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Abstract: Graphene and graphene oxide have shown good antibacterial activity against different
bacterial species due to their unique physicochemical properties. Graphene oxide (GO) has been
widely used to load metallic and metal oxide nanoparticles (NPs) to minimize their surface energy
during processing and preparation, hence reducing their aggregation. In this work, GO was effec-
tively synthesized and coated with different concentrations of zinc hydroxide Zn (OH)x using the
precipitation method to prepare a GO/Zn (OH)x hybrid composite. The Zn (OH)x NPs and GO/Zn
(OH)x nanocomposites were synthesized and characterized using various methods such as scanning
electron microscopy (SEM), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS).
Coating GO with Zn (OH)x NPs resulted in improved aggregation of Zn (OH)x NPs as well as en-
hanced antibacterial activity of GO against Gram-positive and Gram-negative bacteria. Additionally,
the effect of Zn (OH)x coating on the antibacterial properties of the GO/Zn (OH)x composite was
systematically investigated. The synergistic effects of GO and Zn (OH)x NPs resulted in enhanced an-
tibacterial properties of the composites compared to the pristine GO material. In addition, increasing
the Zn (OH)x wt. % concentration led to an increased inhibition zone of the GO/Zn (H)x composite
against Bacillus megaterium and E. coli bacteria.

Keywords: graphene oxide; zinc hydroxide; antibacterial activity; E. coli; nanoparticles

1. Introduction

There has been grown interest in the use of nanomaterials as antibacterial agents against
different bacterial species with the aim of treating and preventing bacterial infections [1,2]. The
unique chemical and physical characteristics of nonmetals can overcome antibiotic resistance
by initiating a leakage in the bacterial membrane cells [2,3]. Metals, metal oxide NPs, and
metallic NPS/graphene- or graphene oxide (GO)-based nanomaterials have been widely
tested against Gram-positive and Gram-negative bacteria due to their synergetic effects [4–7].

Carbon-based nanomaterials have been used in many applications, such as renewable
energy alternatives, energy storage, environmental sensors, pollution preventative material,
and as antimicrobial agents [8–12]. Graphene is a single layer of graphite, sp2-bonded
carbon, and a 2-dimensional material that can be molded into various structures with
unique physical, chemical, and mechanical properties [13–16]. In fact, graphene can be
chemically modified, and its physical and chemical properties can change [13,14]. Moreover,
graphene, graphene oxide, and reduced graphene oxide have all shown some antibacterial
resistance [4,17,18]. The antibacterial properties of graphene are improved even further
by oxidation, which results in graphene oxide, a product that includes significant oxygen
functional groups in its structure. These functional groups include carbonyl, carboxyl,
and hydroxyl, which make graphene oxide hydrophilic and negatively charged. The fact
that GO is able to form stable solutions in water results in GO solutions for versatile

Appl. Sci. 2024, 14, 6274. https://doi.org/10.3390/app14146274 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app14146274
https://doi.org/10.3390/app14146274
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-2487-885X
https://orcid.org/0000-0003-4641-9109
https://doi.org/10.3390/app14146274
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app14146274?type=check_update&version=2


Appl. Sci. 2024, 14, 6274 2 of 19

applications [19]. GO is also easily processed, low-cost, and mass-produced. Recently,
graphene oxide has shown strong antibacterial properties [20,21]. In fact, the presence of
oxygen functional groups in its structure makes GO excellent for antibacterial applications,
drug delivery, and decontamination. The cytotoxicity and good antibacterial properties
of graphene and GO can be attributed to different mechanisms, including oxidative stress
generated by charge transfer and reactive oxygen species (ROS), membrane stress caused
by the direct contact between the graphene (or GO) sharp edge and the bacterial membrane,
wrapping or trapping the bacteria cell membrane (by GO sheets), basal plane destruction
(defects in graphene), and photothermal effects [4]. Graphene and graphene oxide can also
chemically react with bacteria via oxidative stress and charge transfer mechanisms [18].
Oxidative stress is the most important factor in determining the antibacterial activity or
toxicity of graphene and GO [22,23]. In fact, the ROS of GO can damage the DNA and
cause mitochondrial dysfunction, hence leading to the inhibition of bacteria [24–26]. The
production of ROS leads to severe oxidative stress that can disrupt the cell by causing
RNA/DNA damage, disruption of protein production, and inhibition of enzymes [27–29].
There have also been reports attributing the strong antibacterial activity of GO to membrane
stresses caused by the sharp, thin edges of the GO nanosheets [7,30]. The destruction of
E-coli cells by direct contact with GO has already been reported in the literature [26].

Moreover, various metals and metal oxides such as Ag, Cu, TiO, CuO, and ZnO have
been reported to inhibit bacteria [27,31–34]. Zinc and Zn-based nanomaterials have been
commonly used for commercial applications such as cosmetics, sunscreen, semiconductors,
and food preservation [35–37]. The cytotoxicity and good antibacterial properties of metals
and metal oxides are attributed to the fact that they can inactivate proteins and enzymes
in bacteria via the binding of metal ions+ on the cell surface, forming reactive oxygen
species (ROS) and/or interfering with nutrient absorption and the cell structure [5,38].
In fact, the interaction between metallic ions and bacterial cell membranes can spoil the
metabolic activity of the bacterium by inactivating its cell [33,39]. The results reported in
the literature showed that the antibacterial activity of metal oxides against bacterial species
was attributed to the releases of toxic metallic ions that can kill the bacteria as well as to the
oxidative stress, damage of the cell membrane, inhibition of enzymes, lipid peroxidation,
and proteolysis [40].

Metal oxides such as ZnO NPs have been widely used in different applications and
received significant attention owing to their toxicity and potential risks to human health and
the environment [41–43]. However, the exact mechanism for its antimicrobial properties is
not yet fully understood. The development of ROS species, as well as electrostatic forces in
ZnO, can disrupt the cell membrane and hence inhibit a large variety of bacteria [27,44,45].
Consequently, the synthesis of more complex structures using ZnO and Zn (OH)x has been
a topic of interest for improving their properties. In fact, zinc oxide (ZnO) is a white powder
used in sunscreens, rubber products, and paints, while zinc hydroxide (Zn(OH)2) is a white
precipitate used in chemical reactions to form salts and water. Above all, hybrid structures
incorporating ZnO NPs and carbon are being heavily studied. For example, Zhoe et al.
successfully reported the synthesis of ZnO-rGO nanorods using zinc nitrate precursor,
which resulted in a hybrid material that exhibited a high performance of photocatalytic
degradation [46]. Other studies indicated that ZnO could effectively be combined with GO
to prepare nanocomposites with stable nanostructures such as nanorods, nano walls, sheets,
and nanoparticles [47–49]. Hydroxides have been widely used in different applications,
such as in solar cells [50] and supercapacitors [51]; however, the use of zinc hydroxide
(Zn(OH2)) in biological and health science applications is relatively novel. Interestingly,
(Zn (OH2)) exhibits good antibacterial and excellent physical properties, biocompatibility,
and biodegradability. The results reported in the literature showed that Zn(OH)2 exhibited
good antibacterial activity against Gram-positive bacterial strains. On the other hand,
layered zinc hydroxide has been briefly investigated for drug delivery-related applications.
The results reported by Nabipour et al. showed excellent antibacterial properties of layered
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zinc hydroxide, intercalated with amoxicillin trihydrate, against Gram-positive bacteria
Staphylococcus aureus, Klebsiella pneumonia, and Gram-negative Escherichia coli [52].

In this work, graphene oxide was effectively synthesized and coated with different
concentrations of zinc hydroxide to prepare a GO/Zn (OH)x hybrid composite using a
simple precipitation method/titration. In fact, there was no physical coating of Zn (OH)x
on GO substrates, such as when using the sputter coating method or other processes. The
coating of GO with different concentrations of Zn (OH)x NPs was performed using the
precipitation synthesis method used in the present work. The effect of Zn (OH)x coating on
the antibacterial properties of the GO/Zn(OH)x composites against bacillus megaterium and
E. coli bacteria was systematically investigated. It is anticipated that the Zn (OH)x NPs/GO
nanocomposite may show enhanced antibacterial activity compared to Zn (OH)x NPs or to
the pristine GO.

The main reason for using these bacteria in the present study is to observe the differ-
ence in behavior between the two different bacteria using a Gram-positive Bacillus species
that produces spores that belong to the same genus of serious pathogens to humans and a
Gram-negative Enterobacteriaceae/Escherichia coli as a standard coliform pathogen. There is
a structural difference in the cell wall of both bacteria tested. In fact, the focus of the current
study is not only on the antibacterial activity of GO and GO/Zb(OH)x nanocomposite
but also on their morphology and structural characterization. One of the main focuses
of the present manuscript is the synthesis of Zb(OH)x, which is novel. To the best of the
authors’ knowledge, there is not sufficient work reported on the antibacterial activity of
GO/Zb(OH)x nanocomposite against different bacterial species.

2. Experimental Section
2.1. Materials

Graphite powder, zinc nitrate tetrahydrate, and sodium hydroxide were purchased
from Fisher Scientific (Hampton, NH, USA). Potassium permanganate (KMnO4) was
purchased from ACROS. Sulfuric acid (H2SO4), hydrogen peroxide (H2O2), hydrochloric
acid (HCl), and sodium nitrate (NaNO3) were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Zinc nitrate tetrahydrate was purchased from was purchased from MP Biomedicals
(Irvine, CA, USA).

2.2. Synthesis of GO

Graphene oxide was synthesized using a modified Hummer’s Method. A mixture
of graphite powder (3 g), sodium nitrate (1.5 g), and sulfuric acid 969 mL was prepared
and chilled in an ice bath until it reached a temperature of 4 ◦C while being stirred mag-
netically [53]. After the mixture was adequately chilled, 9 g of potassium permanganate
was added at a rate of 0.5 g/min. Once the KMnO4 was completely added, 138 mL of
deionized water was added dropwise while ensuring the temperature did not go over
60 ◦C. Next, the solution was heated to 98 ◦C for 15 min and allowed to chill to room
temperature. Afterward, hydrogen peroxide (3 mL) and 400 mL of deionized water were
added to the mixture. Finally, the solution was vacuum-filtered and washed twice with
deionized water and once with acetone. The final product was dried in a furnace oven for
24 h at a temperature of 90 ◦C.

2.3. Synthesis of GO/ZnOH Composite

GO (1 g) was uniformly dispersed in 1 L of deionized water by magnetic stirring for
30 min. Zinc nitrate tetrahydrate was then added to the GO solution. A 0.1 M solution of
NaOH was also prepared by dissolving NaOH pellets in 100 mL of DI. The 0.1 M NaOH
solution was then added dropwise using a pump. After the titration was finished, the
solution was heated to 98 ◦C for 2 h. The solution was magnetically stirred throughout the
entire process. Finally, the solution was centrifuged, washed twice with DI, and washed
once with acetone. The precipitate was left to dry overnight at 80 ◦C in a furnace oven. The
amount of Zn (NO3)2 and NaOH was added accordingly for the varying concentrations.
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2.4. Characterization of GO/Zn(OH)x Composite

The morphology of the GO/Zn (OH)x nanocomposite was investigated using a Sigma
VP Carl Zeiss scanning electron microscope (Carl Zeiss, White Plains, NY, USA). The
samples were sputter coated with a thin layer of gold and palladium using Denton’s Desk
V deposition system.

Energy Dispersive Spectroscopy (EDS) (EDAX, Mahwah, NJ, USA) was used to ana-
lyze the elemental composition of the nanocomposite. Elemental mapping and EDS spectra
analysis were used to observe C, O, and Zn in the samples.

The crystal structure of the synthesized GO and Zn (OH)x nanoparticles was examined
by XRD. A Bruker D2 powder X-ray diffractometer was used with a Co source (Kα 1.789 Å).
The XRD was filtered using an iron film. The data were collected in 2θ from 5 to 75◦ with a
count time of 5 sec and a step of 0.05◦ in 2θ.

The antibacterial activity of the GO/Zn (OH)x nanocomposite was evaluated against
Gram-positive bacteria B. megaterium and Gram-negative bacteria Escherichia coli. The Kirby
Bauer disk diffusion method was used as standard. A 100 µL suspension of bacteria was
injected onto an agar plate. The bacterial solution of 100 microliters transferred to each
petri dish contained approximately 2 × 106 viable cells, where a sufficient amount was
added to produce a lawn on the surface of the Milton Hilton agar. This amount gave visible
clear zones of inhibition. The number of cells applied to the plates was confirmed by the
ten-fold dilution method. The bacteria were spread out evenly on the plate using a sterile
L-shaped glass rod; the NPs were placed on the surface of the plates using sterile forceps.
Finally, the agar plates with NPs were left in an incubator at 37 ◦C for 48 h.

3. Results and Discussion
3.1. Morphology

Figure 1A shows the morphology of the GO, which appears to have some platelets
present in the image and some large ball-like cluster structures. It is also observed in
Figure 1A that some very thin sheets are present on the top left of the image, showing
the typical crinkled sheets of graphene oxide. The modified Hummer’s synthesis method
has shown similar results [19,54]. Shahriary et al. reported folded ultra-thin films with
crinkled edges [55]. Figure 1B shows the decoration of 25% Zn (OH)x on the GO sheets.
The appearance of the 25% ZnO-GO composite shows a structure that is very similar to that
of the GO, with the presence of large ball-like clusters, and some small plate-like structures
are also present. The SEM image of the 50% Zn (OH)x GO composite sample (Figure 1C)
shows a broken sheet-like structure. There are some bright spots present on the sample,
which are visible NPs on the surface of the GO sheets, which may be due to the readiness
of preferable sites for the growth of Zn(OH)x [47]. Alternatively, the precipitation of the Zn
(OH)2 on the surface may be large particles/more crystalline and may be clustered. The
75% Zn (OH)x-GO composite material (Figure 1D) shows a structure similar to that of the
50% Zn (OH)x-GO composite/broken sheet structure. In addition, the edges of the broken
sheets in the layers are visible on the surface, as are the small clusters of the Zn (which are
the bright spots).

In fact, different samples are shown in Figure 1. The SEM image of the GO without Zn
(OH)x is shown in Figure 1A, while the SEM images of GO coated with 25%, 50%, and 75%
of Zn(OH)x are shown in Figures 1B, 1C and 1D, respectively. One would expect that the
morphology of the GO will change as it reacts with Zn and OH ions. However, in all the
samples, one can see some plate-like structures indicating the existence of graphene oxide.
Figure 1A shows the graphene oxides extracted from the solution. In fact, the extracted
graphene oxide from the solution would then be reacted with Zn and OH, where we would
probably lose the smaller particles, and some digestion of the GO would happen to change
the appearance somewhat. The possible digestion and loss of the smaller particles of GO
would be to larger extents as the Zn and OH concentration was increased or the amount
of Zn and OH increased. Thus, one would expect more large visible structures after the
reaction of GO with higher concentrations of Zn and OH.
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3.2. Elemental Mapping

The elemental mapping and EDS analysis were performed on the GO/Zn (OH)x
nanocomposite to investigate the elemental composition/homogeneity of the samples.
Figures 2–5 show the EDS mappings of the non-coated GO and GO/Zn (OH)x composite
materials. As can be seen in Figure 2, the C and the oxygen are homogeneously mixed
throughout the samples, indicating a good oxidation of the graphite to form the GO.
The EDS mappings of the 25% GO/Zn (OH)x composite (Figure 3) show a homogenous
distribution of the C, O, and Zn throughout the sample. The EDS results of the 50% and
75% Zn (OH)x composites (Figure 4) again show a homogenous distribution of the C, O,
and Zn in both samples. The homogenous mixture of the C, O, and Zn throughout all the
composite samples indicates the presence of either a coated sample or a composite material.
The results of the EDS analysis are shown in Table 1. The 25% Zn (OH)x composite shows
that 14% of the sample was Zn. The 50% Zn (OH)x composite showed that the sample has
a 37 wt.% of Zn present, while the 75% Zn (OH)x sample showed a 31 wt.% of Zn. The
observed leveling-off from the Zn concentration in the 50 and 75% samples may be due to
the surface site available for Zn binding on the GO.
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Table 1. EDS results of non-coated GO and GO coated with 25, 50, and 75 wt.% of Zn(OH)x.

Sample Element (Shell) Weight (%) Atomic (%) Net Int. Error (%) Kratio Z A F

GO C(K) 58.24 65.01 637.70 3.86 0.48 1.02 0.81 1.00

O (K) 41.76 34.99 351.20 7.88 0.17 0.97 0.43 1.00

GO-25% Zn (OH)x C (K) 58.88 71.86 593.00 5.73 0.39 1.06 0.62 1.00

O (K) 27.34 25.05 253.90 8.39 0.11 1.00 0.40 1.00

Zn (L) 13.77 3.09 121.60 3.24 0.09 0.72 0.95 1.00

GO-50% Zn (OH)x C (K) 33.93 54.48 410.00 7.96 0.16 1.15 0.40 1.00

O (K) 28.59 34.46 595.20 7.28 0.15 1.09 0.48 1.00

Zn (L) 37.47 11.06 607.50 2.78 0.27 0.78 0.93 1.00

GO-75% Zn (OH)x C (K) 40.89 60.69 654.60 7.47 0.21 1.13 0.45 1.00

O (K) 27.56 30.71 650.40 7.48 0.13 1.07 0.45 1.00

Zn (L) 31.54 8.60 614.40 2.69 0.23 0.77 0.94 1.00

3.3. X-ray Diffraction

Figure 6 shows the XRD pattern of the synthesized graphene oxide and the GO/Zn(OH)x
nanocomposite materials (A). The diffraction pattern of the synthesized graphene oxide shows
a typical diffraction pattern of GO. The expansion of the graphite lattice along the c-axis causes
the graphite 002 peak to shift and become the GO 001 peak located at 11.68 in 2θ [56,57]. This
is a consequence of the oxidation of the surface of the layers in the graphite, which caused
expansion of the c-axis in the crystal (the 002 plane in graphite); as the expansion is large,
the 002 peak moves lower in diffraction angle, which indicates an increase in the interplanar
graphite spacing and for some reason, it is named the 001 peak [57–59].

Figure 6B shows the Le Bail fitting of the graphene oxide sample, which shows a good
agreement between the literature and the fitting results, as indicated by the low χ2 value
in Table 2 of 1.13. Also, there is evidence of the presence of some residual graphite in the
sample after synthesis, as is evidenced by the small peak at 31.26 in 2θ [53]. It can be seen
in Figure 6B that the synthesized GO/Zn (OH)x composite materials exhibit a diffraction
pattern consisting of numerous peaks. The composition of the GO/Zn (OH)x composite
samples was determined to be a combination of three components, which were graphene
oxide, ϵ-Zn (OH)2, and Zn5(OH)10 2H2O. In addition, it should be noted that the GO peak
has shifted to a slightly higher diffraction angle, which indicates a slight compression in
the length of the C-axis. The compression of the C-axis of the crystal is also evidenced by
the small shift in the diffraction pattern for the GO 001 peak from 11.68 to 12.78 ◦ in 2θ.
This change in the diffraction angle indicates a 0.4 Å decrease in the interplanar spacing
of the graphene oxide. This compression of the structure may be due to the removal of
smaller pieces of graphene oxide after the reaction with the Zn2+ and the OH− ions in the
solution. Alternatively, it may be caused by the fact that some of the groups changed after
the reaction, causing the planes to come closer together.

Table 2. Results of Le Bail fitting of GO, Zn-75-GO, and graphite.

Sample Phase Space Group a (Å) b (Å) c (Å) α (◦) β (◦) γ (◦) χ2

Zn-75-G.O. Zn5(OH)102H2O C2/c 15.32 (3) 6.10 (1)0 10.96 (2) 90.00 99.10 90.00

2.03ϵ-Zn (OH)2 P212121 4.18 (5) 5.04 (8) 8.52 (4) 90.00 90.00 90.00

G.O. P63mc 2.48 (4) 2.48 (4) 16.62 90.00 90.00 120.00

Graphene Oxide G.O. P63mc 90.00 90.00 120.00 1.13

Graphite P63mc 2.45 (3) 2.45 (3) 6.64 (9) 90.00 90.00 120.00
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The composition was determined using the Le Bail fitting procedure in the Fullprof
software (Version 5.10) and crystallographic data from the literature [60]. The Le Bail fitting
of the GO/Zn (OH)x−75 is shown in Figure 6C and the results of the fitting are presented in
Table 2. The Le Bail fitting had a χ2 of 2.03, which indicates a good agreement between the
literature values and the experimental data [26,59,61,62]. The lattice values are also within
a reasonable error of the literature crystal structures.
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3.4. XPS Results

Figure 7A–D show the C 1s XPS spectrum of the GO/Zn (OH)x samples with different
Zn (OH)x concentrations of 0, 25, 50, and 75 wt%, respectively. The C1S XPS results
showed a peak centered around 285.7 eV, which was deconvolved into three separate peaks
located at 284.2, 285.7, and 287.7. These peaks represent the C-C/C=C, the C-O, and the
C=O coordination environments [63,64]. No large changes were observed in the binding
environment of the graphene oxide, indicating that the Zn is not directly attached to the
carbon in the graphene oxide sheets.
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Figure 8A–D show the O1S XPS spectrum of the GO/Zn (OH)x samples with Zn
(OH)x concentrations of 0, 25, 50, and 75 wt.%, respectively. The O1 spectra showed a
peak centered around 523 eV, which was deconvolved into three peaks located at 531.3,
532.4, and 533.2 eV for the GO sample. These peaks were consistent with the binding
environments for the C-O, OH, and C=O, respectively. The XPS results in Figure 8A are
consistent with those reported in the literature on graphene oxide. Interestingly, when
the main peak of the O1 spectra was deconvolved for each of the GO/Zn (OH)x samples,
a slight shift in the peak was observed with changing Zn (OH)x concentration. For the
GO/Zn (OH)x sample with 25 wt.% concentration, the O1S spectrum was deconvolved into
three peaks located at 531.5, 532.5, and 533.2 eV, which were consistent with O-Zn/O-H,
C-OH, and C=O binding environments [63,64]. The O1S peak of the GO/Zn (OH)x samples
with 50 and 75 wt.% of Zn(OH)X (Figure 8C) was deconvolved into two individual peaks
located at 531.9 and 534.1, which were consistent with Zn-OH and C-O/C=O binding
environments [65,66].
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Figure 9A–C show the Zn 2P3/2 and Zn 2P1/2 XPS spectra for the GO/Zn (OH)x
samples with different Zn (OH)X concentrations of 0, 25, 50, and 75 wt%, respectively.
The Zn 2P showed two peaks centered around 1022.4 and 1045.7 eV, representing the Zn
2P3/2 and Zn2 P1/2 binding energies, respectively. The Zn2 P3/2 peak was deconvolved
into two peaks, which were centered around 1022.2 and 1024.5 eV. The two Zn2P3/2 peaks
indicated that the Zn is present as the Zn2+ and is bound to an oxygen ligand on graphene
oxide [67,68]. It is well-known that the shifts in XPS peaks are common due to many
factors, such as a metal binding to a specific site or complex formation or the formation
of nanoparticles and size, and the latter is a well-known contributor to binding energy.
Interestingly, the shifts away from the peak observed for the GO indicate that the oxygen
functional groups are involved in the binding of the Zn2+ ions to the GO [69,70]. In fact,
shifts in the O1s spectrum, up to 534 eV, have been observed in the literature for transition
metals bound to graphene oxide as well as in the formation of Zn(hydroxy)oxide–GO
composites [71].

The results reported by Kumar et al. showed that the binding of Zn onto biochar had
a binding energy of 1024 eV in aged biochar, indicating that the binding occurs through an
oxygen moiety [72]. The attachment of the Zn to the graphene oxide is through the oxygen
on the surface, which was indicated in the appearance of the O-Zn bond observed in the
O1S spectrum. The Zn 2P1/2 spectrum represents the same information as in the binding of
the Zn-O on the graphene oxide surface (1047.5 eV) and the presence of the Zn-OH located
at (1045.2 eV).
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3.5. Antibacterial Performance

To observe their effectiveness as antibacterial agents, GO/Zn (OH)x nanocomposite
with various amounts of Zn (OH)x coatings was evaluated against both Gram-positive
B. megaterium and Gram-negative E. coli bacteria. The disk diffusion method was used to
observe the inhibition zone of the GO/Zn (OH)x nanocomposite with different concentra-
tions of Zn(OH)x. In this method, the samples were placed on agar plates with the bacteria
and incubated for 48 h at 37 ◦C. The size of the inhibition zone was measured using the
ImageJ software (version 1.53t). The resulting inhibition zone growth can be observed in
Figure 10A–D and Figure 11A–D, respectively.

The results in Figures 10 and 11 show clearly that the GO/Zn (OH)x composites
inhibited the growth against both E. coli and B. megaterium bacteria. The inhibition zone
growth capacity after 48 h of the GO/Zn (OH)x nanocomposite samples with 0, 25, 50,
and 75 wt. % of Zn (OH)x against Gram-positive, B. megaterium bacteria (Figure 10) was
43.67, 47.07, 69.79, and 77.01%, respectively. The antibacterial activity results (Figure 11)
of GO/Zn (OH)x nanocomposites against Gram-negative E. coli showed inhibition zone
efficiency of 19.07, 33.44, 53, and 57.47% for 0, 25, 50, and 75 wt. % Zn (OH)x coating
concentrations, respectively.
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The antibacterial efficiency of GO has been reported previously to show good antibacte-
rial activity against E. coli [17]. Our antibacterial activity results shown in Figures 10 and 11
are similar to those reported on Al/GO composite against Gram-negative strain E. coli [73]
and Ag/CuO/GO nanocomposites against Gram-negative strain E. coli and Gram-positive
S. aureus [74]. In fact, the results shown in Figures 11 and 12 confirm that the Zn (OH)x
coating improved the antibacterial activity of GO against B. megaterium and E. coli bacteria.
The relationship between the coating concentration of Zn(OH)x on GO and the growth
of inhibition was positive. Also, the zone of inhibition was significantly larger in the
Gram-positive bacteria for the GO/Zn (OH)x composite. This could be attributed to the fact
that Zn (OH)x performs exceptionally well against Gram-positive bacteria [75–80]. Table 3
illustrates the inhibition zone diameter with the standard deviation of the GO/Zn (OH)x
composite samples with different concentrations of Zn (OH)x NPs. Table 3 clearly shows
the substantial positive progression from the initial zone of inhibition of the non-coated
GO to GO with 75% Zn (OH)x coating. The initial zone of inhibition for the non-coated
GO was 1.93 cm and increased to 4.82 cm against the Gram-positive B. megaterium. There
was also an increase in the inhibition zone diameter for E. coli from 1.34 cm to 2.41 cm.
The results shown in Figures 10–12 confirm that GO/Zn (OH)x composites have good and
improved antibacterial properties compared to the pristine GO. In fact, the results reported
in this study on the antibacterial properties of GO and GO/Zn(OH)x nanocomposites are
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in agreement with those reported on different/similar systems [81,82]. The addition of
zinc dehydrates to GO improved its antibacterial properties (Figure 12). These results are
consistent with the fact that combining metal or metal oxides with Gr, rGO, or graphene can
result in a synergetic effect of the composite by increasing the inhibition zone and the toxic-
ity of the matrix (GO) and, therefore, preventing bacterial infection. The results reported in
the literature on ZnO NPs [83] and GO/ZnO and RGO/ZnO nanocomposites [84] against
E. coli have proven that increasing the amount of ZnO in the GO/ZnO composite resulted
in increased inhibition zone, which is similar to our finding in the present manuscript.
The improved antibacterial properties of ZnO/GO nanocomposites were attributed to the
combined activation of mechanisms of Zn ions from ZnO and the physical interaction
between the GO sharp edge and E.coli [84]. In fact, the addition of metallic ions (+) to GO,
rGO and/or graphene will definitely improve the antibacterial properties of these materials
due to the synergetic effect of metallic ions when combined with GO or rGO [85,86].
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It is important to note here that the GO/Zn (OH)x composites synthesized in this work
can eventually be applied to a bacterially contaminated environment. In fact, the GO and
GO/Zn (OH)x nanocomposite can be applied to a bacterially contaminated environment as
an antibacterial soap or oil since ZnO and Zn (OH)x cannot dissolve in water. Zinc oxide is
not soluble in water; thus, it requires oil or other such carrier agents to function effectively.
The nanocomposite can also be used as wipes or in the form of particles dispersed in
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gel. However, we are still in the early stages of applying the material as a commercial
antibacterial agent. This requires more work and research to achieve this goal.
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Figure 12. Relationship between Zn (OH)x coating concentration on GO and their inhibition zone diameters.

Table 3. Zone of Inhibition of various GO/Zn (OH)x composite NPs.

B. megaterium E. coli

% Coating Zone of Inhibition Standard Deviation Zone of Inhibition Standard Deviation

0 1.9277 0.118541 1.3372 0.066645

25 2.6266 0.089994 1.8097 0.048761

50 2.9097 0.069652 1.9962 0.057996

75 4.8273 0.127387 2.4175 0.08373

4. Conclusions

Graphene oxide was successfully synthesized using the modified Hummers’ method.
The GO was then coated with different concentrations of Zn (OH)x to study the effect of
Zn (OH)x coating on the antibacterial activity of GO against Gram-positive B. megaterium
and Gram-negative E. coli bacteria. The GO/Zn (OH)x nanocomposites were characterized
using different methods. The GO/Zn (OH)x composites exhibited a hybrid stacked sheet
structure with some agglomerations of Zn (OH)x on the surface. The XRD and XPS analysis
effectively confirmed the presence of Zn (OH)x in the GO/Zn (OH)x nanocomposites. The
antibacterial results showed inhibition on both Gram-negative E. coli and Gram-positive
B. megaterium. However, the GO/Zn (OH)x nanocomposite had larger inhibition zones
against the Gram-positive B. megaterium. There was also a significant increase in the in-
hibition zone with increasing the amount of Zn (OH)x coating against the Gram-positive
bacteria. The same positive trend was observed against the Gram-negative bacteria. Al-
though there was an increase in the inhibition zone, it was not as significant as the increase
for the Gram-positive bacteria case. Zinc hydroxide has been observed to perform better
against Gram-positive bacteria, and the results further confirmed that behavior.
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