6a, derived from analysis of the current
maps, shown in Figure 5c–j and Figure S3e–f (Supporting Information),
and display the pixel counts and their respective conductances, consid-
ering only detected currents above the noise level (1pA). The classifica-
tion was performed with 100 bins, with logarithmically equal size, between
10−10 and 10−2 S. The moving averages of five bins were determined and
were displayed in all histograms.

Averaged values were presented as average value ± standard deviation.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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