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A B S T R A C T   

In this study, a method has been developed to coat metal powder particles (Fe, 316L stainless steel and Cu) with 
graphene oxide (GO). The method is based on using a pH window where opposite zeta potentials cause the GO 
sheets to be attracted to the passive oxide layer of the metal powder surface and a rotary evaporator mixing to 
achieve good dispersion and control the concentration of GO. The pH-dependent interactions of GO and Cu and 
Fe metal powders in solution have been investigated by mixing the metal powder with GO dispersions between 
pH 4.2 and 11.3, and it could be observed that GO attached to the metal powder surfaces up to pH ~8 for both Cu 
and Fe. At lower pH the zeta potential of GO becomes less negative and oxidation of the metal becomes more 
prominent. Based on these observations, a pH window just below the IEP of the surface metal oxides was used to 
adhere GO on metal powders in a rotary evaporator with controlled GO concentrations and good distribution of 
the GO sheets which was verified with SEM and Raman spectroscopy mapping. X-ray diffraction and Raman 
spectroscopy has been used to evaluate the GO and the metal oxides. Some relevant powder properties were 
investigated before and after coating of GO. The reflectance of Cu powders in the near-infrared 1070 nm 
wavelength range was reduced by up to 66 %, depending on the amount of GO coating. Flowability measure-
ments showed that the flowability of the coated 316L powder could be improved significantly while the flow-
ability of pure Fe powder was relatively unaffected by the coating. The results show that GO coated metal powder 
can be useful in additive manufacturing processes using a laser powder fusion technique where low reflectance 
and high flowability are important.   

1. Introduction 

In recent years, surface modifying metal powders with graphene and 
graphene-like materials have shown increased research and industrial 
interest. Mainly as a strategy for distributing graphene-derivatives in 
metal matrix composites (MMCs), which have shown enhanced elec-
trical, thermal, tribological and mechanical properties. [1] Another, yet 
unexplored application of graphene-coated powder, is to improve the 
properties of the powder for various applications and consolidation 
techniques. For example, in powder bed additive manufacturing (AM), 
the flowability and spreadability of the powder material itself is very 
important to get a high-quality powder layer needed for printing. [2] 
Furthermore, the high reflectance of metal powders is another challenge 
for laser-based AM processes which can be reduced by attaching a high- 
absorbing material on the surface of the metal powder. [3] 

Some of the most interesting properties of graphene are apparent 

when the stacked layers are very few, and stacking too many of these 
graphene sheets together will change the properties to more graphite- 
like which is undesirable in most cases. Therefore, a simple and reli-
able method to obtain a homogeneous distribution of few-layer gra-
phene sheets on the metal powder is a very important process step. 
Crude dispersion techniques like ball-milling are most often used to 
disperse graphene (of varying thickness) in a metal powder. [4,5]. A 
problem with this approach is the potential introduction of defects in the 
graphene sheets and changes to the powder morphology which can be 
detrimental for any subsequent consolidation process and properties of 
the consolidated composite material. [6,7] 

An alternative method to synthesize graphene coated powder is to 
chemically functionalize the graphene sheets to the metal surface in 
solution. However, the interaction between pure graphene and metal 
surfaces is quite low. To achieve a stronger interaction graphene oxide 
(GO) or reduced graphene oxide (rGO) together with surfactants such as 
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polyvinyl alcohol (PVA) [8], cetrimonium bromide (CTAB) [9], (3- 
aminopropyl)triethoxysilane (APTES) [10] and polydopamine [11] 
have been utilized in previous studies. The additional surfactant in-
creases the number of steps during synthesis and also creates an addi-
tional layer around the powder which is often detrimental (e.g. leaves 
undesired impurities and defects) during the following consolidation 
techniques. GO itself is an intermediary product when manufacturing 
graphene from solution. This is done by oxidizing graphite, which fa-
cilitates subsequent exfoliation to single/few-layer GO. [12] The 
oxygen-containing functional groups such as hydroxyl and carboxyl can 
be partly removed to create rGO. 

In this paper, we will demonstrate an alternative method to coat a 
metal powder with GO or rGO by using electrostatic forces between 
negatively charged GO sheets and positively charged metal oxide sur-
faces. GO has a negative zeta potential, [13–15] which is the measured 
potential of a charged particle in solution after shielding of ions in the 
Stern and Diffuse layer. The zeta potential of GO becomes less negative 
at very low pH due to more of the functional groups being protonated 
[16], which can be used to reversibly alter the amphiphilicity of GO by 
adjusting the pH. [17] Most metals have a thin surface oxide at certain 
pH and potential intervals with much higher isoelectric points (usually 
> pH 5–6). [18] If we select a pH higher than the isoelectric point for the 
GO but lower than the isoelectric point of the oxide, there will be an 
electrostatic attraction between the negatively charged GO and the 
positively charged metal oxide surface. This concept has been investi-
gated by McCoy et al. [14] which used pH to achieve reversible 
attraction and repulsion allowing nanocrystalline Fe2O3 particles to 
adsorb on large GO sheets. As will be shown in this paper the concept 
can be used on a larger scale allowing GO to coat powder with larger 
particle size (> 20 μm). 

The aim with this study is to develop a facile and scalable process to 
coat metal powders with GO in solution based on electrostatic attraction 
and to study the effect of pH during the coating process. The pH was 
modified with a commonly available base to adjust the pH of as- 
synthesized GO dispersion before coating. Furthermore, some proper-
ties of the powder material which are important in metal AM such as 
flowability and reflectance of the coated powder have been measured. 

2. Experimental 

Fe powder (Alfa Aesar, 99.5 %, <10 μm), Cu (A) powder (Alfa Aesar, 
99.9 %, 10 μm), Cu (B) (Heraeus, OFHC, 15-53 μm) and 316L stainless 
steel powder (Sandvik Osprey, 90 % <22 μm) and graphene oxide, 
LayerOne 2.5 wt% and Graphenea 2.5 wt% (used for flowability sam-
ples) was used as received. Sodium hydroxide (NaOH, Fisher Scientific, 
97.95 %, pellets) and hydrochloric acid (HCl, VWR, 35 %) was used to 
adjust the pH of the dispersions. The zeta potential of the metal powders 
and GO (0.01 wt% dispersion) was measured at various pH with a 
Zetasizer Nano ZS (Malvern Panalytical) after 60 s of sedimentation of 
the metal powders and 5 min of ultrasonication of the GO dispersions. 

The mixing experiment was done by preparing 10 g of 0.01 wt% GO 
dispersion of pH 4.2 to 11.3 in separate vials, which were ultrasonicated 
(45 kHz) for 30 min. The concentration of 0.01 wt% GO dispersion 
corresponds to 0.1 mg/ml. For each GO dispersion, 5 g of metal powder 
was added and mixed for 60 s on a vortex plate, turning it upside down 
every 10 s. After letting the powder settle for 60 s, a photograph was 
taken, and the top solution was removed with a pipette and the settled 
powder was filtered, rinsed with deionized water and ethanol, and dried 
for 45 min in 70 ◦C for 45 min in air. Absorbance of the remaining GO 
dispersions after mixing was measured with an Ocean Optics spec-
trometer and the software Spectrasuite, with a Mikropack DH-2000-BAL 
deuterium and halogen lamp as light source. 

Rotary evaporator coating was done by diluting and adjusting pH GO 
dispersion so that 3:2 powder to GO dispersion weight ratio would meet 
the desired metal-GO concentration and pH. The GO dispersions were 
ultrasonicated (40 kHz) for 30 min before being mixed with the metal 

powders in a rotary evaporator at 90 rpm, ramping down to 150 mbar, 
55 ◦C and holding for 30 min, followed by 60 rpm rotation speed for 30 
min at 90 mbar, 30 min at 50 mbar and 90 min at 20 mbar. The powders 
were further dried in a vacuum oven for >24 h at 10 mbar and 60 ◦C and 
sieved below 56 μm. 

A Zeiss LEO 1530 field emission gun (FEG) scanning electron mi-
croscope (SEM) was used to analyze the morphology of the as-received 
and GO coated powders. X-ray diffraction (XRD) of powders was carried 
out using a D8 Bruker Twin-Twin, diffractometer, operated at 40 kV and 
40 nA using Cu-Kα radiation. Raman spectroscopy was done with a 
Renishaw InVia Raman microscope using a 532 nm laser, 50× magni-
fication lens and 0.5 % of laser power. 

To analyze flowability, metal powder was filled in a 100 ml cup using 
a vibrational feeder and a funnel, while excess powder was removed 
with a blade without densifying the powder. The powder was thereafter 
poured into a 100 mm diameter drum with glass lids on both ends and 
put into the Revolution Powder Analyzer (RPA, Mercury Scientific). A 
camera on one end and a light-source on the other end of the drum 
recorded the powder surface silhouette of 100 avalanches at a rotational 
speed of 0.5 rpm. Three tests were done for each powder composition, 
measuring surface fractal, avalanche angle, rest angle, break energy and 
avalanche energy. Reflectance measurement was done on Cu powder 
pressed against a black tape, using a Perkin Elmer Lambda 900 UV/VIS/ 
NIR spectrometer. Inspection of the powder coverage on the tape was 
performed using a Zeiss light-optical microscope. 

3. Results 

3.1. pH dependence of GO-metal powder interactions 

To determine a suitable pH-range for GO coating of Cu and Fe 
powders, zeta potential measurements as well as coating experiments 
were carried out on both types of powder. The zeta potential of particles 
in a liquid can be analyzed by measuring the scattered light at the same 
time as an alternating electric field is applied over the dispersion. 
Powder with large particle size sediments too fast and, therefore, the 
smaller Cu (A) and Fe powder was used for this measurement. The 
powders were mixed in solutions of various pH and the measurements 
were carried out on powder particles that stayed dispersed in the liquid 
after 60 s sedimentation. In Fig. 1, the results from the zeta potential 
measurement can be seen for the Cu (A) powder and GO sheets. High 
quality data from the Fe powder could not be obtained, most likely 
because of the powders agglomerating and sedimenting to the bottom 

Fig. 1. Zeta potential of Cu (A) powder and GO as a function of pH. The iso-
electric point for the Cu (B) powder is between pH 9 and 10, while GO has a net 
negative zeta potential at all measured pH. 
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too fast. For the GO sheets, the zeta potential is negative for all measured 
pH between 2 and 12, which is in agreement with literature. [14,15] The 
zeta potential becomes increasingly negative going from pH 2 to 7, but 
afterwards seems to increase slightly at higher pH. The zeta potential is 
positive for Cu (A) powder particles at up to pH 9, but becomes negative 
after the isoelectric point (IEP) between pH 9 and 10, which is in 
agreement with values in literature for Cu (hydr)oxides. [18] 

The results in Fig. 1 suggest that electrostatic attraction between 
negatively charged GO sheets and positively charged surfaces of the Cu 
powder could occur at pH <9. Therefore, it should be possible to coat GO 
sheets on the metal powder particle surfaces using electrostatic forces, 
assuming that the surfaces of larger metal powder particles show similar 
trends. The zeta potential of this Fe powder could not be measured, but 
values in literature show IEP between pH 8.3–9.5 for hematite and pH 
6.4–8 for magnetite [18], indicating that electrostatic attractive forces 
could occur between the Fe powder and GO sheets at pH values below 
these reported IEPs. In order to investigate the pH-dependent electro-
static interactions between metal powder and GO sheets. A series of 
mixing experiments was performed in vials using a vortex plate for 
mixing, where GO dispersions (0.01 wt%) of pH between 4.2 and 11.3 
were mixed with metal powders to 0.02 wt% GO compared to metal 
powder. 

The results from the mixing experiments for the Fe powder (<10 μm) 
is shown in Fig. 2. Row D shows the GO dispersions after ultrasonication 
at pH 4.2 to 11.3, where the color is yellowish and the differences are 
small between pH 4.2 to 8.0, but above pH 8 the dispersions become 
darker brown. Row E shows the GO dispersion and Fe powder after 
mixing. Between pH 4.2 and 6.5 the solutions have become clear, 
indicating that the GO sheets have been coated on the Fe particles and 
sedimented with those to the bottom of the vial. The solution at pH 7.3 
and 8.0 seem to be slightly darker, and from pH 8.9 and above, the 

solutions are still colored similar to row D, indicating that there are still 
significant amounts of GO sheets that have not attached to the Fe 
powder surface. The images in row E were taken directly after mixing 
and settling and thus, might not have the exact same lighting. Therefore, 
the solutions from row E were taken out and photographed together 
which is shown in row F where the color differences can be compared 
more easily. From row E it can be observed that the volume of the Fe 
powder after settling is larger between pH 4.2 to 8.0 compared to pH 8.9 
and above. The volume of the Fe powder seems to be correlated to how 
much GO is coated on the Fe particles and how much is left in the so-
lution. Absorbance measurements of the GO dispersions in row F are also 
shown in Fig. 2 b). 

Instead of using the Cu (A) powder for the mixing experiment. 
Another Cu powder (B), with a size range of 15–53 μm, was used because 
this size range is more relevant for applications in e.g. laser additive 
manufacturing and it can be assumed that this powder exhibits similar 
IEP as the smallest particles of the Cu (A) powder. It is also interesting to 
investigate the different dispersion behavior of differently sized powders 
in solution and how that affects the interactions with GO sheets. 

The results of the mixing experiments using the Cu (B) powder can be 
seen in Fig. 3. Similar trends can be observed for the Cu (B) powder as for 
Fe powder, and the solution becomes clear after mixing with Cu (B) 
powder at pH 4.2 up to 8.0, indicating that the GO have attached to the 
Cu surface. At pH 8.9 and above there seems to be a significant amount 
of GO left in solution, indicating repulsive electrostatic forces between 
GO and Cu. The same phenomenon regarding powder volume in solu-
tion after mixing could not be observed as clearly for the Cu (B) powder 
particles compared to the Fe powder, which is attributed to its larger 
particle size. 

To analyze the effect of the GO to metal powder ratio, a series of 
coating experiments was done with the same GO dispersion but with 

Fig. 2. a) Photographs showing coating experiments 
from pH 4.2 (left) to pH 11.3 (right). Row A: GO 
dispersed in aqueous solution (0.01 wt%) after 
ultrasonication for 30 min. Row B: After adding Fe 
powder to GO dispersion, mixing for 60s and letting 
the powders sediment for 60s. Row C: Solutions 
removed from row E with a pipette. b) Absorbance of 
the solutions in row C shown for pH 4.2, 6.5, 8.9 and 
11.3 (all solutions shown in S.I.). c) Absorbance from 
solutions in row C at 250 nm wavelength as a func-
tion of pH.   
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varying amounts of metal powder, which is shown in Fig. 4. The Cu (B) 
powder experiments were performed using a 0.01 wt% GO dispersion at 
pH 7.3 mixed with either 10, 5, 3.33 or 2 g Cu (B) powder, which equates 
to 0.01, 0.02, 0.03 and 0.05 wt% GO compared to Cu, respectively. In 
the top row it shows the Cu powder and GO dispersion after mixing and 
settling. The dispersions from the top row were removed with a pipette, 
put in another vial which is shown in the bottom row. For 10 g the 
remaining solution is completely clear, while the solution after mixing 
with 5 g Cu is slightly colored indicating that there is a minor amount of 
GO that has not been coated. For 3.33 g and 2 g Cu, solution after coating 
is significantly darker which shows that there is still free GO left in it. 

A similar experiment was performed with Fe but in 0.01 wt% GO 

dispersion of pH 5.8 and with either 5, 2, 1 or 0.2 g Fe powder (Fig. 4), 
which is 0.02, 0.05, 0.1 and 0.5 wt% GO compared to Fe, respectively. A 
similar trend as for the Cu (B) powder could be observed, as the 
remaining solution after mixing with Fe powder has darker color for 
lower Fe amounts. These experiments indicate that there is a point 
where the surface of the metal powder gets covered with enough GO that 
it inhibits or slows down subsequent attachment of more GO flakes to 
the metal surface. This coating concentration seems to be around 0.02 
wt% GO for the Cu (B) powder. But for the Fe powder, there is a more 
gradual darkening of the remaining GO solution from 2 to 0.2 g Fe (0.05 
to 0.5 wt% GO). This could be a consequence of the smaller Fe powder 
being agglomerated and not as easily dispersed. Therefore, an additional 

Fig. 3. a) Photographs showing coating experiments 
from pH 4.2 (left) to pH 11.3 (right). Row F: GO 
dispersed in aqueous solution (0.01 wt%) after 
ultrasonication for 30 min. Row E: After adding Cu 
powder to GO dispersion, mixing for 60s and letting 
the powders sediment for 60s. Row D: Liquid 
removed from row B with a pipette. b) Absorbance of 
the solutions in row D shown for pH 4.2, 6.5, 8.9 and 
11.3 (all solutions shown in S.I.). c) Absorbance from 
solutions in row C at 250 nm wavelength as a func-
tion of pH.   

Fig. 4. a) 10, 5.0, 3.3 and 2.0 g Cu powder mixed in 0.01 wt% GO dispersion of pH 7.3. b) 5.0, 2.0, 1.0 and 0.20 g Fe powder mixed in 0.01 wt% GO dispersion of pH 
5.8 and 0.05 wt% GO dispersion of pH 5.8 mixed with 5.0 g Fe. After mixing and settling of powders (top row) and remaining GO dispersion only (bottom row). 
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experiment was done with a 0.05 wt% GO dispersion of pH 5.8 and 5 g 
Fe, i.e. the same Fe/GO ratio as with 0.01 wt%. GO dispersion and 1 g Fe 
powder. However, the color of the remaining GO dispersion after mixing 
is much darker, indicating that more GO remains in solution, which 
indicates that not only the metal surface area/GO ratio is important, but 
also the volume of the GO dispersion compared to the amount of metal 
powder and time of mixing are important to consider. 

SEM micrographs of Fe and Cu (B) powder after mixing in GO so-
lution at pH 4.2 are shown in Fig. 5. Sheet-like structures, attributed to 
GO can be observed on the surface of the powder particles and bridging 
between particles. No peaks from oxides could be observed in the X-ray 
diffractograms of the Fe and Cu (B) powders before and after mixing 
with GO at any pH between 4.2 and 11.3 (fig. S5 in S.I.). Raman spectra 
of the Cu (B) and Fe powders from the GO mixing experiments are shown 
in Fig. 6. Characteristic D (~1353 cm− 1) and G (~1603 cm− 1) peaks of 
GO, as well as the overtone peaks in the 2650–3200 cm− 1 region [19], 
can be seen for both Fe and Cu (B) powders when mixed at pH 4.2 and 
pH 6.5. However, no peaks attributed to GO can be seen for powders 
coated at pH 11.3. At lower Raman shifts, peaks attributed to metal 
oxides can be observed. For Cu, the reference does not show any metal 
oxide peaks. At pH 11.3, the peak at ~299 cm− 1 can be attributed to 
CuO [20], while the powders coated at pH 4.2 and 6.5 show a much 
smaller peak at ~299 cm− 1. Additionally, peaks at ~149 cm− 1, ~217 
cm− 1 and ~ 540 cm− 1 appear which can be attributed to Cu2O. [20] The 
peak at ~627 cm− 1 could be attributed to both Cu2O and CuO. For the Fe 
powder, peaks attributed to Fe oxides peaks can be observed at ~665 
cm− 1 which could be attributed to either magnetite, maghemite and/or 
ferrihydrite. [21] 

3.2. Coating experiments in rotary evaporator with controlled GO 
concentration 

As was demonstrated in Fig. 4, mixing GO dispersions with metal 
powders and then filtering the powder has its limitations, such as con-
trolling the concentration of the GO coating on the metal powder. An 
alternative method of mixing the GO and metal powder is to use a rotary 
evaporator, where the GO dispersion and metal powder is mixed as the 
solvent is evaporated. This makes it possible to control the GO concen-
tration and disperse it evenly on the powder surface. Based on the pre-
vious results in Section 3.1, both Cu powders were coated at pH 6.5. SEM 
micrographs of the GO coated Cu (A) and Cu (B) powders are shown in 
Fig. 7. GO sheets can be observed on the metal powders in the form of 
wrinkles on the surface or sticking out from the powder particle. The 
sheets can also trap smaller particles and adhere them to a larger par-
ticle. These 2D sheet-like structures, attributed to GO flakes, could be 
observed on most of the powder particles. 

Raman spectra and X-ray diffractograms of the Cu (A) and Cu (B) 
powder coated with 0.1 wt% GO are shown in Fig. 8. Characteristic 
Raman bands of GO can be observed on the powders after coating, and 
have been discussed previously in Section 3.1. No changes can be 
observed in the diffractograms of the Cu powders after coating with GO 

in the rotary evaporator. However, the Cu (A) powder with higher ox-
ygen content shows a small peak at ~36◦ both before and after coating, 
which could be attributed to a Cu oxide. The Raman spectra of the same 
powders show that there is a peak at ~299 cm− 1 and ~ 627 cm− 1 in both 
the Cu (A) powder before and after coating, which can be attributed to 
CuO. [21] The as received Cu (B) does not show any oxide peaks, but 
after coating, peaks at ~149 cm− 1 and ~ 217 cm− 1 appear which can be 
attributed to Cu2O. [21] 

In order to further analyze the distribution of GO sheets after mixing 
with Cu powders in the rotary evaporator, Raman mapping was per-
formed on the Cu (B) powder (Fig. 9). The intensity shows the signal to 
baseline intensity in the range of the D and G peak (1000–1800 cm− 1) 
from different regions of the map. The resolution is good because there 
are large intensity variations in just a few microns. From the example 
spectra it is evident that even in low and medium intensity areas there 
are significant characteristic Raman spectroscopy D and G bands of GO. 
[20] This shows that GO is distributed on almost all of the powder 
particles. Some areas have higher intensities which can be due to better 
focus of the laser beam (due to the natural height variations of the 
powder bed) or because of some GO with more stacked layers which 
could give a higher Raman signal. 

3.3. Powder property measurements 

3.3.1. Reflectance of Cu powders 
A relevant property for Cu powders is reflectance, especially laser- 

based processes such as the additive manufacturing technique laser 
powder bed fusion (L-PBF), where powders are melted by a laser and 
fused together layer-by-layer. Cu has a very high reflectance at the most 
common laser wavelengths just above 1 μm. In Fig. 10, it can be seen 
that a GO coating can reduce the reflectance of Cu by a significant 
amount. 

As can be seen for the Cu (B) powder coated with 0.1 wt% GO, the 
reflectance is reduced above ~550 nm, compared to the reference. At 
~1070 nm, which is a common wavelength for a Yb fiber laser used in L- 
PBF, the reflectance was reduced from 61.2 % to 27,6 %. Similar re-
ductions could be seen for the coated Cu (A) powder. However, because 
the Cu (A) powder is smaller, it has a larger surface area per gram 
powder, and therefore requires higher wt% GO coating to achieve 
similar coverage and reflectance reduction. Additionally, the reflectance 
(at 1070 nm) decreased as a function of GO coating concentration, up to 
66 % reduction of the reflectance at 1.5 wt%. Larger reduction in 
reflectance per addition of wt% GO can be seen for lower 
concentrations. 

3.3.2. Flowability of Fe and 316L powders 
Because both Cu powders appeared to have sufficient flowability 

already. An investigation of the GO coatings effect on powder flow-
ability was instead performed on the Fe powder and a more industrially 
relevant Fe-alloy (316L stainless steel), which both showed poor flow-
ability in the as-received state. The 316L powder should have a similar 

Fig. 5. SEM micrographs of Fe and Cu (B) powder particles after mixing in GO solution at pH 4.2, showing GO on the surface of the metal powder particles (indicated 
with red arrows). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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zeta potential trend as the Fe powder, especially since the IEP has been 
reported to be between pH 7.9–10.3 for chromium (hydr)oxides [18], 
which get enriched on the 316L stainless steel surface. To also test the 
robustness of the coating technique, a GO from another supplier (results 
from characterization shown in fig. S2 in S.I.) was used. 

The dynamic flowability of these metal powders before and after 
coating (0.1 wt% GO) was investigated using a revolution powder 
analyzer (RPA). The resulting surface fractals, avalanche angles, rest 
angles, break energies and avalanche energies, are shown in Fig. 11. For 
the 316L powder, the surface fractal decreased by 58 % from 6.64 to 
2.81 and the avalanche angle was decreased from 63.5◦ to 51.2◦. Rest 

angle, break energy and avalanche energy was also decreased for the 
coated 316L powder compared to the reference. The difference between 
the coated and reference Fe powder is smaller compared to the 316L 
powder. A decrease from 4.31 to 4.11 could be observed for the surface 
fractal, while the avalanche angle was unchanged. The rest angle and 
break energy decreased while the avalanche energy increased for the 
coated Fe powder, due to the larger difference between avalanche and 
rest angle for the coated Fe powder. 

To analyze the effect of GO concentration on the flowability (results 
not shown), 0.05, 0.2 and 0.5 wt% GO coating was tested in the RPA for 
the 316L powder (42–43 % relative humidity). Similarly, 0.05, 0.1, 0.2, 

Fig. 6. Raman spectra of the Cu (B) and Fe powders before and after mixing with GO at pH 4.2, 6.5 and 11.3.  

Fig. 7. SEM micrographs of a) Cu (A) and b) Cu (B) powders coated with 0.1 wt% GO in rotary evaporator. Some of the GO sheets are indicated with red arrows. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 8. a) Raman spectra and b) X-ray diffractograms of Cu (A) and Cu (B) powders before and after coating with GO in a rotary evaporator.  

S. Tidén et al.                                                                                                                                                                                                                                    



Surface & Coatings Technology 444 (2022) 128644

7

0.5 and 1 wt% GO coating was tested for the Fe powder (<20 % relative 
humidity). No clear trends could be observed as a function of GO con-
tent, which could be an indication that only a small amount of GO is 
needed to improve flowability, and further addition of GO is less 
impactful. 

4. Discussion 

The results from the mixing experiments in Section 3.1, and subse-
quent SEM and Raman spectroscopy show that both Cu and Fe have a pH 
window where electrostatic attraction can occur between the metal 

Fig. 9. Raman spectra mapping of Cu (B) powder coated with 0.1 wt% GO in rotary evaporator. Mapping intensity is signal to baseline between 1000 and 1800 cm− 1 

as indicated by the vertical lines in the example spectra shown to the right from low, medium and high intensity areas. 

Fig. 10. Reflectance of a) Cu (A) powder at 1070 nm as a function of GO coating concentration, and b) Cu (B) powder with and without GO coating at wavelengths 
between 300 and 1200 nm, where reflectance of 61.3 % and 27.6 % could be observed at 1070 nm for the reference and GO coated powder, respectively. 

Fig. 11. Flowability data from the revolution powder analyzer test for reference and GO coated (0.1 wt%) 316L stainless steel powder (left) and Fe powder (right), 
comparing values of surface fractal, avalanche angle, rest angle, break energy and avalanche energy. 
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particle surface and GO sheets without severe oxidation of the powder 
surface. This enables the GO sheets to be coated on the powder particle 
surface, and can remain there even after filtering and washing of the 
coated powder particles. These experiments demonstrate the upper limit 
of the pH window quite clearly, as GO will not attach to the surface to 
the same extent when the zeta potential of the powder particles is near 
net negative, and will even repel the GO sheets at even higher pH. The 
lower limit of this coating pH window would not be limited solely by the 
electrostatic forces. 

The GO sheets become increasingly negative with higher pH until a 
certain point where the ion-concentration gets too high. This is because 
the functional groups of GO sheets ionize at different pH. Functional 
groups mainly attributed to carboxylic groups of two different envi-
ronments have been shown to have pKa values of ~4.3 and 6.6. These 
carboxylic groups are mainly situated on the edges of the GO sheets, and 
the phenolic groups on the basal planes ionize at pH 9. [15] Therefore, a 
greater electrostatic attraction could be achieved at higher pH values. 

Another factor which favors high pH during coating is oxidation of 
the metal powder surfaces. No oxidation could be observed from the 
mixing experiments in the XRD, but it was shown in Raman spectros-
copy. Based on the Pourbaix diagram for Cu [22] there is a passivating 
area for Cu above pH 7 where Cu2O, CuO or Cu would be the stable 
phase, depending on the redox potential. The environment during the 
coating experiments will of course be different, such as Cu-ion concen-
tration and cations from NaOH that were used to reduce the pH during 
these experiments. 

Where passivation would occur for Fe is more difficult to predict 
from the Pourbaix diagram, as depending on the redox potential it could 
be pH between 2 and 4 or all the way up to pH 8–10. [23] Either way, 
from an oxidation viewpoint, a higher pH would be preferential. 
Therefore, in order to minimize oxidation and maximize the difference 
in zeta potential. It would be ideal to coat GO on Fe or Cu slightly below 
the IEP. This could be generalized to other passive oxide layers on any 
other metals or alloys as well. 

When coating the GO in the rotary evaporator, there are several 
aspects to consider. Generally, a lower temperature and pressure should 
be used to minimize the oxidation of the powders during mixing and 
drying. The ultrasonication time and the effect of the lateral size of the 
GO sheets during mixing needs to be further investigated. Other aspects 
to consider are the Na+-ions in NaOH that were used to increase the pH, 
and are of course a potential contamination in the final material. But 
other methods have drawbacks too, such as using NH3 which could 
facilitate corrosion of for example Cu. [24]. The Raman spectra of the Cu 
powders coated with GO in the rotary evaporator (Fig. 8) showed that 
different Cu oxide phases could be present on the surface during coating, 
depending on the state of the as-received powder. This can have an effect 
on the zeta potential of the metal powders and could change the optimal 
pH for the coating process. Further studies need to be done to investigate 
how subsequent reduction of GO and potentially surface metal oxides 
affects the coating morphology. The rotary evaporator mixing technique 
can be scaled up to volumes needed for industrial processes. 

For the 316L stainless steel powder, the flowability was significantly 
improved with a GO coating compared to the reference, but the Fe 
powder only saw minimal changes. The results indicate that GO can 
improve the flowability of metal powders, but further studies are needed 
to investigate how the powder size distribution, powder morphology, 
oxygen content, lateral size of the GO sheets, as well as humidity in-
fluences the GO coating's effect on powder flowability. The GO coating 
could reduce the reflectance of the Cu powders above ~550 nm wave-
lengths, and there was an effect of decreased reflectance of the Cu (A) 
powders with increasing GO content. 

5. Conclusions 

In this study, the effect that the pH of the solution has on the in-
teractions between graphene oxide (GO) sheets and the passive oxide 

layers of both Cu and Fe metal powder surfaces have been studied. It was 
found that the difference in zeta potential enabled attachment of 
negatively charged GO sheets to positively charged metal powder par-
ticles with wide size variations when mixed in solution. To increase the 
zeta potential difference and maximize the electrostatic attractive forces 
while reducing oxidation, the coating of GO should be done just below 
the IEP of the passive metal oxide surface, which was found to be pH 
~6–8 for Cu and pH ~5–7 for Fe. These results were used to coat GO on 
metal powders in a rotary evaporator with controlled GO concentra-
tions. These powders showed improved flowability for a 316L powder 
while only minor differences in flowability for a Fe powder. It was also 
shown that the GO coating could be used to reduce the reflectance of Cu 
powders, and that the reflectance was decreased with increasing GO 
coating concentration. These improved powder properties could be used 
to address challenges in additive manufacturing techniques such as laser 
powder bed fusion. The rotary evaporation coating method shows 
promising results for producing large amounts of GO coated metal 
powders that can later be used in other consolidation techniques to 
create various (reduced)GO-metal composites. 
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