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Binder assisted graphene derivatives as lubricants
in copper: Improved tribological performance
for industrial application

Changjie Huang," Su Zhao,”? Ruigi Chen," Erik Johansson,” Muhammad Ageel,’ Uta Klement,’
Anna M. Andersson,? Mamoun Taher,? Vincenzo Palermo,’# and Jinhua Sun'’>*

SUMMARY

Originally derived from graphite, high-quality single-layer graphene is an excellent anti-wear and -friction
additive in metal matrix. Here, the tribological performance of 3 different commercialized graphene de-
rivatives (e.g., graphene oxide [GO], reduced graphene oxide [RGO], and graphene nanoplatelet [GNP]) as
additives in a Cu matrix, were investigated from an industrial perspective. To increase the interaction of
graphene derivatives with Cu particles, and addressing the aggregation problem of the graphene deriv-
atives, different binders (polyvinyl alcohol [PVA] and cellulose nanocrystals [CNC]) were introduced into
the system. Benefiting from such a strategy, a uniform distribution of the graphene derivatives in Cu ma-
trix was achieved with graphene loading up to 5 wt %. After high-temperature sintering, the graphene is
preserved and well distributed in the Cu matrix. It was found that the GNP-containing sample shows the
most stable friction coefficient behavior. However, GO and RGO also improve the tribological perfor-
mance of Cu under different circumstances.

INTRODUCTION

Our daily life relies on friction force, from taking a walk to accelerating vehicles. However, the modern society is also hampered by friction
forces, as various forms of friction cause up to 50% energy loss, which manifests itself as wear and tear." Lubrication is the solution to reduce
the friction and wear applied in industrial and household products. Liquid-based lubrication (e.g., oil and grease), the most popular industrial
method to reduce friction and wear, offers low requirements for the friction body.”* However, their implementation could be limited by com-
plex application designs and the intrinsic properties such as oxidation stability, viscosity, thermal stability, volatility, and flammability. In addi-
tion, the maintenance of liquid-based lubricants can result in high costs and interruption of the working machine. Solid lubrication, however, is
more stable for those types of applications and can be used in a harsh environment. It has been reported that micro and nano-sized particles
(e.g., Al,O3) could provide highly effective lubrication properties.” Graphite is one of the commonly used solid lubricant additives, with a low
price. However, it cannot work properly in a dry environment.” Graphene, a single layer of carbon atoms in a hexagonal pattern (one graphite
layer), shows surprisingly good tribological performance even under harsh conditions because of its easy shear capability on its densely
packed and atomically smooth surface.® In addition, due to its unique structure and extraordinary properties, graphene as additives can
further improve the performance of composite materials in terms of, for example, mechanical properties, tensile strength, thermal conduc-
tivity, electric conductivity, and anticorrosion properties.s'7

Usually, those extraordinary properties were demonstrated for single-layer graphene derived from exfoliated graphite.® For practical ap-
plications at industrial scale, the availability of large-scale single-layer graphene needs to be considered. In this regard, other graphene de-
rivatives, for example graphene oxide (GO), reduced graphene oxide (RGO), and graphene nanoplatelet (GNP) are more appropriate choices
considering that they are commercially available at relatively low prices, and at mass-production capacity.” Different graphene derivatives
have different properties, structures, and surface chemistries. For example, GO has more oxygen containing functional groups than RGO
and GNP, and GNP provides a higher shearing ability than GO.'® Therefore, the tribological performance of different graphene derivatives
in regard to their properties and structures needs to be investigated in order to identify suitable additive materials in composites aimed for
tribological applications.

For graphene-enhanced metal matrix composites, aggregation of graphene is a big issue, regardless of which graphene derivative is
used."" This holds true especially for Cu-graphene composites, where the issues are caused by the weak binding energy between graphene
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and Cu'? and also the agglomeration of graphene due to the strong van der Waals attraction, large surface areas and m— interaction.'*'* We
recently reported a surface modification strategy to controllably coat GO on the surface of Cu particles for anticorrosion application.'® Simple
mechanical mixing is not enough to achieve uniform distribution because of the poor interaction.'"’

A binder is usually introduced as an additional component to bind together two or more materials in the mixtures. For example, organic
binder poly (vinylidene fluoride) (PVDF) is commonly used as binder for the formation of cathode electrode film in battery industry.'® Apart
from PVDF, water-soluble binders are highly in demand in industry because of its sustainable and economically viable features. Polyvinyl
alcohol (PVA) is a typical water-soluble binder with hydroxyl groups that provide the hydrogen bond that increases the interaction between
graphene and other compounds.'? It has been demonstrated that by using PVA as a binder, carbon nanotube could attach better to
aluminum particles, achieving higher homogeneity.””*" However, the binding effect of PVA and other water-soluble binder materials on gra-
phene- and Cu-powder mixtures was barely investigated. A systematic investigation would here be interesting to understand the role of wa-
ter-soluble binders on the interaction of different graphene derivatives in a Cu matrix, and on the tribological behavior of such composites.

Here, the tribological performance of three different graphene derivatives, GNP, GO, and RGO, was systematically investigated as lubri-
cant additives in a Cu matrix. To prevent the agglomeration of graphene derivatives and increase their uniformity in Cu matrix, two water
soluble binders were introduced with the aim to increase the interaction between graphene derivatives and Cu matrix. In the presence of
optimized amount of binder, all three graphene derivatives are uniformly distributed in the Cu matrix even under a simple mixing procedure
with high graphene loading up to 5wt %. After high-temperature sintering, the graphene was preserved and well distributed in the Cu matrix,
as verified by scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), Raman mapping. The tribological performance of
three different graphene derivatives as additives in Cu was systematically investigated. Although the GO with smaller particle size shows bet-
ter homogeneity in Cu matrix than RGO and GNP, the GNP containing sample shows the lowest and most stable friction coefficient. However,
the GO and RGO can also improve the tribological performance of Cu. The wear tracks of GNP containing Cu shows the most uniform
morphology and nanostructure, which helps to understand the role of GNP in reducing the friction of Cu.

RESULT AND DISCUSSION

The morphology and nanostructure of the commercial GNP, GO, and RGO materials (graphene-related materials [GRM]) were examined by
SEM (Figures 1A=1C). The GNP flakes with large lateral size are composed by multilayer graphene (Figure 1A). Single layer graphene can be
also observed, but most are relatively thick graphite nanoplates in a broad range of thicknesses, from less than 1 nm to tens of nanometers.
The GO, on the other hand, is composed of completely exfoliated nanosheets, mainly of single-layer structure (Figure 1B), as evidenced by the
presence of the typical feature of graphene wrinkles. Different from the GO, the RGO sample contains large particles with a lateral size about
tens of micrometers, mainly due to the aggregation (Figure 1C). The chemical composition of the GO, RGO, and GNP was investigated by the
XPS and TGA (Figures S2 and S3; Table S1). As expected, the GO contains more oxygen containing functional groups than RGO and GNP.??

SEM images of the pressed GRM/Cu composite samples with 3 wt % graphene loading are shown in Figures 1D-1F and S5. The 3 wt %
graphene was first investigated with the aim to reach a certain amount of loading of graphene in the Cu composite to investigate the role of
the binder. All three different graphene derivatives show poor distribution in the Cu composites. This is mainly due to the weak interaction and
different surface chemistry between graphene and Cu.”® In order to increase the GRM-Cu interaction, the polymer-based binders (PVA and
CNC) (Figure S4) were introduced (Scheme 1).

Owing to the binding effect of both CNC (Figures 1G-11) and PVA (Figures 1J-1L), all three graphene derivatives show improved uniform
distribution in the Cu matrix. However, the sample with CNC showed a higher propensity for particle agglomeration, possibly due to the
hydrogen bonding inside the crystal during the drying,”* as can be indicated in the SEM images in Figures 1H and 11. The CNC crystals break
into smaller particles covering the surface of the Cu, and leading to higher porosity and brittleness of the composite. However, the introduc-
tion of PVA leads to more uniform distribution of graphene in the Cu matrix (Figures 11 and 1J). According to the cross-sectional SEM images,
one can observe that the PVA dispersed more uniformly between the Cu particles and the graphene, especially in the case of GO and RGO,
compared with CNC (Figure S7). With such consideration, PVA was chosen as the binder for further investigation.

To further understand the distribution of graphene in Cu matrix, the pressed GO@PVA@Cu, RGO@PVA@Cu, and GNP@PVA@Cu samples
were investigated by confocal Raman spectroscopy mapping. In agreement with the result obtained by SEM, the binary mixtures of Cu and
GNP, GO, and RGO, respectively, show aggregation and poor distribution of graphene in the Cu matrix (Figures 2A, 2C, and 2E). In contrast,
the addition of PVA significantly improved the uniformity of GNP, GO, and RGO in Cu matrix, as evidence by uniform color contrast indicated
by the peak intensity of G band (Figures 2B, 2D, and 2F). The appearance of typical D band and G band in single spectra of corresponding
samples confirmed the presence of different graphene derivatives, respectively (Figures 2G-2l). Both GO@PVA@Cu and RGO@PVA@Cu
show an intense D band at 1350 cm ™" due to the presence of defects and oxygen containing groups on GO and RGO. The intensity ratio
of the D band to G band (Ip/lg) represents the defect ratio in the graphene. The Raman spectrum of GNP@PVA@Cu shows a weak D
band and a strong G band with an Ip/lg of 0.09, indicating low defect concentration and low level of oxidation. The Ip/lg of RGO (1.38) is larger
than that of GO (1.07) due to the reduction of GO.?

The optimal content of PVA to increase the homogeneous distribution of graphene derivatives in the Cu matrix was further investigated in
pressed samples (Figure 3); the red arrow is used for marking the position of binder. Due to the different contrasts between C and Cu under
SEM, the graphene derivatives (GNP, GO, and RGO) with different morphology in the Cu matrix can be identified. The distributed graphene
embedded in Cu matrix shows the typical graphene morphology, which is consistent with the SEM images of pure graphene (Figure 1). As
more PVA was added, the Cu powder tends to stick to nearby Cu particles. Moreover, as increasing the content of PVA binder, a slight
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Figure 1. Effect of the binder on the morphology of the graphene derivatives containing Cu composites
SEM images of pure (A) GNP, (B) GO, (C) RGO; (D) pressed GNP(3%)/Cu, (E) GO(3%)/Cu, (F) RGO(3%)/Cu; (G) pressed GNP(3%)@CNC(2.8%)@Cu, (H) GO(3%)
@CNC(2.8%)@Cu, (IRGO(3%)@CNC (2.8%)@Cu; (J) pressed GNP(3%)@PVA(1.5%)@Cu, (K) GOB3%)@PVA(1.5%)@Cu, (L) RGO(3%)@PVA(1.5%)@Cu.

improvement of graphene distribution in Cu can also be observed in the case of GNP (Figures 3A and 3C). However, the incorporation of high
content of PVA (2 wt %) leads to agglomeration of GO and RGO (Figure S8E and S8l), due to the strong interaction between oxygen groups on
GO/RGO and the polar binder.”*?® Moreover, the incorporation of a high content of PVA might bring potential problems, for example the
formation of pores during sintering, caused by carbonization of PVA. In order to balance these impacts, the PVA content in the present study
was set as 1 wt % when the graphene content was 3 wt %, which provided decent density and reduced porosity. Correspondingly, the contents
of PVA were optimized as 0.5 wt % and 1.5 wt % when the graphene contents were 1 wt % and 5 wt %, respectively. Interestingly, the GO
particles breaks into small particles and become partially exfoliated in GO@PVA@Cu sample, as we observed during the sample prepara-
tion.”” As reported,” this was attributed to the diffusion of oxygen from the functional groups of GO into Cu, leading to the brittleness of
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Scheme 1. Schematic illustration of the preparation of graphene@binder@Cu and sintering of graphene@binder@Cu

GO. In addition, SEM showed that also GNP@PVA@Cu and RGO@PVA@Cu composites had smaller particle size than the pristine GNP and
RGO materials. This is because the mechanical mixing breaks the aggregated particles into smaller one. The smaller particles of graphene
derivatives could positively affect their distribution in the Cu matrix and thus improve the tribological performance. The images with higher
resolution are summarized in Figure S8.

To understand the thermal stability of graphene/Cu powder mixtures in the presence of binder, pure PVA, 5wt % GNP(GNP@PVA@Cu),
5wt % GO (GO@PVA@Cu), and 5wt % RGO (RGO@PVA@Cu) were analyzed by TGA (Figures 4A and 4B). Pure PVA shows major weight loss at
~300°C due to decomposition. This temperature is lower than the sintering temperature (above 900°C) of the Cu composite mixture, thus the
binder can decompose (with the release of gas) during the composite sintering process. The weight loss of GNP(5%)@PVA(1.5%)@Cu and
RGO(5%)@PVA(1.5%)@Cu at ~300°C is about 2% (note: the minor difference may be due to the absorbed water or the oxygen contenting
functional groups from the GNP) and 1.5%, respectively, which is similar to the loading of PVA. However, the GO(5%)@PVA(1.5%)@Cu shows
2% weight loss at 200°C and additional 1% weight loss from 200 to 400°C, the former corresponding to the thermal decomposition of unstable
oxygen-containing functional groups on GO,*" and the latter is related to the decomposition of PVA and GO. Negligible weight loss at 200°C
for GNP(5%)@PVA(1.5%)@Cu and RGO(5%)@PVA(1.5%)@Cu imply that both GNP and RGO have low oxygen content. During the thermal
treatment of GO(5%)@PVA(1.5%)@Cu, the released gas (e.g., COy) cause the formation of pores in the sintered GO(5%)@PVA(1.5%)@Cu (Fig-
ure S9). With such consideration, the RGO is a better choice as starting materials than GO as lubricant additives in Cu.

The crystalline structures of the final mixed samples in comparison with pure Cu were also evaluated by XRD (Figures 4C and 4D). GNP(5%)
@PVA(1.5%)@Cu, RGO(5%)@PVA(1.5%)@Cu, and GO(5%)@PVA(1.5%)@Cu all show the diffraction peaks of Cu at 43.28°, 50.40°, and 74.04°.

I5/15=0.09
I/l5=1.07
Dban‘d - :
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: L 1 L
1000 1500 2000 2500 3000
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Figure 2. The distribution of the graphene derivatives in the Cu composites investigated by Raman
Raman mapping of pressed (A) GNP(3%)@Cu, (B) GNP(3%)@PVA(1.5%)@Cu, (C) GO(B%)@Cu, (D) GO(3%)@PVA(1.5%)@Cu, (E) RGO(B3%)@Cu, (F) RGO(3%)
@PVA(1.5%)@Cu and the corresponding single Raman spectrum shown in the right side of the figure (G-I).
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Figure 3. The effect of the PVA loading on the distribution of the graphene derivatives in Cu composites
SEM image of samples with three different ratios between graphene and PVA binder.

(A-C) GNP(3%)/Cu sample with 1%, 1.5% and 2% of PVA.

(D-F) GO(3%)/Cu sample with 1%, 1.5% and 2% of PVA.

(G-1) RGO(3%)/Cu sample with 1%, 1.5% and 2% of PVA.

The presence of a diffraction peak at 26° in the XRD spectrum of GNP(5%)@PVA(1.5%)@Cu confirmed the presence of the GNP, consisting of
non-exfoliated multilayer graphene ([002] peak of graphite). However, no visible diffraction peak at 8-10° (GO[002] peak) or at 26° (RGO [002]
peak) can be observed due to the low loading and uniform distribution of GO and RGO particles (Figure 4D).*? Interestingly, Cu,O diffraction
peaks can be observed in the XRD pattern of GO(5%)@PVA(1.5%)@Cu, even in the simple powder mixtures. This was believed to be caused by
the transfer of oxygen from the oxygen functional group on GO to Cu, resulting in the oxidation of Cu. The micrometer-sized Cu particles tend
to be easily oxidized. This result further demonstrates that the GO may not be an ideal choice as starting material for Cu-graphene compos-
ites for tribology application.

The compressed GNP(5%)@PVA(1.5%)@Cu, RGO(5%)@PVA(1.5%)@Cu, and GO(5%)@PVA(1.5%)@Cu were sintered at 1025°C under Ar for
2 h. No significant structure change of the graphene component in the corresponding composites was observed after the sintering. The
RGO(5%)@PVA(1.5%)@Cu and GO(5%)@PVA(1.5%)@Cu showed an optimal morphology under such conditions. The RGO after reduction
is evenly distributed and embedded in the Cu matrix (Figures 5D-5F). However, under such sintering conditions, some of the Cu particles
are not sintered in GNP(5%)@PVA(1.5%)@Cu (Figure S10), indicating the temperature might not be high enough to sinter Cu in the presence
of GNP. This could be due to the good coverage of GNP on the Cu particles and large GNP flake size, preventing the Cu particles from
sintering.

The sintering quality of GNP@PVA@Cu improved with increased sintering temperature from 1025 C to 1050°C (Figures 5A-5C). This might
be due to the increased temperature resulting in faster diffusion of the Cu for the sintering. However, for GO@PVA@Cu and RGO@PVA@Cu
samples melting occurs at 1050°C, especially at higher graphene content of 3 and 5 wt % (Figures S10D-S10I). This might be due to the high
thermal conductivity of GO and RGO, resulting in improved heat transfer from graphene to Cu. The melted rod appears in the samples
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Figure 4. The thermal properties and structures of graphene derivatives containing Cu composites
(A) TGA of PVA, GNP(5%)@PVA(2%)@Cu, GO(5%)@PVA(2%)@Cu, and RGO(5%)@PVA(2%)@Cu powder mixtures; (B) zoom-in TGA curve of mixed samples; (C)
XRD of pure Cu, GNP(3%)@PVA(1%)@Cu, GO(3%)@PVA(1%)@Cu, and RGO(3%)@PVA(1%)@Cu, (D) corresponding magnified XRD region from 5 to 30° in 26.

(Figure S10), because the sintering temperature is close to the melting temperature of Cu, which lead to the drastic change of morphology of
sample even with increase of 25°C. Such structure will lead to lower hardness and the peeling off of graphene during the wear tests. The sur-
face graphene also appears to vanish for some samples like Twt % GO (Figure S10D). This may be attributed to the decomposition and sub-
sequent depletion of GO due to the high oxygen content and high temperature.

In agreement with the fracture surface, metallurgical microscopic images of GNP@PVA@Cu, GO@PVA@Cu, and RGO@PVA@Cu also
confirmed the homogeneously distributed graphene particles within the Cu matrix (Figure S11). Some pores can also be observed due to
the improper compaction. However, the interface between graphene and Cu is clear, and no new phase can be observed, indicating that
no reaction has been taken place during the sintering process. The SEM elemental mapping of GNP@PVA@Cu, GO@PVA@Cu, and
RGO@PVA@Cu show the uniform distribution of the graphene derivatives in the Cu matrix (Figures S12-514). As the loading of the graphene
increase, the content of C element increases for all GNP@PVA@Cu, GO@PVA@Cu, and RGO@PVA@Cu samples.

For higher graphene derivatives loadings (5%), more graphene derivatives between the Cu particles and on the surface of compressed
samples can be observed (Figures 5 and S10). However, the high loading could also cause agglomerations of graphene with poor distribution
in the Cu matrix, especially for GO and RGO at 5 wt % (Figures 5F and 5I).

The electrical resistivity of the sintered composites lies in a range of about 200 mQ (Figure S15). All samples are very conductive, similar to
the pure Cu reference. The electrical conductivity of the pure GNP powder is higher than that of both pure GO and RGO powders. After the
high temperature sintering, the GO and RGO component in the Cu composites have been completely reduced. Therefore, the resistivity of
sintered GNP@PVA@Cu, GO@PVA@Cu, and RGO@PVA@Cu is in the same range. The resistivity of GNP@PVA@Cu shows negligible change
after sintering. The density of the GNP@PVA@Cu, GO@PVA@Cu, and RGO@PVA@Cu is 7.05, 6.68, and 6.56 g/cm3, which is lower than that of
the pure Cu, due to the presence of the graphene and also the pores.

It is reported that 2D materials such as graphene, could achieve so called superlubricity,* and the incorporation of graphene into a metal
matrix has been considered as a strategy to improve the tribological performance. Here, standard pin-on-disc reciprocal test was conducted
to measure the frictional properties of the sintered Cu-graphene composites. The friction tests on all composites and reference pure Cu were
performed at 3N or 10N load and 10mm stroke length, for a 200m travel distance in total, at an average speed of 5 cm/s (Figure 6). The counter
surface used was chrome steel ball with 10mm diameter. For the sintered GO@PVA@Cu and RGO@PVA@Cu, the friction coefficient reduced
athigh graphene content of 5wt %, as compare with the pure Cu (Figure S17). Although the sintered GO@PVA@Cu with 5wt % GO shows low
friction coefficient, with an average of about 0.2, the curve is not very stable. The low friction is attributed to the uniform distribution of GO as
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Figure 5. The morphology of the sintered graphene derivatives/binder/Cu composites

Fracture SEM images of (A-C) GNP@PVA@Cu with different graphene content (1%, 3%, and 5%), pressed and sintered at 1050°C for 1h; (D-F) GO@PVA@Cu with
different graphene content (1%, 3%, and 5%), pressed and sintered at 1025°C for 1h.

(G-l) RGO@PVA@Cu with different graphene content (1%, 3%, and 5%), pressed and sintered at 1025°C for 1 h.

observed in SEM image, and the unstable performance could possibly be attributed to the presence of pores and the Cu,O formed during the
sintering process. A somewhat higher friction coefficient is observed for all RGO-containing samples. The reason is unclear at this point, but it
might be due to poor distribution of RGO. In contrast to the RGO- and GO-containing samples, the sintered GNP@PVA@Cu samples all
showed low friction coefficient (~0.2), even at 1wt % GNP loading. The stability improved with the increasing of GNP mass loading in the
samples. The GNP composed by multilayer graphene act as an efficient lubricant under the friction force. The average friction coefficient
of the GNP@PVA@graphene, GO@PVA@graphene, and RGO@PVA@graphene with three graphene loading (1 wt %, 3 wt %, and 5wt %)
in comparison with Cu are summarized in Figures 6D-6F. In comparison, the friction test of the sintered GNP@PVA@Cu samples were per-
formed under different loads (Figures S18 and S19). As the load increased from 3 N to 10 N, the average friction coefficient of both GNP (3%)
@PVA(1%)@Cu and GNP (5%)@PVA(1.5%)@Cu slightly increased. However, the overall friction coefficient is still lower than 0.35.

In literature, it is discussed that the remaining oxygen-containing functional groups in GO and RGO acts as another medium for lubrica-
tion, and could contribute to lowering the friction. However, the accumulation of frictional heat in the local contact area leads to the oxidation,
which prevent the dislocation created by the plastic deformation, and inducing high stress and great strain at the sub-surface,* leading to the
increase and instability of coefficient of friction (CoF). In contrast, the CoF observed in GNP-containing samples are comparable to, and even
more stable than, reported works.* The formation of graphene tribofilm in 5% of GNP sample is another important reason for the lower CoF,
as can be confirmed in EDS (Figure S16). The wear rate is another indicator to the tribology performance. Simply by observing the depth of
wear track and measuring the volume of the debris can one evaluate this property. Among all the samples, GO has the lowest wear rate, as it
has the lowest amount of debris and the shallowest wear track. In addition, we also found that as more graphene derivatives (above 5 wt %)
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Figure 6. The tribological performance

The frictional coefficient vs. Distance graph of (A) sintered GNP@PVA@Cu with different graphene content from 1%, 3%, 5%; (B) sintered GO@PVA@Cu with
different graphene content from 1%, 3%, 5%; (C) sintered RGO@PVA@Cu with different graphene content from 1%, 3%, 5%; all at 3N load. The average
friction coefficient of (D) GNP@PVA@graphene, (E) GO@PVA@graphene, and (F) RGO@PVA@graphene with three graphene loading (1 wt %, 3 wt % and
5wt %) in comparison with Cu, showing the everage value.

added in the Cu composites, the sintered sample have poor wear resistance due to the presence of the large sized graphene particles in the
Cu matrix leading to the poor sintering property.

SEM images showing the morphology and microstructures of worn surfaces are displayed in Figure 7. Spalling debris from the bulk ma-
terials and plowing microgrooves can be identified in sintered GNP(1%)@PVA(1%)@Cu sample after the wear test (Figures 7A and 7B). The
debrisis in the form of fine powder, with particle size around 1Tum. Both abrasive and adhesive wear can be observed in this sample. When the
GNP amount was increased to 3%, adhesive grooves (and a wider wear track) prevailed, and the grain appears. Smaller size of debris can be
observed. Moreover, the GNP track is elongated along the sliding direction® (Figures 7C and 7D), forming the tribofilm. When the GNP con-
tent further increase to 5%, debris and microgrooves disappear, and the exposure of GNP can be clearly observed. This can be also confirmed
by an increase in C content as measured by EDS (Figure S16). The exposure of GNP particles prevents the formation of oxide and leading to
the low and stable friction coefficient.”

In order to further investigate the microstructure of different type of graphene containing samples after friction test, the 3N wear track
morphologies of GNP(5%)@PVA(2%)@Cu, GO(5%)@PVA(2%)@Cu, and RGO(5%)@PVA(2%)@Cu were analyzed, as shown in Figure 8. There
are severe plastic deformations and cracks, perpendicular to the sliding direction, in both GO@PVA@Cu and RGO@PVA@Cu samples.
More debris are observed in GO@PVA@Cu sample, which is consistent with the previous result that the GO@PVA@Cu sample has lower bind-
ing strength. The mechanism leading to higher friction coefficient for RGO and less stable friction coefficient for GO might be that the crack
impedes the lubrication effects of graphene, rather than the sliding of graphene. In contrast, the layer structure in GNP plays the critical role in
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Figure 7. The wear track of sintered GNP@PVA@Cu with different binder loading
SEM images of the wear tracks of sintered GNP@PVA@Cu samples after tribological measurement under 3N load.
(A and B) sintered GNP(1%)@PVA(0.5%)@Cu, (C and D) GNP(3%)@PVA(1%)@Cu, (E and F) sintered GNP(5%)@PVA(1.5%)@Cu.

the lubrication effect, because it can easily slide to each other, whereas the defects (functional group in both surface and edge) in GO and
RGO further decrease the lubrication property. During wear test, the GO or RGO forms GO-adsorption film and a tribochemical film which
prevent the direct contact between the frictional object (the Cu matrix and the friction ball).?” The effect is minimized in GNP containing sam-
ples, and thus it shows the equivalent superlubricity as the surface lubricated by oil.*

Conclusions

In this work, we investigated and evaluated the tribological performance of three different commercialized graphene derivatives (e.g., GO,
RGO, and GNP) as additives in Cu matrix composites. To increase the interaction of graphene derivatives with Cu particles and while address-
ing the aggregation problem of graphene, different binders (PVA, CNC) were introduced into the system. The water soluble PVA shows better
binding function than CNC. The graphene derivatives benefit from the addition of PVA, and are evenly distributed in the Cu matrix even at a
high graphene loading of up to 5wt %. After sintering at 1025 or 1050°C, the graphene was preserved and well distributed in the Cu as deter-
mined by SEM, EDS, and Raman mapping. The tribological performance shows that the GNP(3%)@PVA(2%)@Cu sample sintered at 1050°C
for 1.5h has the lowest coefficient of friction and outperforms the GO and RGO containing samples. With this, the tribological properties of
graphene derivatives are better understood and it could be demonstrated that the combination of graphene derivatives and binder is prom-
ising for industrial application.

Limitation of the study

Further work needs to be done to measure the wear rate of the graphene containing sample to understand the anti-wear performance of the
sample. In addition, some advanced characterization for example perform the friction test under different conditions (different humidity and
temperature).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Copper powder Kebo AB Stockholm CAS: 7440-50-8

Polyvinyl Alcohol Sigma Aldrich CAS: 9002-89-5

Cellulose NanoCrystals Celluforce CAS: 9004-34-6

GNP Graphmatech AB https://graphmatech.com/
GO LayerOne https://www.layeronematerials.com/
RGO Graphmatech AB https://graphmatech.com/
RESOURCE AVAILABILITY

Lead contact

Further information and other requests should be directed to and will be fulfilled by the lead contact, Jinhua Sun (jinhua@chalmers.se).

Materials availability
This work did not generate new unique reagents.

Data and code availability
e All data reported in this paper will be shared by the lead contact upon request.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODAL AND STUDY PARTICIPANT DETAILS

This work did not include any experimental model or study participants.

METHOD DETAILS

Synthesis of graphene/Cu and graphene/binder/Cu composites

To prepare the graphene/binder/Cu composite mixtures, the binder (PVA or CNC) was firstly dissolved in the water, and then mixed with
copper particles in different ratios (from 1 to 3 wt%) using a mortar and pestle, followed by adding different graphene derivatives (Scheme
1). The mixtures were mechanically mixed until a uniform paste was obtained. The mixture was then vacuum dried at room temperature for
12h. For the different graphene/Cu composites mixtures, the same procedure was followed, just excluding the addition of the binder. A
H100 hydraulic press with die was used to press the samples into disk-shaped platelets. Ca. 1g as-prepared composite mixture was
pressed under a pressure of 5584 MPa. The compressed samples (green bodies) were sintered in a tube furnace at 1025°C or 1050°C
at 5°C/min heating rate for one hour under Ar. After cooling to room temperature, the sintered samples were obtained for further
characterizations.

Characterization

A JEOL JSM-7800F Prime scanning electron microscope (SEM) equipped with energy-dispersive X-ray spectroscopy (EDS) was used to
analyze the morphology, porosity, and the distribution of graphene in the copper matrix. Raman analysis was performed using a WiTec
alpha300 R (532 nm laser) spectrometer operating at low power. The aim was to confirm the existence and distribution of graphene after
sintering. X-ray Diffraction (XRD) (Bruker Discover D8) was used to characterize the graphene/Cu samples. Hardness (HV5) was
measured with a Struers DuraScan. Five measurements at an interval of 2 mm were taken for each sample, and the average hardness
were then calculated. Resistivity was measured using a standard four-point probe (2450 SourceMeter Keithley). Thermogravimetric anal-
ysis (TGA) (TGA/DSC 3+) was used to understand the thermal stability of the samples under Ar, and 5°C/min heating rate was used for
all samples. The equipment used for the tribology test is CSM Tribometer. The friction tests on all composites and reference pure Cu
were performed at 3N or 10 N load and 10mm stroke length, for a 200m travel distance in total, at an average speed of 5 cm/s. The
counter surface is chrome steel ball (AISI 52100 UNI 100C6) with diameter of 10 mm. The tribology test was performed under room
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temperature and ambient conditions (humidity: ca. 70%). The friction test was carried out at 3N, corresponding to 664 MPa Hertzian

contact pressure.

QUANTIFICATION AND STATISTICAL ANALYSIS

This article does not include statistical analysis.
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