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Welding is a key missing manufacturing technique in graphene
science. Due to the infusibility and insolubility, reliable welding of
macroscopic graphene materials is impossible using current
diffusion-bonding methods. This work reports a pulsed laser weld-
ing (PLW) strategy allowing for directly and rapidly joining macro-
scopic 3D porous graphene materials under ambient conditions.
Central to the concept is introducing a laser-induced graphene
solder converted from a designed unique precursor to promote
joining. The solder shows an electrical conductivity of 6700 S m~!
and a mechanical strength of 7.3 MPa, over those of most previously
reported porous graphene materials. Additionally, the PLW techni-
que enables the formation of high-quality welded junctions, ensur-
ing the structural integrity of weldments. The welding mechanism is
further revealed, and two types of connections exist between solder
and base structures, i.e., intermolecular force and covalent bond-
ing. Finally, an array of complex 3D graphene architectures, includ-
ing lateral heterostructures, Janus structures, and 3D patterned
geometries, are fabricated through material joining, highlighting
the potential of PLW to be a versatile approach for multi-level
assembly and heterogeneous integration. This work brings gra-
phene into the laser welding club and paves the way for the future
exploration of the exciting opportunities inherent in material inte-
gration and repair.

Introduction

Throughout history, new manufacturing methods have been
the foundation of the rapid development of graphene
materials." The early-stage progress in graphene manufacturing
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New concepts

So far, no feasible strategy has been capable of welding macroscopic 3D
graphene materials due to their inherent infusibility and insolubility.
This work presents a pioneering welding conception of graphene,
referred to as pulsed laser welding (PLW), which allows for rapidly joining
3D porous graphene materials. PLW offers not only powerful capabilities
in the repair of local defects of graphene materials, but also direct access
to novel 3D graphene architectural designs. Through joining of materials,
PLW enables the construction of complex and multi-level graphene
architectures that are fundamentally unattainable by traditional
manufacturing means. Moreover, the PLW process eliminates the need
for inert gas protection and complicated post-treatment, showing
significant advantages in simplicity. This work opens a new avenue for
3D graphene materials design and construction, which is expected to
draw substantial research interest in graphene science due to its
versatility and flexibility in the process and its unprecedented
capabilities in material integration.

was traditionally made in response to the need for high-quality
graphene at low cost, from mechanical exfoliation to Hummers’
method (or variants thereof) to chemical vapor deposition and
pyrolysis, shifting the material from the lab to real-
world applications.? Under the prevailing trend of high perfor-
mance and multifunctionality in various application areas, the
strategies for tailoring graphene materials in terms of composi-
tion, morphology, and 3D architecture are in increasing
demand.** Currently, while the methods for graphene
chemistry and microstructure regulation have been consider-
ably expanded, advances in 3D graphene engineering
remain slow.>® The established methods for fabricating 3D
graphene include template-directed growth,” assembly,® and
3D printing.’ However, none of them is unrestricted: some are
in complex processes, some are in term of flexibility, and some
are in terms of throughput/efficiency. Moreover, all these
methods have limited capabilities in regulating the structural
and compositional complexity. The realization of these chal-
lenges will constitute the next higher level of graphene
manufacturing.
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Among the various advanced manufacturing technologies,
welding possesses particular advantages of simple operation,
versatility, and flexibility, and has thereby been an irreplaceable
part of modern manufacturing.'® Not surprisingly, there have
been long efforts to diversify weldable materials, starting with
metals, then including woods,"" ceramics,"” polymers,'® and,
more recently, MXene.'* These pioneering works have convin-
cingly demonstrated the promise of welding, where architec-
tures with unprecedented complexity and functionality could be
readily shaped by material joining. Consequently, developing a
graphene welding technique should be an indispensable step for
addressing the diversity gap of graphene manufacturing and
holds enormous untapped potential for materials discovery and
optimization. However, graphene materials can neither be
melted, nor sintered, nor polymerized, which poses several obsta-
cles in joining graphene materials. Current welding mechanisms
are based on material diffusion bonding and are therefore specific
to the meltable or soluble materials. A new advanced welding
strategy available for macroscopic graphene materials will be a
significant complement to welding theories.

In this study, we conceptually develop and experimentally
demonstrate a pulsed laser welding (PLW) technique capable of
directly joining macroscopic 3D porous graphene materials
under ambient conditions. The key idea involves the introduc-
tion of a high-quality laser-induced graphene (LIG) solder
which was converted from an organic precursor with well-
designed rheological properties using 10.6 pm pulsed laser
irradiation. Simultaneously with the laser conversion, the base
graphene structures were welded. The overall welding process
combines laser processing and material joining in an
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integrated approach, with consequent merits of rapidity, scal-
ability, and low energy consumption. More importantly, owing
to the powerful capabilities in materials integration, PLW can
offer vast flexibility in graphene architectural design beyond
the limits of traditional manufacturing means. In addition to
the emerging 3D geometries like the hollow cylinder and
Mobius strip, more complex architectural designs are also
allowed to be accessed via PLW. This welding conception
provides a powerful platform to broaden the possibility of
architectural designs of graphene.

Results and discussion
Design rationale of a pulsed laser welding (PLW) technique

As shown in Fig. 1a, the PLW process involved two simple steps.
First, an organic compound was introduced as an adhesive
precursor to pre-connect base graphene materials. Then, the
precursor was directly converted into an LIG solder by 10.6 pm
pulsed laser irradiating. The graphene materials were inte-
grated via the welded junction, which was fused by base
structures and formed an LIG solder. Notably, the free-
standing porous graphene films were chosen as the base
materials for the demonstration of PLW because of their high
universality in applications. On the other hand, porous films
have arguably been the most popular, varied, and accessible
graphene architectures, and their production and modification
have matured over the past decade.*

Obviously, the adhesive precursor must fulfill two basic
requirements to guarantee the feasibility of PLW: (i) the
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Fig. 1 Molecular design of organic adhesive precursors. (a) Schematic illustration of the PLW process for porous graphene film materials. (b) Molecular
structures of three synthesized candidate adhesive precursors. (c) Storage and loss modulus as a function of temperature of PNE-a, PHE-a, and PPE-a.
The blue area represents the room temperature range. (d) The evolution of apparent viscosity of PHE-a in the temperature range of 25-80 °C.
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precursor allows to be directly converted into a high-quality LIG
solder without the need for catalysts and the protection of inert
gas, and, most importantly, (ii) it can fully come into contact
with the base graphene structures, so that formed LIG solder
structures achieve perfect integration and seamless connectiv-
ity with base structures. The first challenge for this laser
welding technique is to develop a proper precursor since none
of the reported carbon sources for laser-induced graphitization
could perfectly meet the requirements. Specifically, the existing
precursors are largely limited to solids with defined physical
geometry and infusible molecular structure (graphene oxide
(GO), polyimide, polybenzimidazole, polyether ether ketone,
and cross-linked polystyrene).'> The intimate contact of solid
precursors with the base graphene structures is a big problem.
Even if they exist in the powder form, the voids are unavoidable
in solid contact. Owing to the inherently high fluidity, gaseous
precursors (e.g., CHy) can easily pervade the base structures.®
However, the gas-based graphene formation relies critically on
the catalytic effect of metal substrates and is almost prohibi-
tively time-consuming and scenario-limited. Although liquids
are technically promising for PLW, they cannot be spatially
confined under capillary forces and gravity, implying unex-
pected materials diffusion and runoff when welding porous
and unclosed structures."’

Herein, the solution is inspired by the gelation strategy,
which has fundamentally been a technical core of nozzle-based
3D printing where the ink material can convert from a liquid to
gel after deposition to retain its shape.’ In this work, the
adhesive precursor was designed to gel through temperature
changes, a mild and reversible process. Ideally, it was a liquid
above room temperature (RT, 25 + 5 °C) for reliable flow. Once
injected between the two base materials, the precursor evolved
into a shape-fixed gel as it gradually cooled to RT, preventing its
random flow and bonding them together. The temperature
decrease was caused by the spontaneous heat exchange
between the precursor and the environment. The duration of
material cooling was thus allowed to be tuned by altering its
initial temperature. To achieve this, we designed and synthe-
sized a set of organic precursor candidates (Fig. S1, ESIT). As
shown in Fig. 1b, three precursors, named PPE-a, PHE-a, and
PNE-a, were synthesized by combining the same benzoxazine
structure with pentanoyl, heptanoyl, and nonanoyl groups,
respectively. The oxazine structure was designed for the highly
efficient flame retardancy of precursors, which was crucial for
preventing their direct ablation and facilitating graphitization.
The alkyl chain was introduced to adjust the molecular
flexibility."®

As shown in Fig. 1c, the storage modulus of PNE-a remained
almost constant with decreasing temperature, suggesting its
liquid form at RT and above. As a result of the shortened
flexible chain, the storage modulus of PHE-a dramatically
increased with decreasing temperature and finally intersected
with its loss modulus at ~32 °C. This indicated the occurrence
of a gelation transformation: PHE-a existed in the liquid form
until the operating temperature dropped below 32 °C and then
evolved into a gel in the semisolid state.’ Likewise, the gelation
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temperature of PPE-a with the shorter flexible chain was found
to be ~39 °C. In view of the results of rheological properties,
both PHE-a and PPE-a could be melted into the liquid with high
fluidity and form a gel upon cooling and are thus applicable for
PLW. Considering that PHE-a had a lower gelation temperature
close to RT, which was beneficial to practical operation, it was
preferably used as the adhesive precursor for PLW.

The thermal properties of PHE-a were further investigated by
viscosity and differential scanning calorimetry (DSC) measure-
ments. The apparent viscosity versus temperature showed that
the precursor fluidity could be tuned in real-time through
temperature control (Fig. 1d). The higher initial temperature
would lead to a lower viscosity, which favored the precursor
diffusion in base materials. In addition, the viscosity increased
exponentially with the decreasing temperature and finally
stabilized at a superelevated value of 10°~10° Pa s when the
temperature was <34 °C. This agreed well with the moduli
analysis. The DSC results further revealed a frozen molecular
configuration of PHE-a at a temperature below 11.5 °C (Fig. S2,
ESIT). Most significantly, the contact angle (CA) between liquid
PHE-a (at the temperature of 90 °C) and graphene film was
measured to be 25.3° (Fig. S3, ESIT). The precursor was shown
to have a strong affinity for graphene, probably arising from
their n-r interactions.’® This ensured that the liquid adhesive
precursor could spontaneously infiltrate with the base gra-
phene structure under interfacial tensions.

Structural and property analysis of an LIG solder

As expected, PHE-a could be directly converted into high-quality
LIG structures by 10.6 pm pulsed laser irradiation. X-ray
photoelectron spectroscopy (XPS) analysis showed that the
laser-induced product had a high carbon content of 95.7%
(Fig. S4, ESIY), far exceeding the theoretical carbon content of
82.8% of PHE-a. Under laser irradiation, the non-carbon ele-
ments in precursors would mostly recombine into gaseous
products and released rapidly. On the other hand, this resulted
in a run-through-macropore network structure as captured by
scanning electron microscopy (SEM) (Fig. S5, ESIT). The low
oxidation (4.3% O) of the product was also likely attributed to
the release of large quantities of gases that diluted the oxygen
content in the local air space and thus prevented the oxidation
of materials. The high-resolution C 1s spectrum further
revealed that most carbon atoms were bonded with sp* struc-
tures, reaching 66% (Fig. 2a), higher than the thermal-reduced
graphene oxide.”® The high content of sp> C pointed to the
formed graphene structure as identified by Raman spectra
(Fig. 2b). As shown, three characteristic peaks for graphene
located at 1351, 1585, and 2698 cm ' were detected and
assigned to D, G, and 2D peaks, respectively.”! The sharp G
peak had a full width at half maximum (FWHM) of 44 cm™*
(Fig. S6, ESIt), indicating a high graphitization level. Moreover,
the 2D peak was fitted as a single Lorentzian peak with a large
FWHM of 64 cm™" (Fig. S7, ESIT). This was characteristic of
graphene materials consisting of randomly stacked graphene
layers along the ¢ axis.*”
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Fig. 2 Characterization of the LIG solder structure. (a) High resolution XPS C 1s spectrum of the LIG solder. (b) Raman spectra and (c) XRD patterns of the
LIG solder and PHE-a. (d) A TEM image taken at the edge of LIG flakes; the scale bar is 0.1 um. (e) The wrinkled nanostructures of LIG solder; the scale bar
is 5 nm. (f) SAED pattern derived from d); the scale bar is 5 nm. (g) Correlation of solder thickness with the precursor thickness. (h) SEM images of LIG

solders that underwent different times of precursor infiltration and pyrolysis

; the scale bars are 20 um. (i) Density of original LIG, LIG-1, LIG-2, and LIG-3.

(j) Electrical conductivity and mechanical strength of different solder samples.

The multilayered structure of LIG solder was indeed con-
firmed by the X-ray diffraction (XRD) pattern, where a pro-
nounced (002) peak centered at a diffraction angle 20 = 26.0°
could be found (Fig. 2c). Accordingly, the interlayer spacing was
calculated to be ~3.4 A using the Bragg equation. Transmis-
sion electron microscopy (TEM) was employed to characterize
the nanostructure of the solder, and the large-size graphene
flake transparent to the electron beam could be directly
observed (Fig. 2d). Moreover, from the high-resolution TEM
image, the average thickness of graphene flakes was estimated
to be 3-4 atomic layers, with an average interlayer space of
~3.5 A, agreeing well with the XRD results (Fig. S8, ESIt). In
addition, wrinkled nanostructures were also found on the
surface of LIG solder flakes (Fig. 2e). The wrinkled feature
and the expanded interlayer space could result from the
instantaneous heating process and rapid release of gaseous
products.”® Finally, the electron diffraction pattern showed a
polycrystalline graphene structure of the LIG solder (Fig. 2f).>*

We further summarized the correlation between the pre-
cursor thickness and LIG solder thickness, aiming to provide a

5600 | Mater. Horiz., 2023,10, 5597-5606

reference for the practical welding experiment (Fig. 2g). The
LIG solder thickness was relatively easy to adjust by varying the
precursor thickness. In addition, based on the fusibility of the
adhesive precursor, we demonstrated an effective way to reg-
ulate the structures and properties of the LIG solder, namely,
precursor infiltration and pyrolysis - injecting the molten
precursor into the LIG solder skeleton and conducting laser
irradiation again. The solder that underwent the infiltration
and pyrolysis treatment was designated as LIG-X, where “X”
stood for the cycle of treatment. As shown in Fig. S9 (ESIt),
the thickness of the solder structure was slightly increased
after the multiple treatments. The morphology and Raman
analysis further suggested that both density and quality of
the solder were improved after the precursor infiltration
and pyrolysis (Fig. 2h and Fig S10, ESIf). For example, after
one, two, and three cycles of precursor infiltration and pyro-
lysis, the density of the LIG solder increased from the original
140 mg cm > to 260 mg cm ™3, 340 mg cm?, and 400 mg cm >,
respectively (Fig. 2i). Moreover, LIG-3 possessed a conductivity
of 6700 S m ™' and tensile strength of 7.3 MPa, which were

This journal is © The Royal Society of Chemistry 2023
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~270% and 720% of the original value, respectively (Fig. 2j and
Fig. S11, ESIf). Notably, such performance has already
exceeded that of most previously reported porous graphene
films (Fig. S12, ESIt). Overall, with the strategy of precursor
infiltration and pyrolysis, the properties of LIG solder could be
flexibly adjusted to match the base material, preventing the
welded part from becoming the weak part of the weldment.

Welding of porous graphene films

The confirmation of the feasibility of the PLW concept started
with the design of butt joint welding experiments for investi-
gating two key properties of resultant weldments: (i) mechan-
ical strength, which was responsible for the stability and
durability of welded structures in the application, and (ii)
electrical conductivity, which distinguished PLW from tradi-
tional glue bonding. The rectangular welding base materials
with the same size were cut from a free-standing porous
graphene film which was produced following the reported
research®® and had a thickness of 40 pm, a tensile strength of

View Article Online
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2.73 MPa, and a conductivity of 6600 S m™'. The series-
connected welding structure was adopted for the purpose of
maximizing the impact of solder properties on weldments.

In the tensile test, the direction of applied force was
perpendicular to the weld, and the mechanical strength theo-
retically followed the Cannikin law, dependent on the sample’s
weakest part. Hence, based on the location of the tensile
failure, it could be inferred whether the solder robustly con-
nected two individual components. Fig. 3a shows two kinds of
solders with different strengths for welding: the original LIG
solder of 1.96 MPa strength (case A) and LIG-1 of 3.97 MPa
strength (case B). During the PLW process, the precursor
thickness was controlled to match the solder and base structure
in terms of thickness (details are provided in the Methods
section), and a large weld width of ~6 mm was set to facilitate
the identification of the break location after the tensile test. In
case A, the average tensile strength of weldment was measured
to be 1.89 MPa, and the failure occurred in the solder, which
was caused by the lower strength of the solder than the base
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and SEM images of graphene films before and after PLW; the scale bar is 200 um. The red dashed lines are used to distinguish the solder structures and
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bars are 20 um. (f) Raman Ip/Ig mapping image of the junction part. (g) Cross-section SEM image and corresponding EDS mapping of the junction part of
Ni-solder and base structures; the scale bars are 5 um. (h) TEM image of the fusion region of the Ni-solder and base graphene structure; the scale bar is
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material while in the case B, the weldment was fabricated with
a stronger solder, and the fracture took place in the base
material. The tensile strength close to that of the base material
was thus measured, reaching 2.72 MPa. Notably, in both
welding cases, the welded junctions remained intact after the
test. This suggested that the strength of the welded junction
was superior to that of the solder and base materials.

Furthermore, the electrical performance of the weldment
was evaluated with the method of Volt-Ampere, in which the
current and the weld were also mutually perpendicular. Theo-
retically, if the LIG solder is well fused and connected to the
base materials forming robust and conductive graphene
junctions, then

Rw = 2Rp + R 1)

where Ry, Rg, and Rg are the resistance of the weldment, base
materials, and the solder, respectively. We note that the resis-
tance, R, can be calculated by R = L/(k-S), where L, k, and S are
the length, conductivity, and cross-sectional area of the mate-
rial, respectively. Substituting this in the above and assuming
that the weldment has a uniform cross-sectional size, we get

(kw — kB)/kB = (1 — kB/kS)/(ZLB/LS + kB/kS) (2)

where kg, ks, and &y denote the conductivity of base materials,
the solder structure, and the weldment, respectively, Lg denotes
the length of the base material, and Ls denotes the weld width.
Evidently, relative to the mechanical strength of weldments, the
apparent conductivity is affected by more factors, including not
just the joining quality and the conductivity of the solder and
the base material, but the weld width. To verify this, two groups
of experiments were performed where the base materials were
respectively welded with original LIG solder (kg/ks = 2.64) and
LIG-3 (kg/ks = 0.98), and the weld width was taken as the
variable. As shown in Fig. 3b, the experimental values coincided
well with the theoretical curves plotted based on the eqn (2).
This result practically indicated two noteworthy aspects. First
and foremost, PLW enabled the formation of a highly conduc-
tive junction between the solder and base structures. The slight
deviation from the theoretical forecast was likely caused by the
presence of connection defects and contact resistance. Sec-
ondly, with sufficiently narrow weld widths, the relative con-
ductivity loss of the weldment could be reduced to a negligible
level even if the conductivity of the solder was much lower than
that of the base materials. For instance, in the case of kg/kg =
2.64, the apparent conductivity of the resultant weldment was
only <10.0% lower than that of the base material as long as the
weld width was controlled to <7.3% of the base material size
(2Ly).

The origin of high mechanical robustness and electrical
conductivity of welded junctions was revealed through the
structural analysis of weldments. As shown, no obvious welding
defects were observed from digital and SEM images (Fig. 3c and
d). From high-resolution cross-section SEM views (Fig. 3e), a
region distinct from the solder and the base material could be
clearly identified. This region was attributed to the fusion of the
base material with the solder transformed from the infiltrated
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adhesive precursor; thus, it showed a denser and mechanical
interlock structure. Raman mapping images further indicated a
higher graphitization degree of the fusion structure (Fig. S13,
ESIYT). Generally, a larger Iy/I ratio signifies a greater degree of
disorder in the structures. As shown in Fig. 3f, the Ip/I; ratio of
the solder and base structure approximately ranged from 0.3 to
0.6, while the Ip/Ig ratio of the fusion region was found to be
lower at 0.2-0.4. This distinction was largely attributed to the
graphene structure-directing effect - the base graphene struc-
ture served as a template to catalyze the conversion of high-
quality laser-induced structures from pre-fused adhesive pre-
cursors under laser irradiation.*® Altogether, the denser, high-
quality, and highly integrated fusion structure was responsible
for the impressive physical performance of the welded junction.

Of note, due to the fact that the fused solder and the base
material were graphene materials with very similar sheet-like
nano-features, it was hard to detail the connection by distin-
guishing one from another. To address this, a Ni nanoparticle-
containing solder (Ni-solder) was adopted to form a hetero-
geneous junction for further uncovering the joining mecha-
nism between the solder and base materials. The Ni-solder was
introduced using a mixture of PHE-a and nickel acetylacetone
as the adhesive precursor. XRD result confirmed the nanocrys-
tal structure of Ni nanoparticles, and their even distribution in
the solder was characterized by TEM (Fig. S14, ESI{). The
uniform distribution of small-size Ni nanoparticles could be
attributed to the fast nucleation kinetics at laser-induced high
temperature and the ultrafast laser heating process that limits
the aggregation and growth of the particles.””*® Due to the
difference in the Ni content, the solder structure and fusion
structure could be visually distinguished by SEM-EDS (Fig. 3g).
Moreover, the connection details of the two could be clarified
through the high-resolution TEM image of the fusion region
(Fig. 3h). As shown, the solder structure contained abundant Ni
nanoparticles uniformly and densely decorated on the solder
flake, while the base structure was composed of only thin
graphene sheets. Consequently, a fine dividing line between
the solder and base structures could be identified based on the
distribution feature of Ni nanoparticles. Interestingly, some
parts of the fusion region were found to show overlapped
nanostructures, where solder flakes were overlaid on the base
structure. In addition, the continuous graphene flake with both
the solder and base structures could also be observed (Fig. S15,
ESI{). As such, we proposed that the PLW had enabled the
formation of two types of connection between the solder and
base materials (Fig. 3i): (i) Layer-to-layer welding structures, in
which graphene sheets of solder and base material were con-
nected via intermolecular forces; (ii) integrated welding struc-
ture, in which the solder structures were covalently bonded to
the base graphene.

Freeform graphene architectures constructed via PLW

Providing direct and rapid access to freeform architectures
represents the core function of the welding technique. Rather
than preparing graphene materials from GO or other specific
hydrocarbons as in conventional manufacturing, the welding
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approach focuses on rebuilding available graphene structures
into architectures with desired structural features through
material joining. PLW can therefore be regarded as a compa-
tible platform that bridges the capability gap between existing
graphene manufacturing methods to offer additional inte-
grated options in the 3D design and construction of graphene
materials. It is well known that graphene materials hybridized
with different functional components (such as metals,
semiconductors, organics, etc.) possess distinct physicochem-
ical properties like absorbance, catalytic activity, and zeta
potential.® Combining different characteristics into an inte-
grated complex graphene system is technically compelling
and has shown valuable in various applications.?*** For exam-
ple, assembling carbon materials with opposite ion preferences
into a single device has proven useful in hydro-voltaic
technology.®® In addition, integrating two graphene structures
with distinct semi-conducting behavior (n-type doped and p-
type doped) bears the potential to form graphene p-n junc-
tions, the elementary entities for many electronic devices.*®
Consequently, the integration capability of PLW, which pro-
vides strong viability in multi-level assembly and heteroge-
neous integration, may spark enormous renewed interest in
exploring the opportunities inherent in novel architectural
designs and is expected to play an important role in the present
and future research of graphene.

As a demonstration of PLW capabilities, we welded four
graphene films hybridized with elements of Ni, Cr, Al, and Fe,
respectively, into an integrated 2D puzzle (Fig. 4a). To the best
of our knowledge, the fabrication of such a macro lateral
graphene heterostructure has yet to be previously reported,
which is ascribed mainly to the limited construction ability of
traditional technologies. SEM views showed that the four
graphene films were well connected by the LIG solder. EDS
analysis further revealed that the four metal elements in the
puzzle displayed the separable feature, where each functional
region was connected and distinguished by the solder struc-
ture. Due to the customizable geometry and composition of LIG
structure, the solder could also serve as a unique functional
part of welded structures. As shown, a concentric pattern was
fabricated using a graphene hollow ring as the base material
and filling it with the N-doped solder (N-solder) transformed
from the melamine-containing adhesive precursor. XPS analy-
sis confirmed the ultra-high N-doping level in N-solder struc-
tures, reaching 13.4% (Fig. S16, ESI{). The N-solder was shown
to be hydrophilic (CA = 73.5°) due to the N-doping effect, while
the CA of the base structure was measured to be 152.2°. The
sharp change in surface wettability led to a Moses effect on the
surface of the weldment, where the water was resisted within
the boundary of N-solder structures.

PLW also offered a high degree of flexibility for designing
vertical heterostructures of graphene materials. One way was
called “lap welding,” where the solder integrated two films.
Two different graphene films were bonded face to face by the
adhesive precursor. Then the upper surface was exposed to the
laser irradiation to convert the precursor into the solder,
integrating them into a Janus film (Fig. 4b). Because the
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underlying film was hydrophilic and the upper one was super-
hydrophobic (Fig. S17, ESIt), the welded Janus film displayed a
self-floating performance on the water. Such Janus structures
have drawn substantial interest in solar energy desalination
and electrocatalysis.>”*®* SEM images clearly showed that the
two graphene films were seamlessly integrated by the solder. It
was worth noting that lap welding had rigid requirements on
the structure of the upper film. One obvious requirement was
the through-hole structure, providing the necessary channels
facilitating the release of gas products. Besides, the thickness
was preferably less than ~ 65 pm under our laser parameters so
that the laser-induced heat was able to conduct into the
precursor to drive its graphitization (Fig. S18, ESIt). Apparently,
the critical thickness of the upper layer was related to the laser
power, exposure time, and its thermal conductivity. Alterna-
tively, the other strategy towards the vertical heterostructures
was to utilize the LIG solder as the building block. Fig. S19
(ESIT) showed a three-layer graphene film fabricated by forming
Ni-solder and Fe element nanoparticles-containing solder (Fe-
solder) on a base film in sequence. SEM and EDS analysis
confirmed their successful integration and revealed a hier-
archic arrangement of chemical compositions.

What’s more, the architectural design of graphene enabled
by PLW was not limited to the planar structure; more complex
3D geometries were also allowed. To prove this, a hollow
cylinder which has attracted much attention in water purifica-
tion and desalination,*® and a M&bius strip with a topologically
four-dimensional structure,*® were produced by joining two
ends of the graphene film (Fig. 4c and Fig. S20, ESIt). Due to
the high robustness of welded graphene junctions, these two
welded shapes were stabilized despite the deformation pres-
sure. Although it was technically possible for such complex
structures to be fabricated via template-directed growth and
advanced 3D-printing methods, they were time- and energy-
consuming and had a high equipment requirement. The PLW
inherited virtually all advantages of the lithography manufac-
turing technique and avoided the need for inert gas protection
and complicated post-treatment, providing rapidity and sim-
plicity. On the other hand, the wall thickness of the welded
cylinder and Mobius strip was only ~40 um and could be
lowered by using thinner base graphene films. As a compar-
ison, the critical resolution of 3D-printing structures was
roughly 100 pm, which was limited by the diameter of GO-
based filament.*" This emphasized that the welding strategy
outperformed conventional routes in terms of the preparation
period/process and the structural resolution of products. Addi-
tionally, PLW was based on the planar graphene films as base
materials, whose hybrid-composite design and hierarchical
organization could be tailored on demand upon the strategy
we introduced above. Therefore, the opportunity space pro-
vided by PLW, for example, towards producing spatially
resolved 3D hetero-architectures and exploring related
potential applications, shows no boundaries.

Apart from the ability for graphene architecture construc-
tion, the PLW could also repair macroscopic graphene materi-
als and weld circuit boards. Due to the inherent brittleness of
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Fig. 4 Design and construction of various complex graphene architectures via PLW. (a) A 2D puzzle integrated with four disparate graphene films and a
concentric mosaic produced from a graphene hollow ring using N-doped solder; corresponding digital images, SEM image, EDS result, and water
contact angle; the scale bars are 400 um. (b) A Janus film integrated with two films, each with distinct morphologies and surface wettability; a digital
image of the Janus film on water; the corresponding SEM image and its enlarged version, the scales bars are 60 and 10 um, respectively. (c) A graphene
cylinder produced using a flexible graphene film as the base material; corresponding digital image; SEM image and its enlarged version, the scale bars are
500 and 200 pm, respectively. (d) A commercial printed circuit board with nine electronic components integrated by LIG solder; digital images of the

front and reverse sides of the circuit, the scale bars are 10 mm; SEM image of metal-graphene junction, the scale bar is 300 pm.

carbon matter, graphene materials were generally prone to
damage and could not be repaired until the PLW was devel-
oped. Fig. S21 (ESIt) showed that two typical macroscopic
defects of graphene materials, including cracks and notches,
could be repaired via PLW. I-V curves, electromagnetic inter-
ference shielding effectiveness (EMI SE) results, and SEM
images suggested that the structure and properties of damaged
graphene films were basically restored after the PLW process.
To demonstrate the capacity of PLW in circuit board welding,
we integrated nine electronic components on a commercial
printed circuit board with the LIG solder (Fig. 4d). SEM images
indicated that the solder was fully attached to the copper

5604 | Mater. Horiz., 2023, 10, 5597-5606

electrodes, forming an electrical pathway. As a result, light bulbs
in the system worked stably with the applied voltage. However,
frankly speaking, there is an evident performance gap between
our porous graphene solder and conventional metallic solders
(e.g, tin) in terms of conductivity and strength. Moreover, due to
the difference between Dirac-type carriers in graphene and the
Schrodinger-type carriers in metals, the weld contact resistance of
graphene solder is much higher than that of metallic solder.**
Nonetheless, considering carbon materials have excellent acid
and alkali resistance, corrosion resistance, thermostability, and
chemical stability, the graphene solder afforded by PLW might be
superior to the metallic solder for use in harsh environments.

This journal is © The Royal Society of Chemistry 2023
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Conclusions

We have developed a laser welding technique for macroscopic
porous graphene materials. Porous graphene films as base
materials were directly joined together under ambient condi-
tions by introducing a laser-induced graphene solder converted
from an adhesive precursor using pulsed laser irradiation. With
a strategy of precursor infiltration and pyrolysis, the properties
of the solder were tuned to match the base materials. Moreover,
the welded junction showed well-preserved electrical conduc-
tivity and higher mechanical robustness compared to the solder
and base structures. This mainly results from the denser and
interlocked structures through intermolecular forces and cova-
lent bonds in the fusion region of solder and base materials.
Furthermore, the capabilities of PLW in 3D graphene engineer-
ing were demonstrated through fabricating the structures of
technical challenges (e.g., complex 3D geometries of a hollow
cylinder and a M®dbius strip, lateral/vertical heterogeneous
structures). The manufacturing principle of PLW that takes
the porous graphene film structures as building blocks opens
enormous opportunities for designing graphene 3D architec-
tures with apparently limitless combinations of spatially
defined characteristics and functionalities. Besides, PLW could
also be used to repair macroscopic graphene materials and
weld circuit boards. We envision that these PLW capabilities
provide versatile tools aiding material researchers in creating
new graphene architectures and making more thoughtful use
of materials.
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