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The assembly of strong graphene into high-performance macroscopic

materials has attracted great interest and sustained attention. Thermal
treatment has proven effective inimproving the performance by restoring
pristine graphene lattice from defective graphene oxide. However, the
mechanical performance of graphene fibres remains inferior to that

of single-layer pristine graphene, primarily due to assembly-induced
defects such as microvoids that form during the folding process

of two-dimensional sheets to fibre structures. Here we report the
room-temperature fabrication of ultrastrong and stiff graphene fibres,
which exhibit an average tensile strength of 5.19 GPa and Young’s modulus
of 529 GPa. We propose a domain-folding strategy to construct highly
folded yet densely packed nanotexture, resulting in a tenfold reductionin
microvoid volume. The stress distribution within the fibres is homogenized,
leading to enhanced mechanical properties. These findings advance the
fabrication of carbon fibres and other macroscopic materials assembled
from two-dimensional nanosheets, enabling high material quality with
reduced energy consumption.

Carbon fibre (CF), well known for its excellent specific strength and
stability’, boosted the development of airplane and spacecraft, and has
been extended to vehicles, wind turbine blades and energy batteries ™.
These properties originate fromits pure carbon component, which is
composed of ordered graphene-based sp*structures®. Sinceits inven-
tion, the formation of graphene units in CFs has always relied on an
organic carbonization method, in which linear polymer or small organic
molecules are fused into graphene units under a sufficiently high tem-
perature, usually above 1,300 °C (refs. 7,8). Only then does the fibre
obtain a high carbon content over 90%. As a result, the conventional

organic carbonization path comes with massive energy consumption,
17 times as that in the case of steel’. This high-temperature treatment
accounts for about 40% of the total cost'®. There is a long-standing
challenge of the low-temperature production of CFs and cutting
down energy consumption. However, the conventional carboniza-
tion principle makes it impossible to substantially lower the process-
ing temperature and maintain high performance. Considering that
all the outstanding performances originate from graphene-based
sp? carbon units, beyond the carbonization protocol, we wonder that
directly fabricating CFs from the structural unit of graphene should
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Fig. 1| Contrast of two paths towards CFs. a, Schematic of the energy-saving
path of GF preparation at room temperature, with simple steps involving the
chemical exfoliation of natural graphite, domain LC wet spinning and catalytic
chemical reduction. b, Schematic of traditional CF preparation ata high
temperature of 1,300 °C, with energy-intensive steps involving thermal oxidation

1 T T T
10 100 1,000

Processing temperature (°C)

and thermal carbonization. c¢,d, Schematic of room-temperature reduction
of GO (c) and high-temperature carbonization of organic PAN (d). e, £, versus
processing temperature in GO chemical reduction of different agents and
PAN carbonization.

achieve the preparation of CFs at low temperature, potentially even
atroom temperature.

Graphene fibres (GFs) were initially fabricated via the wet spinning
of graphene oxide (GO) liquid crystals followed by chemical reduc-
tion (withatensile strength of 140 MPa) in 2011 (ref. 11). Improvement
in the mechanical properties of GFs was achieved by aligning gra-
phene sheets and enlarging graphitic crystallites following the same
high-temperature treatment with conventional CFs. A tensile strength
of1.08 GPawas obtained for crystalline GFs fabricated by mixing large-
and small-sized GO sheets following annealing treatment at 1,800 °C
(ref. 12). Narrowing the spinning microchannel (enhancing the shear
stress) and post-plastic stretchingimproved the alignment of GO sheets
along the fibre axis, leading to a highly crystalline graphitic structure
and improved tensile strength to 1.9-3.4 GPa after thermal annealing
above 2,500 °C (refs.13-15).

Although pristine graphene lattice and crystalline structures are
well restored in high-temperature treatment, the defects forming in
the macro-assembly process still heavily limit the mechanical prop-
erties of GFs. Specially, since the GO spinning dope is normally dilute
(around 1-2 wt%) for its high excluded volume, GO gel fibre would
shrink severely by collapsing GO sheets (50-100 times) to formasolid
fibre during wet spinning'®, resulting in these assembly defects such
as microvoids and wrinkles. Generally, enhancing the stress transfer
among molecules, such asimproving the alignment, removing micro-
voids and increasing interlayer interaction leads to improved tensile

properties, carbon nanotube fibres and GFs"*>'>"!8 Minimizing this
defect forming in the macro-assembly process promises to enhance
the stress transfer and to obtain high-performance graphene-based
CFseven prepared under room temperature.

Here wereporta high-performance graphene-based CF prepared
atroom temperature through a domain-folding strategy to minimize
assembly defects, which is different from the conventional organic
carbonization path (Fig. 1a,b). Beyond previously reported GFs""**°, GF
prepared atroom temperature exhibits abreakthroughinmechanical
properties with a high average strength of 5.19 GPa and high Young's
modulus of 529 GPa. Simultaneously, the graphene assembly path has
ameritinthe functional performance of CFs. The GF exhibits an excel-
lent thermal conductivity of 232 W m™ K7, far exceeding that (below
32 W m™K™) of high-strength polyacrylonitrile (PAN) CFs by 625%.

Room-temperature graphene assembly path

Thegraphene assembly pathinvolves three major steps: chemical exfo-
liation of graphite to obtain GO, domain LC wet spinning and catalytic
chemical reduction (Fig. 1a). Commercially accessible GO was control-
lably producedintonnes and used for wet spinning. In domain LC wet
spinning, a microgrid with a given size of square holes (size of D?) was
introducedinto the spinneret to separate the fluid into finer streamlets;
then, finer domains fused in situand domain folded into asingle solid
fibre (Supplementary Fig. 1)*"*?. Solvation drawing was used to fully
alignthesolid graphene oxide fibre (GOF). Finally, GOF was catalytically
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reduced by hydroiodic acid accompanied with trifluoroacetic acid
to continuously get GF at room temperature. These three steps were
carried out at room temperature and the whole processing of GF is a
wet method, similar to the production of usual synthetic fibres, such
as vinylon and acrylic fibres for clothes. By contrast, the production
oftraditional CFs is stepwise processed through thermal oxidation at
around 300 °C and carbonization above 1,300 °C (Fig. 1b).

Inthe principle of reactionkinetics, the assembly path of graphene
sheets greatly lowers the processing temperature compared with the
traditional organic carbonization path. The reaction temperature
should be sufficiently high to overcome the kinetic activation energy

(E,) and the reaction rate coefficient (k) is determined as k = Ae_fTar,
where Ais the pre-exponential factor for the reaction, Ris the universal
gas constant and T is the absolute temperature®. Efficient catalytic
reduction using hydroiodic acid and trifluoroacetic acid ensures the
room-temperature preparation of GFs. Density functional theory
calculations using intrinsic reaction coordinates demonstrated that
the value of E, in catalytic reduction by hydroiodic acid is small down
to 5.4 k] mol ™ for hydroxyl groups and 36.0 k) mol™ for epoxy groups,
respectively (Fig.1c-e and Supplementary Fig.2), which are much lower
than thermal reduction (130 to 170 k] mol™; Supplementary Table 1).
For the formation of graphitic carbon, the path of assembling graphene
sheets only needs to eliminate functional groups decorated on the
backbone of graphene (Fig.1c). Onthe contrary, in the path of organic
carbonization, small or linear molecules are gradually fused into gra-
phenebackbones through condensation and crystallization (Fig. 1d).
Thesselection of the reaction path enables the preparation of graphitic
carbon materials at low temperature. The room-temperature prepara-
tion of GF gets rid of the indispensable high-temperature condition
and cuts down the energy cost by about 97% of traditional CFs (Fig. 1e,
Supplementary Fig.3 and Supplementary Table 2), exhibiting superior-
ity insaving energy.

Domain folding of graphene sheets

The domain folding of individual GO sheets contributes to the
strengthening of GF in our graphene assembly path. In the domain
LC wet spinning, a meta-liquid crystal texture was observed, which
was composed of a bundle of identically finer domains (Fig. 2a and
Supplementary Figs. 1and 4). Due to the much smaller domainsize,
GO sheets (average lateral size, 101 um; Supplementary Fig. 5) are
highly folded in each fine domain and the subsequent coagulation
andsolidification processes further accelerate the severe folding of GO
sheets withthekept relative positions (Supplementary Fig. 6), thereby
called domain folding. Inspired by multiscale hierarchical structures
of natural muscle and wood**, domain folding yields hierarchically
interfused fibrils with a radial, highly folded structure within a solid
domain-folded GOF, accompanied with small interlocked assembled
graphene folds and minimized microvoids among small folds (Fig.2b,c
and Supplementary Figs. 7 and 8a). Meanwhile, wrinkles were further
flattened by solvation drawing to align the GO sheets along the fibre
axis”. After room-temperature chemical reduction, GFs with a highly
folded structure were continuously collected (Supplementary Fig.9). A
control fibre without domain folding was also prepared. In this process,
two-dimensional graphene sheets are randomly and freely folded into
afibre, yielding a highly extended structure with large assembled gra-
phenefolds and large microvoids (Fig. 2d,e and Supplementary Fig. 8b).
For clarity, domain-folded and free-folded GFs/GOFs are labelled as
df-GFs/GOFs and ff-GFs/GOFs, respectively.

Thehighly folded structureinthe cross-section of df-GF represents
an innovative model of GF, different from that in conventional ff-GF
(highly extended). According to the Griffith’s fracture theory”, tensile
strength o = \/z—ﬂ where E is the elastic modulus, y is the specific
surface energy and ais half of the crack length, and minimizing the
defect size would reduce the stress concentration and improve the

tensile strength of fibres. The microvoid content primarily influences
the load transfer and, thus, the mechanical properties by decreasing
theload-bearing volume?. Uniformly distributed microvoids are also
helpful for fibre strengthening. We constructed three-dimensional
(3D) fibre structures by focused-ion-beam (FIB) and scanning electron
microscopy (SEM) tomography to exactly demonstrate the dramatic
differences in microvoid defects between ff-GF and df-GF. The df-GF
exhibits a much lower porosity compared with ff-GF (Fig. 2f,g and
Supplementary Fig.10). The volume distributions of 3D-reconstructed
microvoids show an order of magnitude decrease for df-GF compared
with ff-GF (Fig. 2h,i). Since graphene sheets are highly folded by domain
folding, the df-GF only shows less and evenly distributed microvoids.
On the contrary, much more microvoids were clearly observed in the
ff-GF, even overlappingin the transparent 3D view.

Typical microvoids with median volume in df-GF and ff-GF intui-
tively show the differences of size and shape. The median micro-
voids show spatial sizes of 214 nm x 75 nm x 40 nm in ff-GF and
168 nm x 18 nm x 21 nm in df-GF, respectively. The volume of median
microvoids in ff-GF (2.09 x 10™* um?®) is more than ten times that of
df-GF (1.79 x 107° um?®). Additionally, the typical microvoid of ff-GF has
aplanar cross-section, which comes from the stacking gaps among
large assembled graphene folds. Onthe contrary, the cross-section of
the typical microvoid in df-GF is acicular owing to the dense stacking
of smaller assembled graphene folds. Molecular dynamics simulations
were conducted to visually depict the distinct folding process, verifying
the decrease in defects by domain folding (Supplementary Fig. 11and
Supplementary Videos1and2). Onthe basis of these results, microvoid
defects are efficiently minimized by domain folding, from thick and
long to thinand short, yielding less porosity in df-GFs.

Given the highly folded graphene sheets, smaller assembled gra-
phene folds form in the df-GF, homogenizing and minimizing micro-
voidsamongfolds. The representative df-GF sample has a high tensile
strength of 5.19 GPa under chemical reduction at ambient condition
of 25 °C, more than double the strength of ff-GF (2.32 GPa; Fig. 2j and
Supplementary Fig. 12). In particular, the Young’s modulus of df-GF
reaches 529 GPa.

Relation of domain folding and mechanical
properties

Delicate control of the domain-folded nanotexture was further
achieved toinvestigate the relation of the assembled graphene folds,
microvoids and mechanical properties (Fig. 3). The domain size (S,
equal to D?) for df-GF was modulated by adjusting the hole size (D*
144,324 and 625 pm?) of the microgrid, as shown in the cross-section
of aerogel fibres (Fig. 2b,d and Supplementary Fig. 13). The length,
thickness and area of the assembled graphene folds were statisti-
cally collected fromthe fibre cross-sections (Supplementary Fig.14).
Decreasing Sgradually lessens the assembled graphene folds and nar-
rows their size distribution. The assembled graphene folds of df-GF
made from S of 144 um?has an average length of 0.25 umand an aver-
age thickness of 0.13 pm, 57.6% and 45.8% smaller than those (0.59 pm
and 0.24 pm) of ff-GF, respectively. The corresponding fold area of
df-GF was minimized by 77% (from 0.147 pm? to 0.034 pm?) accom-
panied with a decreased coefficient of variation (CV) from 62.8% to
33.7%, compared with ff-GF fabricated fromanintact spinneret domain
(tr? =5,024 nm?, where ris the radius of spinneret; Fig. 3a). The tensile
strength of GFsincreases with the decrease in fold area (Fig. 3b). The
df-GF fabricated from the finest fold area (0.034 pm?) exhibits high
strength of 5.19 + 0.57 GPa, 153% higher than that (2.05 + 0.31 GPa)
of ff-GF. As the folds get both smaller and more uniform by decreas-
ing the fold area, the cross-section of GF becomes smaller and more
compact, and the physical density of GFs increases monotonically
from1.65g cm™>t01.90 g cm, corresponding to the optimization
of porosity from 20.3% to 8.8% (Fig. 3c, Supplementary Fig. 15 and
Supplementary Table 3).
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Fig. 2| Preparation of df-GF. a, Schematic of the domain LC wet-spinning
method, where hierarchically structured GOF composed of hundreds of
interfused fibrils formed from highly folded graphene is fabricated by successive
steps of domain folding, coagulation, solidification and solvation drawing.

b-e, Structure schematics and SEM images of the aerogel fibre and coagulated
solid fibre cross-sections of ff-GOF (b and ¢) and df-GOF (d and e), indicating

the two models of highly folded (c) and highly extended sheets (e). Scale bars,
200 um (bandd); 2 pm (cande).f,g, 3D-reconstructed image (f) of microvoids

Volume of microvoids (um3)

Strain (%)

derived from FIB-SEM tomography and volume distribution of microvoids

(g) for df-GF. The insets show the microvoid at the median size within df-GF (g).
h,i, 3D-reconstructed image (h) of microvoids derived from FIB-SEM tomography
and volume distribution of microvoids (i) for ff-GF. The insets show the microvoid
atthe median size within the ff-GF (i). j, Typical tensile stress-strain curves of
ff-GF and df-GF. The photograph in the inset shows the collected df-GFs after
chemical reduction. Scale bar,2 cm.

We further measured the size of the microvoids in GFs by
small-angle X-ray scattering (SAXS) technology based on Ruland’s
streak method (Supplementary Fig. 16)*”*. As shown in Fig. 3d, as
the fold area decreases, there is a sharp decrease by 66.4% in longi-
tudinal length (L) of the microvoid from 154.3 nm to 51.9 nm, and by
23.5% from 3.02 nm to 2.31 nm for transverse width ({,). The overall
microvoid volume is decreased by 40% (Supplementary Fig. 17), in
accordance with the tendency measured by physical density and 3D
reconstruction. Inparticular, the misalignment angles (B,,) are almost
identically low, indicating that the ff-GF and three df-GFs have the same
high orientation of microvoids with respect to the fibre axis. We also
examined the porosity calculated from the invariant, demonstrat-
ing the coincidentally decreased microvoid volume with that from
Ruland’s method (Supplementary Fig. 18). Besides, the Porod slope
was estimated to be 3.8, corresponding to a surface fractal microvoid

structure with minor surface roughness (Supplementary Fig.19)%. The
high orientation of graphene sheets by effective solvation drawing is
also necessary for high-performance GF (Supplementary Fig. 20 and
Supplementary Table 4)"*">'%3%3!, Refining load-bearing units within
materials could bear load uniformly and reducing the size of defects
would hinder the initiating of critical cracks, thereby ensuring high
mechanical strength'**, Accordingly, the lessened assembled
graphene folds and minimized microvoids (average volume from
1,101.9 nm*to 219.0 nm?) originated from domain folding, facilitating
asharpincreasein strength by 153% (Fig. 3e).

Strengthening mechanism

To further examine the strengthening mechanism, in situ Raman
tests were used to investigate the stress distribution of fibres
under tension. The downshift of the G-band denotes the strain of
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Fig. 3 | Characterization of GF structure and relationship with strength.

a, Dependence of the assembled graphene fold area on the domain size of GFs.
Datainaarerepresented as mean values + one standard deviation forindependent
technical replicates (n > 93). b, Tensile strength of GFs made by different fold
areas. Datain b are represented as mean values + one standard deviation for
independent technical replicates (n = 20). ¢,d, Dependence of the assembled
graphene density and porosity on fold area (c) and microvoid size on fold area

(d) of GFs. e, Relationship between the average tensile strength of GFs with

microvoid volume and assembled graphene fold area. Note that SAXS could
collect ultrasmall microvoids that cannot be observed by FIB-SEM tomography,
thereby statistically obtaining a smaller average microvoid size. f, Raman shift
distribution at 0.5% strain of df-GF and ff-GF (left) collected from mappings
(right) of 5 x 10 pm?. Scale bars, 2 pm. g—j, SEM images of fracture surfaces of
df-GF (g and h) and ff-GF (iandj). Scale bars, 1 pum (g and i); 500 nm (h andj).
The different fracture behaviours are illustrated in the dotted boxes. The df-GF
mentioned above was made with the finest domain size (144 pm?).

graphene®?* The G-band frequency distribution of df-GF (CV of
0.65 %o) is 56% narrower than that (CV of 1.48 %) of ff-GF, at the same
strain of 0.5% (Fig. 3f and Supplementary Fig. 21). The narrower dis-
tribution of the G-band at a given strainindicates the more uniform
stress distribution in the high-strength df-GF*, which results from
small, uniform load-bearing units and minimized microvoids. The
alleviated stress concentration of the fibre is further verified by the
smaller range of stress distribution in the coarse-grained molecular
dynamics simulations (Supplementary Fig. 22). GFs from the fold-
ing process of two-dimensional graphene have distinct microvoids
(‘through cracks’ between the graphene layers) from conventional
fibres from 1D chains/nanotubes. These through cracks are more
detrimental for the fibre strength due to the higher stress concen-
tration factor, implying the notable importance in controlling the
microvoids of GFs (Supplementary Fig. 23c). We delicately controlled

the domain-folded nanotexture and minimized microvoids in GFs,
resulting in the more uniform stress distribution and high strength
of df-GF.

A more effective load transfer was also proven by the higher
G-band shift rate as measured during real-time tensile testing
(8.8 cm™ compared with 5.1 cm™ per1%strain; Supplementary Fig. 24).
Decreased content of microvoids (that is, increased density) benefits
theload-bearing volume (Supplementary Fig. 23)*. Furthermore, the
sheet alignment of df-GF isimproved with an average Herman’s order
of 0.94 (removing the isotropic background and using a Gaussian fit,
in both SAXS and wide-angle X-ray scattering (WAXS) results). Thus,
the increased load transfer in df-GF comes from the more effective
interaction among interlocked and aligned sheets with minimized
content of microvoids, which greatly promotes the Young’s modulus
of fibres (Supplementary Figs. 25 and 26).
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Fig. 4| Structural evolution and property relationships of GF. a-¢, TEM images
of the atomic structure of monolayer GO sheet (a), monolayer reduced GO sheet
(b) and pristine PAN (c). Scale bars, 2 nm. The insets show the corresponding
SAED patterns. Scale bars, 3 nm™. d, sp*fractions of fibres in two paths tracked
by X-ray photoelectron spectroscopy. e,f, Structure evolution from GOF to

GF tracked by TEM (e) and XRD (f). Scale bars, 5 nm (e). The insets show the
corresponding SAED patterns. Scale bars, 3 nm™. g, Relationships of structural

Processing temperature (°C)

evolution on thermal and electrical conductivities. Data are represented as mean
values + one standard deviation forindependent technical replicates (n = 3).

h, Ashby chart of strength x modulus versus processing temperature, illustrating
ageneralrule that higher mechanical properties of fibre materials are achieved
byincreasing the input energy. Our fibres break the critical rule and achieve high
strength and modulus at room temperature.

The fracture surface and section were also detected. The df-GF
shows jagged fracture tips (Fig. 3g), indicating stress concentration
relief, crack deflection and zigzag crack propagation through highly
folded graphene sheets (Fig. 3h)*. Conversely, the flat fracture sur-
face evidences catastrophic rupture by serious stress concentration,
leading to penetrated cracks through highly extended sheets in the
cross-section of ff-GFs (Fig. 3i,j).

Graphene units ensuring room-temperature
high-performance CFs

The structural graphene nature of GO allows preparing CFs with quali-
fied carbon content and performances through efficient reduction
at room temperature. Although being oxidized, the monolayer GO
sheet maintains the integration of graphene backbone, as proved
by the hexagonal sharp spots of its selected area electron diffrac-
tion (SAED) pattern®® (Fig. 4a). After room-temperature reduction,
sp*hybridized carbon zones become continuous and the graphene
backbones arerestored to show sharper SAED spots (Fig. 4b). Tracked
by Raman spectra, the efficiency of the chemical reduction of the GO
sheet was proved by the increased intensity ratio of D and G bands
(I/I5) within 60 s (Supplementary Fig. 27). Theincreased I,/I;indicates
the enlarged mean distance between defects due to the restored sp?
graphene domains”.

Room-temperature reduction of GO laminates generates highly
crystalline graphitic units, which are the essential structural units
for high-performance CFs. The highly crystalline graphitic units
are composed of ordered graphene sheets, showing a closer crys-
talline structure to high-modulus pitch CFs at a scale of hundreds
of nanometres’, besides the domain-folded interlocked graphene
folds at a larger scale. We revealed that the crystallinity of GF after

room-temperature reduction is even higher than the counterpart
of PAN CF processed above 1,300 °C. The interlayer spacing of GF
quickly decreased to 3.646 A within 300 s of reduction, as tracked by
transmission electron microscopy (TEM; Fig. 4e) and X-ray diffraction
(XRD; Fig. 4f).Onthe contrary, the fibre derived from the organic PAN
precursor (Fig. 4c) processed above 1,300 °C has alower crystallinity
with turbostratic carbons and a larger interlayer spacing of 3.698 A
(Supplementary Fig.28). PAN and pitch CFs require high-temperature
heat treatment (2,700 °C for PAN and 2,000 °C for pitch) to attain
high graphitic crystallinity®**. Evaluating the overall chemical com-
position by X-ray photoelectron spectroscopy, the carbon content
of GF rises from 72.1% to a high level of 92.3%, approaching that of
PAN annealed at around 1,000 °C. The sp*-hybridized carbon of GF
is restored from 42.8% to 77.5%, which is 30% higher than that (59.5%)
of PAN CF annealed at 1,300 °C (Fig. 4d, Supplementary Figs. 29 and
30 and Supplementary Table 5). The restoration of the sp? structure
leads to decreased interlayer space, thereby enforcing the interlayer
interaction by 735% than the GO precursor, as proved by density func-
tional theory calculations (Supplementary Fig. 31). The growth of the
conductive areawas depicted by conductive atomic force microscopy
(CAFM; Supplementary Fig. 32). The non-continuous Ti-conjugated
regions (bright regions in CAFM images) and partially restored sp® gra-
phene domainslimit the electrical conductivity (120 S cm™) compared
with the high conductivity of carbon nanotube fibres and thermally
annealed GFs (Supplementary Table 6)">'7'84%#_ However, the electrical
conductivity of room-temperature df-GF is comparative with that of tra-
ditional CFs carbonized under 800-900 °C. Given the highly crystalline
and ordered graphenestructures (Supplementary Fig. 33), df-GF hasa
high thermal conductivity (232 W m™K™) achieved under room tem-
perature (Fig. 4g, Supplementary Fig. 34 and Supplementary Table 7).
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GFsannealed at high temperature usually have better strength and
Young’s modulus than those processed at lower temperature, because
restored atomic defects (from GO to graphene) and more crystalline
structurelead to decreased interlayer spacing and stronger interaction
(Supplementary Figs. 31 and 35)*>. We demonstrated that minimizing
the assembly defects in GFs significantly improved the mechanical
properties even without fully restoring the perfect graphene lattice
by thermal treatment. The df-GFs prepared by minimizing assembly
defects takes the extreme corner of high strength, high modulus and
room-temperature preparation, which is a forbidden mission in the
path of organic carbonization. (Fig. 4h). The large temperature gaps
between GF and other carbonaceous fibres highlight the energy-saving
superiority of preparing high-performance CFs at room temperature
alongthegraphene assembly path. Compared with previously reported
chemically reduced GFs at 50-90 °Cand thermally annealed GFs above
1,000 °C, this work achieved high performances by the philosophy of
domain-folded nanotexture to make df-GF as acompetitive candidate of
room-temperature high-performance CFs (Supplementary Fig. 35). For
all kinds of reported fibre, a high modulus (>400 GPa) is only achieved
by high-temperature treatment. Trading off high strength and high
modulus under room temperatureis abig challenge. We further define
afactor f= oM/E. to display the efficiency of mechanical property to
energy consumption, where gis the tensile strength, Mis Young’s modu-
lusand £, isthe energy consumption. The room-temperature-prepared
df-GF shows an enhanced factor f, simultaneously achieving high
strength and high modulus. This breakthrough surpasses the exist-
ing mechano-energy limit of thermally carbonized and graphitized
GFs, CFs, carbon nanotube fibres, inorganic fibres and polymer fibres,
providing valuable insights for the development of high-performance
fibres (Supplementary Figs. 35 and 36 and Supplementary Table 8). In
particular, stable values of mechanical strength were measured under a
shortgauge length of 5 mm (CV of 11%). Decreased and widely distributed
mechanical strength (average of 3.83 GPawith CV of 38%) under alonger
gauge length of 25 mmindicates the chance occurrence of adefect within
the gauge length (Supplementary Fig. 37), which is often recognized at
anearly stage in the development of any commercial fibre®.

We also demonstrate the generality of the domain-folding
strategy by strengthening other two-dimensional nanosheet
assembled fibres and graphene-based composite fibres
(Supplementary Fig. 38 and Supplementary Table 9). MXene aero-
gel fibres also display a domain-folded cross-section like that
of GO and the tensile strength of domain-folded MXene fibre is
enhanced by 82.5% compared with that of free-folded MXene fibre
(Supplementary Fig. 39a,b). Moreover, domain LC forms in the
composite solution of GO and even at lower GO content of 20 wt%
(Supplementary Fig. 40). A small amount of GO acts as the dominant
seed to control the assembly behaviour of domain folding, thereby
strengthening the composite fibre (Supplementary Fig. 39c-g). The
tensile strength of domain-folded GO/PAN composite fibre with GO
loading of 30 wt% is enhanced by 45.8% compared with the free-folded
fibre (Supplementary Fig.39h).

In conclusion, we proposed the room-temperature preparation
of CFs with high mechanical performances and excellent functionali-
ties from GO precursor. The graphene assembly path could become
an inspiring paradigm for CF production. The precise control of the
domain-folded nanotexture minimizes assembly defects and makes the
fibre strong and stiff. We foresee that the room-temperature prepara-
tion of GFs will inspire the traditional CF production process.
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Methods

Materials

Aqueous GO dispersions (average size, 101 um) were purchased
from Hangzhou Gaoxi Technology (www.gaoxitech.com). Other rea-
gents were purchased from Sinopharm Chemical Reagent and used
asreceived.

Preparation of spinning dope

GO spinning dope: spinning dope of GO in N,N-dimethyl formamide
(DMF) was obtained by replacing water in an aqueous GO solution via
repeated centrifugation. GO DMF spinning dope was used to continu-
ously fabricate GFs.

GO/PAN spinning dope: PAN powders were dissolved in DMF
forming a solution with a mass fraction of 1 wt%. The concentration
of GO DMF solution was also adjusted to be 1 wt%. To prepare the GO/
PAN spinning dope with different mass fractions, the GO and PAN
solutions were mixed by volume, denoted as 0GO-100PAN,
10GO-90PAN, 20GO-80PAN, 30GO-70PAN, 50GO-50PAN and
100GO-0OPAN (Supplementary Fig. 39).

MXene spinning dope: the MXene aqueous dispersion was con-
centrated to 20 mg g™ as a spinnable dope.

Fabrication of df-GF and ff-GF

First, the spinning dope was carefully filtered to remove possible impu-
rities that may plug the microgrid. Second, degassed GO spinning
dope was forced to pass through the microgrid and extruded into the
coagulation bath (ethyl acetate). Different microgrids (D* 144, 324
and 625 pm?) were used to prepare df-GF. Then, the nascent fibre was
continuously drawninasolvation-drawing bath (1:5 ratio of water and
aceticacid) to produce GOF with a drawing ratio of up to 60%. Finally,
df-GF was obtained after reduction in an efficient reduction bath
(L:6 ratio of hydriodic acid and trifluoroacetic acid) and washing with
ethanol. The ff-GF was prepared along the same way (diameter of
spinneret, 80 pm) as df-GF without the microgridin the spinneret and
solvation drawing in water and aceticacid.

Fabrication of the MXene fibres and aerogel fibres

The coagulation bath was made by a 1:1 mixture of 10 wt% of NH,CI
aqueoussolution and 4 vol% of NH,OH aqueous solution according to
previous reports*. The MXene aqueous dope was extruded through
the microgrid (D =40 pm) into the coagulation bath. Then, the coagu-
lation bath was replaced by deionized water. Directly drying the gel
fibre produced the domain-folded MXene fibre and freeze drying
the gel fibre obtained the corresponding aerogel fibre. The control
sample of the free-folded MXene fibre was fabricated without the
embedded microgrid.

Fabrication of PAN/GO composite fibres and aerogel fibres

The spinningdope was extruded through the microgrid (D =40 pm)into
acoagulationbath of EA and continuously collected as domain-folded
GO/PAN composite fibres. The control sample of free-folded GO/PAN
composite fibres was fabricated without the embedded microgrid. To
prepare the aerogel fibre, the dope was extruded into a coagulation
bath of CaCl, solution (3 wt%) and then the gel fibre was washed with
deionized water and finally freeze dried.

Mechanical tests of fibre

Stress-strain curves of the fibres were obtained by testing the fibres at
agauge length of 5 mm for stable measurement withananomechanical
tester of Keysight T150 UTM (maximum load, 500 mN; load resolution,
50 nN) at a tensile rate of 1.67 x 102s™. Measuring at a larger gauge
length of 25 mm leads to a larger CV of 38%, which is often observed
atan early stage in the development of any commercial fibre and is in
accordance with previous literature®. The tensile stress was obtained
by dividing the load by the cross-sectional area of the fibre. Each

fractured sample was collected, and the cross-section was observed
by SEM, followed by measuring the cross-sectional area. The strain
was obtained by dividing the measured displacement by the initial
gauge length. Compressive strength was measured to be 811 MPa by
tensile recoil tests®.

Instruments and characterization

The aerogel fibres were fabricated by freeze drying and used for com-
parison of GO distribution of df-GF and ff-GF with field-emission SEM
(HitachiS4800). The SAXS experiments were carried out at the beam-
line BLIOU1 and BL16B1 at Shanghai Synchrotron Radiation Facility,
with a sample-to-detector distance of 4,500 mm and 2,000 mm, to
characterize the microvoid structure and orientation, respectively.
The WAXS experiments were carried out at thebeamline BL16Bl at the
Shanghai Synchrotron Radiation Facility with a sample-to-detector
distance of 72 mm, to determine the alignment of graphene sheets.
These patterns were background subtracted to remove the isotropic
contribution. Both SAXS and WAXS tests were conducted using a bun-
dle of fibres under X-ray exposure.

In situ Raman test was operated by Renishaw inVia Reflex Raman
microscopy (excitation wavelength, 532 nm) accompanied with a trans-
lation stage (PI, M-112.2DG1) with an accuracy of 250 nm. The spinneret
channelwas characterized by microcomputed tomography (Carl Zeiss,
520 Versa). The serial sections of df-GF and ff-GF were obtained by
FIB-SEM tomography (Helios G3 UC) with a constant separation of
10 nm.

The assembled graphene fold sizes for different fibres were col-
lected by cross-sections of more than five specimens observed by
SEM. The fibre density was tested by the sink-float method, in which
three types of liquid—tetrabromoethane, carbon tetrachloride and
hexamethylene—were used to obtain different densities, and the fibre
porosity was calculated by the density and XRD interlayer spacing'>*.
Thelinear density of a fibre was measured by weighing the kilometres
longfibre using an electronic microbalance (QUINTIX35-1CN; accuracy,
0.01 mg). FIB (Helios 450HP) was used to prepare the axial slices. The
sliced samples were characterized by TEM (FEI Tecnai, G2) operated
at300 kV. Monolayer reduced GO was obtained by reducing the mon-
olayer GO deposited on a gold grid immersing in the same reduction
bath as used in GF for different times. These monolayer samples were
characterized by TEM operated at 80 kV. The electrical conductiv-
ity was measured by a standard four-probe method on an electrical
transport properties measurement system comprising a Keithley 2460
source meter. The thermal conductivity of the GF was measured by a
well-established T-type method*.

The compositions of GFs were measured by X-ray photoelectron
spectroscopy (ESCALAB 250Xi) and all the binding energies were
referenced to the Cls neutral carbon peak at 284.8 eV. The interlayer
spacing was measured by XRD (PANalytical X'Pert3 Powder-17005730)
using monochromatic Cu Ka radiation (wavelength, 0.154 nm).

CAFManalyses were conducted witha Cypher-S (Asylum Research)
atomic force microscope in the contact mode located in a glovebox
filled with nitrogen. Smooth reduced GO films, prepared in the same
reductionbath as GF but with varying reduction times, were analysed
by CAFM.

Characterization of the microvoid structure
The parameters of microvoidsin GFs could be calculated according to
Ruland’s streak method***;

1
szBf[/2 )= 5 +5%Beg, (6

where B, (s) is the integration breadth along azimuthal scan, L is the
length of the microvoids and B, is the orientation angle of the micro-
voids. The values of L and B, can be obtained from the intercept and
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slopeof the szBf[/2 (s)-s*plotinequation (1). The experimental dataand
their fitting results are shown in Supplementary Fig. 16.

Inserting the values of L and B,,, the number of microvoids nand
the average chord length in the cross-section of microvoids [, can be
obtained via equations (2) and (3) by fitting the theoretical to experi-
mental/(s, t/2)-s curve.

L2

1+ (sLBeg)

1(s,1/2)  np, 8ol (5), ©)

where
l4
|p [ (8) ¢ ————. @)
[1 + (anps)z]

The relative volume of microvoids V., can be evaluated approxi-
mately by V= nLB. V., is the ratio of the microvoids volume content in
the samples to the precursor fibres.

The average microvoid volume in GFs could be approximately
calculated as cylinder by V,= 'Z‘lgL.

Calculation of orientation
The orientation order was quantified by converting the orientation
distribution into Herman'’s orientation function fdefined as**

f =<%cosztp - %>, @)

where @ is the azimuthal distribution and cos?p is the average value of
the square of the cosine of angle ¢. Assuming rotational symmetry of
the fibre axis, the following equation is obtained.

costp = S [(@)cos’psin pdp

. )
S (@)sinpdp

where /(@) is the intensity at ¢ in the azimuthal scanning curve.

Data availability

The data that support the findings of this study are available in the
Articleand the Supplementary Information. Source dataare provided
with this paper.
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