Nano

Resea rch

ISSN 1998-0124 CN 11-5974/04
https://doi.org/10.1007/s12274-022-4130-z

Highly electrically conductive graphene papers via catalytic

graphitization

Huangin Peng1, Xin Ming1, Kai Pang1, Yanru Chen’, Ji Zhou?, Zhen Xu', Yingjun Liu*® (), and Chao Gao' (X

! MOE Key Laboratory of Macromolecular Synthesis and Functionalization, Department of Polymer Science and Engineering, Key Laboratory of
Adsorption and Separation Materials & Technologies of Zhejiang Province, Zhejiang University, 38 Zheda Road, Hangzhou 310027, China

? Beijing Institute of Space Mechanics & Electricity, Haidian District, Beijing Friendship Road 104, Beijing 100094, China

3 Shanxi-Zheda Institute of Advanced Materials and Chemical Engineering, Taiyuan 030032, China

© Tsinghua University Press 2022

Received: 11 December 2021 / Revised: 30 November 2021 / Accepted: 31 December 2021

ABSTRACT

The highly electrically conductive graphene papers prepared from graphene oxide have shown promising perspectives in flexible
electronics, electromagnetic interference (EMI) shielding, and electrodes. To achieve high electrical conductivity, the graphene
oxide precursor usually needs to be graphitized at extremely high temperature (~ 2,800 °C), which severely increases the energy
consumption and production costs. Here, we report an efficient catalytic graphitization approach to fabricate highly conductive
graphene papers at lower annealing temperature. The graphene papers with boron catalyst annealed at 2,000 °C show a high
conductivity of ~ 3,400 S-cm™', about 47% higher than pure graphene papers. Boron catalyst facilitates the recovery of structural
defects and improves the degree of graphitization by 80%. We further study the catalytic effect of boron on the graphitization
behavior of graphene oxide. The results show that the activation energy of the catalytic graphitization process is as low as
80.1 kd-mol™ in the temperature ranges studied. This effective strategy of catalytic graphitization should also be helpful in the
fabrication of other kinds of highly conductive graphene macroscopic materials.
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1 Introduction

With the development of electronic information technology, the
demand for highly electrically conductive papers is booming [1].
Compared with the widely used traditional metal foils, lightweight
carbonaceous materials with high flexibility and environmental
stability are considered to be good alternatives [2, 3]. Particularly,
newly emerging graphene papers (GPs) have attracted strong
interest from various research communities because of their
excellent electrical conductivity, easy processing, and structural
manipulation [4-7].

Generally, the GPs fabricated from graphene oxide (GO)
dispersions by interfacial self-assembly followed by chemical
reduction or thermal annealing [8,9]. GO sheets initially have
various oxygenated functional groups and structural defects on
their basal plane and edges [10]. Most oxygenated functional
groups could be removed by mild chemical reduction, but
intrinsical lattice defects still exist, which results in poor electrically
conductive performances [11]. In pursuit of highly electrically
conductive GPs, chemical doping and graphitization treatment at
extreme temperatures higher than 2,800 °C have been conducted
in recent years [7, 11-13]. Chemical doping is an effective method
to improve the electrical conductivity of GPs, but most of the
doped GPs are unstable in air and high temperature
environments. The graphitization process always requires
extremely high temperature and long-time heat treatment,
involving vast energy consumption and manufacturing costs.

Moreover, the service life of the graphitization furnace would be
considerably shortened at ultrahigh temperatures, which is very
unfavorable for the continuous large-scale production of GPs [14].
Hence, any progress towards being able to make highly
conductive GPs at temperatures below 2,800 °C is a long-term
goal pursuit.

As is well known, by adding active catalysts, the activation
energy of the conversion from amorphous carbon to crystalline
carbon could be reduced, thus decreasing the graphitization
temperature [15, 16]. The boron and its compounds have been
proved to be an effective catalyst to accelerate the graphitization
process of various carbonaceous materials, including pyrolytic
carbon, cokes, carbon fibers, and so on [17-20]. Consequently, we
have reason to believe that when incorporated with a proper
boron catalyst, highly conductive GPs with a high graphitization
degree could be obtained at lower thermal annealing temperature.
However, no experiments have been addressed on the catalytic
effect of boron on the graphitization process of GO papers.

Here, we report an efficient catalytic graphitization method to
prepare highly conductive GPs at 2,000 °C, much lower than the
normal graphitization temperature of 2,800 °C. The electrical
conductivity of boronated GPs is up to 3,400 S-cm”, about 47%
higher than that of boron-free GPs annealed at the same
temperature. The excellent conductivity achieved is due to the
remarkable enhancement in graphitization degree and recovery of
structural defects. Furthermore, we conducted a detailed
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investigation of the effect of boron catalyst at various boron
concentrations (0.1 wt%-1 wt%), annealing temperature
(1,200-2,200 °C) and times (15-120 min) on the graphitization
behavior of GO papers. The activation energy of the graphitization
process is significantly decreased from 129.2 k]-mol™” of boron-free
GPs to 80.1 k]-mol™ of boronated GPs.

2 Experimental section

2.1 Material preparation

Boric acid (H;BO;) was purchased from Aladdin Co., Ltd
(Shanghai, China). Aqueous GO dispersion (Fig.S1 in the
Electronic Supplementary Material (ESM)) was purchased from
Hangzhou Gaoxi Technology Co. Ltd. All chemicals were used as
received without further purification. Boric acid was uniformly
dissolved in deionized water to prepare the boric acid solution
with a mass concentration of 1.0 wt.%. The boric acid solution was
added to GO dispersion to obtain homogeneous GO/H;BO;
dispersion with different weight percentages of boric acid (0.1
wt.%, 0.25 wt.%, 0.5 wt.% and 1.0 wt.%). The pure GO dispersion
and GO/ H;BO; dispersions were cast-dried at room temperature.
Then, the pure GO papers and boric acid incorporated GO papers
(BGO papers) were obtained by manually peeling oft the PET
substrate. The obtained GO papers and BGO papers were heated
in a tubular furnace at 1,200 °C under Argon atmosphere for 1 h.
Then, they were further annealed in graphitization furnace at
2,000 °C under Argon atmosphere obtain pure GPs and
boronated GPs (BGP-0.1, BGP-0.25, BGP-0.5, BGP-1).

2.2 Characterization

Nano Res.

ESCALAB 250Xi) was used to characterize the chemical
composition and the assignments of B peaks. The detailed XPS
spectra of all samples were obtained after Ar* ion sputtering for
1 h. The electrical conductivity was measured by a high-resolution
multiple-function sourcemeter (Keithley 2460) using the four-
probe method. Hall mobility and carrier density were measured
on Nanometrics HL5500 Hall system. The X-ray diffraction
(XRD) was performed on an X'Pert Peo diffractometer
(PANalytical) using Cu Kal radiation with an X-ray wavelength
of 1.5406 A. Raman spectroscopy was conducted on a Renishaw
in Via-Reflflex Raman microscopy with an excitation wavelength
of 532 nm. The lattice of the GPs was observed using a
transmission electron microscope (TEM, Hitachi H-9500).
Synchronous wide-angle X-ray scattering (WAXS) was carried out
in BL16B1 beamline station of Shanghai Synchrotron Radiation
Facility (SSRF). The scattering patterns were collected on a CCD
camera. The electromagnetic interference performance was tested
by a vector network analyzer (ZNB-40, Rohde & Schwarz,
Germany). The thermal analysis was performed on thermal
gravimetric analysis (TGA) at a heating rate of 10 °C-min™ under
the nitrogen atmosphere. The mechanical performance was
evaluated on a universal testing machine (Instron 2344) at a
loading rate of 1.0 mm/min.

3 Results and discussion

The preparation process of pure GPs and BGPs is illustrated in
Fig. 1(a). As described in the experimental section, pure GO
papers and BGO papers were prepared by the solution casting
method (Fig. 1(a)). After air-drying, GO papers and BGO papers
were annealed at 2,000 °C under Ar atmosphere to obtain pure
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Figure1 (a) The schematic diagram for the preparation process and structural evolution of GO papers and BGO papers annealed at 2,000 °C. (b)-(d) B
1s XPS spectra for BGO papers (b) and for BGO papers annealed at 1,200 °C (c) and 2,000 °C (d). (e)-(g) Back-scattered electron image (e) of BGPs and

corresponding WDS elemental mapping for boron (f) and carbon (g).
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on GO sheets are removed during annealing treatment (Fig. S2 in
the ESM), while there are still abundant lattice defects and
disorders that severely affect the electronic properties [21]. With
the incorporation of the boric acid catalyst, the crystal structure of
the BGPs becomes more complete. The BGPs show brighter silver-
grey (Fig.1(a)) and more compact graphene platelet stacking
structures (Figs. S3 and S4 in the ESM), denoting higher
graphitization degree and density (Fig. S4 in the ESM). The most
acceptable interpretation of boron catalytic graphitization is
carbon dissolution-precipitation through carbides [19,22-24].
Specifically, boron atoms substitute the position of carbon atoms
in the hexagonal rings to form carbide, then the carbides
decompose and precipitate in the form of graphite at high
temperature [22, 23]. Therefore, it is reasonable to infer that B,O;
is gradually decomposed and the boron atoms move to the
substitution position to connect the ordered and disordered
carbons with increasing annealing temperature. Meanwhile, the
graphitic crystal is easier to grow and graphite structure gradually
tends to be ordered because of the connection between ordered
and disordered carbons by boron. The ordered arrangement and
giant graphitic crystallites conjointly contribute to more compact
structure for BGPs.

The structural evolution of boron in BGPs during the annealing
process was characterized by XPS analysis (Figs. 1(b)-1(d)). The
different B 1s peaks ranging from 189.0 to 193.3 eV are assigned to
various oxides of boron [20, 25]. As shown in Fig. 1(b), the single
strong peak at 192 eV exhibited in the BGO papers belongs to the
B-O bond of boric acid. It confirms that boric acid was
successfully incorporated into GO papers. After annealing at
1,200 °C, three types of boron components are distinguishable,
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though rather marked noise was observed due to low
concentration on the surface. Besides the peak at around 192 eV,
two new peaks at 190 and 188.5 eV appeared, indicating the
existence of B-O-C and B-C bonds (Fig. 1(c)). For the BGPs
treated at 2,000 °C, the peak of oxides of boron at 189.0-193.3 eV
faded away, and the B 1s peak (Fig. 1(d)) was divided into two
characteristic peaks at 188.5 and 186.9 eV, corresponding to
substitutional boron atoms in graphene lattice and boron clusters,
respectively [26]. As discussed above, boron mainly exists as B,O;
in the interspace of graphene at lower annealing temperature.
With increasing annealing temperature, the B,O; begins to
decompose and boron atoms gradually diffuse into the interstitial
position and substitution position [19]. To further analyze the
distribution of B element, the electron probe microanalyzer
(EPMA) was used to scan B signal in a wide range by the
wavelength-dispersive spectroscopy (WDS) mapping analysis
(Figs. 1(e)-1(g)). The WDS elemental distribution map of boron
(Fig. 1(f)) demonstrates the homogeneous distribution of B atoms
without aggregation in BGPs.

Raman spectroscopy is an effective technique to characterize
the structural defects of graphene materials. It is well-known that
the D band (1,330-1,350 cm™) is a characteristic peak of cavity
defects and topological defects in graphene layers [27]. G band
(1,580-1,600 cm™) is associated with the complete sp>-hybridized
carbon-carbon bonds in carbon materials [28,29]. The Raman
spectra of pure GPs and BGPs with different boron contents are
shown in Fig. 2(a). All samples exhibit a similar peak position after
annealing at 2,000 °C. The intensity ratio of I,/I; was calculated to
quantitatively assess the degree of structural integrity in the
graphene layers. As shown in Fig. 2(b), the value of Ip/I;
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Figure2 (a) Raman spectra of pure GPs and BGPs annealed at 2,000 °C. (b) Raman peak ratio of I,/I5 and calculated L, of pure GPs and BGPs. (c) XRD patterns of
pure GPs and BGPs annealed at 2,000 °C. (d) Effect of boron content on the interlayer distance and degree of graphitization of pure GPs and BGPs. TEM images of GP
(e) and BGP-0.25 (f). (g) WAXS patterns of BGP-0.25 (h) Azimuthal scan curves from WAXS. (i) Effect of boron content on the crystalline size (L) and orientation

degree (f).
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decreased with boroncontent from 0.11 wt.% of 0 wt.% to 0.06
wt.% of 0.25 wt.%, and then gradually increased to 0.25 when the
boron content increased to 1 wt.%. The extremely low Ip/I; of
BGP-0.25 indicates moderate boron content (up to 0.25 wt.%) has
a positive catalytic effect on the graphitization of GO. However, it
shows a reverse effect at higher concentrations due to surface flaws
etched by B,O; decomposition and impurity effect of the
heteroatoms [18,30-31]. Furthermore, the lateral size (L,) of
graphene lattice in GPs could be estimated according to the
Eq. [13]

L=C(\)/(Ib/I;) (1)

where C(A) is a constant of 4.4. The L, of BGP-0.25 was estimated
to be 278 nm, 1.6 times higher than that of pure GPs under the
same annealing temperature. This denotes that the boron catalyst
with a proper content effectively promotes the structure evolution
of graphite crystallite in GPs during the annealing process.

The Raman spectra results indicate that the incorporation of
boron contributes to the formation of graphitic crystal structure in
GPs at lower annealing temperature. Therefore, we further
investigated the parameters of crystal structure, including the
interlayer spacing (dy,) and degree of graphitization (g) of each
sample by XRD profiles in detail. All samples show a sharp single
(002) reflection peak at ~ 26° which correlates with the (002)
crystal lattice of graphite (Fig. 2(c)). Usually, when the g increased
gradually, the (002) peak shifted right, and the (002) peak profile
became sharper and more symmetrical [32]. The dy, and g could
be calculated from XRD spectra according to the equations as
follows [33, 34]

A
dOOZ - m (2)
 344-d,
8= 344 3345 < 100% (3)

where A is radiation wavelength; 6 is the angular position of the
peak; 3.44 is the interlayer distance of turbostratic graphite, A;
3.354 is the interlayer distance for ideal perfect graphite, A.

When the weight percentage of boric acid was below 0.25 wt.%,
the (002) peaks of BGPs shifted to a higher angle with the
increment of boron content, demonstrating that the g of the BGPs
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was significantly improved through boron catalytic graphitization
(Fig. 2(d)) [18]. The samples of pure GP and BGP-0.25 display
sharp peaks at 26.08° and 26.30°, and the corresponding
graphitization degree is 29.64% and 53.41%, respectively. This
confirms boron acid is an effective catalyst to promote the
graphitization process and reduce the thermal annealing
temperature for GO.

It also could be observed from the TEM images of GP
(Fig. 2(e)) and BGP-0.25 (Fig. 2(f)). The interlayer distance of BGP-
0.25 is 0.346 nm, lower than that (0.350 nm) of pure GPs, which is
basically consistent with the results of XRD spectra (Figs. 2(c) and
2(d)). Furthermore, WAXS was conducted to characterize the
internal crystallites of GPs in the transmission model. The
scattering intensities of (002) and (001) peaks of BGP-0.25 are
stronger than those of pure GP (Fig. S5 in the ESM). The average
thickness (L.) of crystallites in the (002) direction could be
evaluated according to the Scherrer equation [33]

L.=0.91/(BcosB) (4)

where A is the X-ray wavelength and f is the full width at half-
maximum for the (002) peak obtained by radial scanning at g,
direction in WAXS patterns (Fig. S6 in the ESM). The calculation
result shows that BGP-0.25 holds the largest L up to 23 nm, much
larger than that of pure GPs (~ 16 nm) and those of BGPs with
higher boron contents (Fig. 2(i)). The orientation degree can be
calculated from the azimuthal scanning integral curves (Fig. 2(h)).
The WAXS result demonstrates that the orientation degree was
improved from 0.73 of pure GP to 0.8 of BGP-0.25, indicating a
more ordered and compact structure (Fig. 2(i)).

Both Raman and XRD spectra demonstrate that moderate
boron incorporation can effectively repair structural defects and
facilitate the formation of relatively large crystalline domains in
GPs. To further study the effect of boron on the catalysis of
graphitization of GO, we tracked the XRD evolution of pure GO
paper and BGO papers with 0.25 wt.% boric acid that annealed at
2,000 and 2,200 °C for different times (15-120 min). All the (002)
peaks shift towards a higher angle with the extension of annealing
time (Figs. 3(a) and 3(b)). This phenomenon indicates that the
interlayer distance of graphene layers (dy,) gradually decreases
and the graphitization degree (g) improves with annealing time
(Fig. S7 in the ESM). The degree of disorder (P=1-g) has been
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Figure3 XRD curves of GP and BGP-0.25 annealed at 2,000 °C (a) and at 2,200 °C (b) for different times. (c) Log P (the degree of disorder) versus annealing time for
GP and BGP-0.25. (d) Activation energy and specific rate constant of GP and BGP-0.25 at 2,000 and 2,200 °C.
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employed to calculate the kinetic parameter [35]. The value of P
may be considered as a measure of the fraction of GPs, which
remains to be graphitized. The kinetic change of P is presented in
the form of Log P against annealing time for GP and BGP-0.25
(Fig. 3(c)). The catalytic graphitization of GO could be regarded as
a first-order reaction because the slope of the curve is constant
during a period of time [34]. The rate constant k and activation
energy (E,) of graphitization at a certain temperature could be
obtained by calculating the first-order equation and Arrhenius
equation, respectively [35]

)
kt=1Ln b (5)
(k) =—L ¢ 6)
~ RT

where P is the degree of disorder, k is kinetic reaction rate
constant, E, is the activation energy, R is the universal gas
constant, and T is the absolute temperature. The activation energy
of the graphitization process calculated from the Arrhenius
equation are 129.2 and 80.1 kJ-mol* for pure GO and BGO,
respectively (Fig. 3(d)). The obtained activation energy of
graphitization is much lower than that of pyrolytic carbons and
petroleum coke, which may be ascribed to the size difference in
starting materials, particularly the lateral size [36]. The reaction
rate constant of graphitization at 2,000 °C is 1.3x10° and
2.25x10” min™ for GP and BGP-0.25, respectively. The lower
activation energy and higher rate constant means that boron
incorporation could accelerate the rate of graphitization of GO
and reduce the graphitization temperature [37].

The electrical conductivity of GPs is closely relevant to the
crystallite size and graphitization degree of GPs. Hence, we
speculate boron incorporation could effectively improve the
electrical conductivity of GPs. The conductivity of GPs and BGPs
was measured by the standard four-probe method and acquired
via calculating the slope of I-V curves (Fig. 4(a) and Fig. S8 in the
ESM). The effect of boric acid concentration on the electrical
conductivity of BGPs is consistent with the effect on the crystallite
size (Fig. 2(b), i) and graphitization degree (Fig. 2(d)). The BGP-
0.25 shows the highest electrical conductivity of 3,400 S-cm™,
which is about 47% higher than that of pure GPs. For the BGPs
with boron content higher than 0.25 wt.%, excessive boron
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loading accelerates the generation of defects and the occupation in
interstitial positions [19]. Meanwhile, numerous surface flaws are
etched by B,O; decomposition, as confirmed by Raman (Figs. 2(a)
and 2(b)). Therefore, the electrical conductivity of BGP with high
boron loading sharply dropped. The conductivity of BGP-0.25
surpasses those of GPs annealed at 2,000 °C reported previously,
even comparable to that of pure GPs annealed at 2,800 °C
(Fig. 4(b)) [8, 38-43].

To further study the mechanism for considerable improvement
in electrical conductivity, Hall effect measurement was conducted
in a commonly used van der Pauw geometry. The carrier mobility
increases with the boron content from 411 cm*V"-S* (pure GP)
to 615 cm®V~".S* (BGP-0.25), which is also consistent with the
trend of graphitization degree. For BGPs with boron content
higher than 0.25 wt.%, the drop in carrier mobility is because the
heat treatment process can produce some defects in graphene
crystallites and the B atoms are charged-impurity scatterers to
limit the carrier transport [44, 45]. The improvement of electrical
conductivity is mainly attributed to the increased carrier mobility
(or graphitization degree) (Fig. S9 in the ESM) because the carrier
density of BGPs basically remains unchanged when the boron
content lower than 0.5 wt.% (Fig. 4(c)). With the incorporation of
the boric acid catalyst, the degree of graphitization improves and
crystal structure of the BGPs becomes more complete, which is
conducive to the improvement of mobility [39].

Generally, carbon-based materials with higher electrical
conductivity exhibit better electromagnetic interference (EMI)
shielding effectiveness (SE) [46]. As shown in Fig. 4(d), compared
with pure GPs, the EMI shielding performances of all BGPs are
significantly improved, which further verified our previous results.
The SE of the BGP-0.25 with the thickness of 16 um notably
increased from 62.67-61.11 to 66.90-66.13 dB in 8-12 GHz. The
increment of electrical conductivity is mainly responsible for the
improvement in EMI shielding performance [39]. To further
investigate the shielding mechanism, reflection SE (SE;) and
absorption SE (SE,) as well as the coefficient of reflection (R),
absorption (A), and transmission (T) in pure GP and BGP-0.25
were calculated (Fig. S10 and Table S1 in the ESM). The reflection
coefficient is higher than absorption coefficient for both GP and
BGPs, suggesting that they are highly reflective materials [47].
However, the SE, is much higher than the SE; for both GP and
BGP-0.25, indicating the absorption is the dominant shielding
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Figure4 (a) Electrical conductivity of the pure GPs and BGPs with different boron contents. (b) Comparison of our BGPs with previously reported GPs in terms of
electrical conductivity and annealing temperature. (c) Hall effect measurements of carrier density and mobility of GPs and BGPs. (d) The SE of pure GP and BGPs.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



6

mechanism. The SE, of GP and BGP-0.25 are 43.6 and 52.6 dB,
respetively. Therefore, the improvement of EMI shielding
performance is mainly attributed to increment of SE, after boron
incorporation [48]. These results also denote that annealing BGPs
at a relatively low temperature of 2,000 °C is an alternative
preparation method for high-performance EMI shielding
materials.

We also assessed the oxidation resistance and mechanical
properties of pure GPs and BGPs. The results of TGA confirmed
that the oxidation rate of GPs was drastically reduced, and the
thermal decomposition temperature was greatly increased from
718 to 761 °C after boron catalytic graphitization (Fig. S11 in the
ESM). The tensile strength and modulus improve with moderate
boron incorporation, reaching maximums of 39 and 830 MPa,
respectively, at 0.25 wt.% content of boron acid (Fig. S12 in the
ESM). With further increment of boron loading, more defects are
generated by the excessive boron, leading to the drop in both the
tensile strength and modulus.

4 Conclusions

We demonstrate that adding boric acid as a catalyst is an energy-
saving and effective method to fabricate highly conductive GPs.
The results of Raman spectra and XRD spectra confirm that
boron can repair structural defects and improve the graphitization
degree for GPs at a lower annealing temperature. Furthermore,
the catalytic kinetics indicates that boron incorporation can
significantly decrease the activation energy and accelerate the rate
of the graphitization process. The electrical conductivity of BGPs
is 3,400 S-cm™, and the graphitization degree is 53%, much higher
than pure GPs annealed at the same temperature. Hence, the
catalytic graphitization is an efficient approach to decreaseing the
graphitization temperature and dramatically reduce the
production cost, making it possible for wide applications in
graphene-based flexible electronics, EMI shielding and electrodes.
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