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Abstract. Antibiotic resistance has increased to dangerous levels across the globe. A growing list of bacterial infections
that lead to blood poisoning or foodborne disease now represent a clinical challenge due to the loss of antibiotic efficacy.
Studies on the antibacterial performance of Ag nanoparticles and other transitional metal oxides have gained attention as
alternative therapeutic strategies. In this study, NiCo2O4 and Ag/NiCo2O4 composites of different Ag content were
synthesized through a simple co-precipitation method and assessed through transmission electron microscopy, X-ray
diffraction and scanning electron microscopy. We found that the morphology of NiCo2O4 was unaffected by Ag addition.
NiCo2O4 and Ag/NiCo2O4 composites containing different amounts of Ag were of a suitable size (*10 nm). The
NiCo2O4 and Ag/NiCo2O4 composites showed potent activity against a range of disease-causing bacteria. Ag/NiCo2O4
composites with a low Ag content showed only weak antibacterial activity. These data highlight new strategies to
overcome antibiotic resistance.
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Introduction

The emergence of antibiotic-resistant bacteria represent a
current threat to human health. In the face of excessive
antibiotic use, the number of deaths related to bacterial
infections will continue to rise as global resistance develops. Immediate intervention strategies and improved bacterial therapies are urgently required to combat this threat to
global health.
Ag nanoparticles are 1–100 nm in size and constitute a
high percentage of Ag oxide due to their large ratio of
surface-to-bulk Ag atoms. Ag nanoparticles have several
practical applications [1,2], most notably their functionality as both catalysts and bacteriostatic agents [3,4].
Free Ag ions can reduce Ag nanoparticles in solution and
permit their aggregation through conventional reduction
methods [5,6]. However, an issue during production is
that the number of Ag particles on the surface of the
aggregates decreases, leading to a loss of catalytic and/or
bactericidal activity. To overcome production issues, a
variety of surfactants and functional materials have been
assessed with the ultimate aim of preventing aggregation
[7–9]. However, sample contamination remains a problem and the re-synthesized Ag nanoparticles are frequently too small, preventing their use in clinical
applications.

Nickel oxide (NiO) is an excellent p-type semiconductor
that shows high levels of stabilization, lack of toxicity and
low cost. As such, NiO has been used in range of catalysts
[10,11], supercapacitors [12], magnetic materials [13,14],
electrochemical materials [15,16] and gas-sensor materials
[17]. In previous studies, nanoscaled NiO materials have
been studied as functional agents [18–20]. To expand this
utility, studies have focussed on NiO composites that produce nanosized NiO loaded with noble metals [21–24].
Noble metal-doped nanoparticles can be further loaded onto
large matrices, displaying high rates of catalytic activity.
However, noble metals are costly. Due to the relatively lowcost of Ag, Ag-doped NiO composites have attracted
attention.
In recent decades, range of Ag-doped composites have
been developed. Using these carriers, Ag nanoparticles can
be dispersed finely onto surfaces, preventing aggregation.
Ag nanoparticles are rarely contaminated and display high
levels of performance in the absence of surfactants. In
general, metal oxides [25–29], organic polymers [30–32],
insoluble metal salts [33] and carbon materials [34,35] act
as carriers. Double metal composite oxides can load Ag
nanoparticles to form composites with an array of favourable properties.
Whilst a range of nanoparticles have been developed as
antibacterial agents [28,29], the effects of Ag-doped NiO
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nanoparticles have not been studied. Here, we produced
structured NiCo2O4 nanosheets loaded with Ag nanoparticles using a simple method. The Ag nanoparticles dispersed
finely on the NiCo2O4 nanosheets and their activity against
disease-causing bacteria were examined. We herein highlight the exciting potential of these composites for clinical
applications.

2.

Experimental
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bacterial suspensions were added with 10 ml of nutrient agar
medium. Filter paper disks of 6 mm were then added to the
plates, and 20 ll of aqueous Ag/NiCo2O4 nanoparticles were
subsequently added and dried for 15 min. All plates were
incubated for 24 h and clear zones surrounding the filter
paper disks were assessed to depict the inhibition of bacterial
growth. The zones of inhibition (including disk diameter)
were assessed on a Vernier caliper in triplicate. Data represent the mean zone of inhibition ± SEM.

For production of the composites, 5 mmol Ni(NO3)26H2O
and 10 mmol Co(NO3)26H2O were added to 60 ml of
distilled water, to which AgNO3 was subsequently added.
After allowing the reagents to dissolve, 60 ml of 16.00
mmol K2C2O4 was added dropwise with stirring until a
pink precipitate appears (*10 min). Then, trimethylamine
(5 ml) was added with stirring for 20 min, to change the
precipitate from pink to grey. The mixture was then added
to a 150 ml Teflon-lined stainless steel autoclave for 12 h
at 140°C. After cooling, precursors were filtered, washed
with distilled water and absolute ethanol was added, followed by drying in a vacuum at 80°C for 12 h. Precursors
were calcined at 400°C for 3 h according to thermogravimetric (TG) analysis and the resultant NiCo2O4 and
Ag/NiCo2O4 samples containing 5, 10 and 15% Ag were
obtained.

MIC assessments: The minimum inhibitory concentrations (MIC) of the Ag/NiCo2O4 composite nanoparticles
were evaluated using the modified microdilution assay as
described by Shi and colleagues [37]. Two-fold gradient
dilutions of the Ag/NiCo2O4 composites were prepared in
a conical flask with BEP medium, from a stock solution
of 400 lg ml-1 and dilutions thereof (4 ml of each
dilution). Experimental bacteria were inoculated into
tubes ± nanoparticles (105–106 CFU ml-1). Negative
controls consisted of broth with no bacterial cultures.
Tubes were incubated for 24 h at 37°C at 150 rpm. MIC
values represented the lowest Ag/NiCo2O4 concentration
where complete bacterial inhibition was observed. Bacterial growth was measured through turbidity
assessments.
We further assessed the minimal bactericidal concentration (MBC), which represents the values at which no
bacterial growth occurred. Assessments were performed in
BEP at 37°C for 48 h. Colonies were counted and MBC was
calculated as the minimal concentration of the nanoparticles
for which C99.9% bacterial toxicity was observed. Data
represent the mean of three independent experiments.
In summary, the whole experiment process is indicated
in scheme 1.

2.2

3.

AgNO3, Co(NO3)26H2O, Ni(NO3)26H2O, K2C2O4,
trimethylamine and other chemicals were purchased from
Sinopharm Chemicals.

2.1

NiCo2O4 and Ag/NiCo2O4 preparation

Sample characterization

A Shimadzu TA-50WS analyzer was used for the TG
analysis of NiCo2O4 precursors in N2 gas at 795°C. Sample
phases were assessed on a Philips X’Pert PROSUPER XRD
with CuKa radiation (k = 0.154178 nm) at 40 kV and
50 mA. Transmission electron microscopy (TEM) images
(Hitachi Model H-800) were obtained at an accelerating
voltage of 200 kV. FESEM images (JEOL-6300F) were
obtained at an accelerating voltage of 15 kV.

2.3 Antibacterial activity of Ag/NiCo2O4 composite
nanoparticles
Disk diffusion assessments: Samples were ultra sonicated
in water (*2000 lg ml-1) for the decentralization of Ag/
NiCo2O4 at differing Ag concentrations. Antibacterial
activity was determined using the disk diffusion method [36].
BEP Petri dishes were prepared and *107 CFU ml-1 of the

3.1

Results and discussion
TG testing of NiCo2O4 precursors

To select a suitable incineration temperature, TG assessments of the NiCo2O4 precursors were performed.
Figure 1A shows that the loss of weight occurred as the
temperature was ramped from 23 to 380°C. However,
weight loss was as low as *2.5% from room temperature to
230°C, most likely due to water and organic litter
volatilization onto the NiCo2O4 precursors. Weight losses
continued to 27.5% from 230 to 380°C, suggesting that the
NiCo2O4 precursor reacted at this temperature interval. At
increasing incineration temperatures of 380–800°C, weight
loss did not occur. These data indicate that the NiCo2O4 was
stable within the temperature range.
For precursors containing Ag, the Ag? ions could be
transferred into Ag2O under the experimental conditions.
Ag? ions and C2O24 anions reacted to form the Ag2C2O4
precipitates (2Ag? ? C2O24 = Ag2C2O4). Following the
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Scheme 1. Schematic of the engineered Ag nanoparticles dispersed on NiCo2O4 and their antibacterial activity:
morphology of NiCo2O4 was unaffected by Ag addition. NiCo2O4 and Ag/NiCo2O4 composites with different
contents of Ag showed a size of *10 nm. NiCo2O4 and Ag/NiCo2O4 composites showed potent activity against a
range of disease-causing bacteria. Ag/NiCo2O4 composites with low Ag content showed weak antibacterial activity.

Figure 1. (A) TG assessments of the NiCo2O4 precursor. (B) XRD patterns of NiCo2O4 and Ag/NiCo2O4 composites (curves a
without Ag, b with 5% Ag and c with 10% Ag). Samples were assessed on a Shimadzu TA-50WS analyzer for TG analysis of
the NiCo2O4 precursors in N2 gas at 795°C. Sample phases were assessed on a Philips X’Pert PROSUPER XRD with CuKa radiation
(k = 0.154178 nm) at 40 kV and 50 mA. Data are representative of at least three independent measurements.

addition of trimethylamine, Ag2C2O4 was transformed into
Ag2O (Ag2C2O4 ? 2N(C2H5)3 ? H2O = Ag2O ?
2[HN(C2H5)3]? ? C2O24 ). The stabilization of Ag2O
decreased as the temperature increased. Generally, at

350°C or higher, Ag2O decomposes to (2Ag2O = 4Ag ?
O2) under normal pressure and NiCo2O4 and Ag/NiCo2O4
samples can be incinerated into each precursor at 400°C
for 3 h.
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Figure 2. (A) Assessment of the composites by TEM: TEM of (a) NiCo2O4 and Ag/NiCo2O4 with (b) 5% Ag and (c) 10% Ag.
(B) FESEM of (a and b) NiCo2O4 and (c) Ag/NiCo2O4 with 10% Ag. Representative images are shown.
Table 1.

Mean diameters of inhibition zones of Ag/NiCo2O4 nanoparticles of differing Ag content (0, 5, 10 and 15%, respectively).
Inhibition zone (mm)

Microorganism
Gram-negative bacteria
E. coli
P. aeruginosa
Gram-positive bacteria
S. aureus
B. subtilis

NiCo2O4

5% Ag/NiCo2O4

10% Ag/NiCo2O4

15% Ag/NiCo2O4

—
—

20.59 ± 2.52
21.48 ± 1.17

21.00 ± 2.19
21.95 ± 1.11

21.27 ± 1.84
22.85 ± 2.46

—
—

18.31 ± 1.14
17.77 ± 0.31

17.60 ± 0.39
18.48 ± 1.27

18.59 ± 1.06
19.72 ± 0.43

Data are the means ± SD from three independent experiments (n = 3). —, no inhibition over control treatments.

3.2 Phase assessments of NiCo2O4 and Ag/NiCo2O4
samples
The X-ray diffraction (XRD) patterns of NiCo2O4 and Ag/
NiCo2O4 at 5 and 10% Ag were then assessed. Figure 1B
demonstrates the characteristic diffraction peaks highlighting the cubic close-packed structure of Co3O4 crystals. No
further diffractions were observed. The NiCo2O4 had a
normal spinel phase (curve a, JCPDS no. 20-0781). As
Co3O4 can be described as AB2O4 (A ? Co2?, B ? Co3?)

and possesses normal spinel crystal structures due to the
occupation of tetrahedral A sites by Co2? and octahedral B
sites by Co3? in cubic O2-, a 1:2 ratio of Co2?/Co3? is
present. As Ni2? and Co2? ions are comparable in size
(DNi2? = 72 pm, DCo2? = 74 pm), Ni2? can replace Co2?
and maintain the structure of Co3O4 to form NiCo2O4.
For curves b and c, the characteristic diffraction peaks of
the cubic structure were present, but two further peaks at 38
and 44° in 2h corresponding to (111) and (200) planes of the
cubic Ag phase were observed. The (220) plane of cubic Ag
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Figure 3. Antibacterial efficacy of Ag/NiCo2O4 composite nanoparticles using (a) 0, (b) 5, (c) 10 and (d) 15% Ag.
Antibacterial activity was determined using the disk diffusion methods. BEP Petri plates were prepared and
*107 CFU ml-1 of each of the indicated bacterial suspensions were added with nutrient agar medium. Filter paper
disks of *6 mm were then added to the plates to which *20 ll of aqueous Ag/NiCo2O4 nanoparticles were added
and dried for 15 min. All plates were incubated for 24 h and clear zones surrounding the filter paper were assessed to
depict the inhibition of bacterial growth. The zones of inhibition (including disk diameter) were assessed on a Vernier
caliper in triplicate. Data are the mean zone of inhibition ± SEM.

Figure 4. Zones of inhibition of different concentrations of Ag/NiCo2O4 composite nanoparticles containing 10%
Ag against the indicated bacterial strains (A–D): BEP Petri plates were prepared and *107 CFU ml-1 of each of the
bacterial suspensions were added with nutrient agar medium. Filter paper disks of *6 mm were added to the plates to
which *20 ll of aqueous Ag/NiCo2O4 nanoparticles were added and dried for 15 min. Plates were incubated for 24 h
and clear zones surrounding the filter paper were assessed to depict the inhibition of bacterial growth. The zones of
inhibition (including disk diameter) were assessed on a Vernier caliper in triplicate. Data are the mean zone of
inhibition ± SEM.
Table 2.
strains.

Antibacterial activity of various concentrations of Ag/NiCo2O4 nanoparticles with 10% Ag against the indicated bacterial
Inhibition zones (mm)

Ag/NiCo2O4 concentration (lg ml-1)
2000
1000
500
250
125
62.5

E. coli
22.15
21.29
18.01
14.06
11.50
6.99

±
±
±
±
±
±

0.75
1.92
0.89
0.42
0.51
0.39

P. aeruginosa
21.91
20.89
17.50
13.99
8.21
6.89

±
±
±
±
±
±

0.51
0.45
0.38
0.47
0.37
0.29

S. aureus
19.53
17.61
13.60
8.21

± 1.14
± 1.93
± 0.79
± 0.37
—
—

B. subtilis
19.65
16.35
12.50
7.12

± 0.85
± 0.58
± 0.83
± 0.49
—
—

Data are the means ± SD from three independent experiments (n = 3). —, no inhibition over control treatment.

was present at 64° in 2h, but did not increase, most likely due
to the Ag and NiCo2O4 diffraction peaks overlapping at 64°.
From figure 1B, the as-prepared samples were confirmed as
spinel-structured NiCo2O4 and Ag/NiCo2O4 composites.

3.3

NiCo2O4 and Ag/NiCo2O4 imaging

Figure 2 shows TEM images of (a) NiCo2O4, Ag/NiCo2O4
with (b) 5% Ag and (c) 10% Ag. Both NiCo2O4 and
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MIC and MBC of the Ag/NiCo2O4 composite nanoparticles containing 5, 10 and 15% Ag against the indicated bacterial
MIC (lg ml-1)

MBC (lg ml-1)

Microorganism

5% Ag/NiCo2O4

10% Ag/NiCo2O4

15% Ag/NiCo2O4

5% Ag/NiCo2O4

10% Ag/NiCo2O4

15% Ag/NiCo2O4

E. coli
P. aeruginosa
S. aureus
B. subtilis

100
50
100
100

25
50
50
50

25
50
50
50

200
200
200
200

50
50
100
100

50
50
100
100

Figure 5. Growth inhibition of (A) P. aeruginosa and (B and C) E. coli using a range of concentrations
of Ag/NiCo2O4 composite nanoparticles containing (A) 5%, (B) 10% and (C) 15% Ag: two-fold gradient
dilutions of the Ag/NiCo2O4 composites were prepared in a conical flask with BEP medium starting from
a stock solution of 400 lg ml-1 and dilutions thereafter. Experimental bacteria were inoculated into tubes
± nanoparticles (105–106 CFU ml-1). Negative controls consisted of broth with no bacterial cultures. MIC
values represent the lowest Ag/NiCo2O4 concentration at which complete bacterial inhibition was
observed, measured through visual turbidity assessments. Arrows indicate the MIC of the Ag/NiCo2O4
composite nanoparticles.

Ag/NiCo2O4 samples had sheet-like structures, with
nanosheets of uneven size. Further, TEM analysis showed
that the nanosheets had porous structures and caves. These
novel structures are advantageous as they produce
nanoparticles that possess a larger surface area. As the
samples can be used as catalysts, increasing their surface
area can enhance activity. The lack of large nanoparticles
with the comparison of a, b and c (figure 2A), indicated that
the Ag nanoparticles were dispersed in NiCo2O4 nanosheets
to form the Ag/NiCo2O4 composites.

To further characterize the morphology of the samples,
FESEM images of (a and b) NiCo2O4 and (c) Ag/NiCo2O4
with 10% Ag were collected (figure 2B). The NiCo2O4
nanosheets showed no uniform appearance and were thin
with a mean size of 10 nm. The nanosheets had numerous
caves, confirming those observed in TEM images. The
morphologies of the samples were comparable between c and
a or b (figure 2B), suggesting that Ag/NiCo2O4 nanosheets
had formed. No large nanoparticles were evident, suggesting
their smaller size scattering in the NiCo2O4 nanosheets.
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Antibacterial activity of NiCo2O4 and Ag/NiCo2O4

The disk diffusion method was used to determine the
antibacterial activity of both NiCo2O4 and Ag/NiCo2O4
composites as previously described [37].
The mean diameters of the inhibition zones were assayed
using Ag/NiCo2O4 composite nanoparticle suspensions (0,
5, 10 and 15% Ag) in mm (table 1 and figure 3). The
aqueous samples showed little toxicity at 0% Ag (pure
NiCo2O4) suggesting NiCo2O4 does not possess antibacterial activity. The Ag/NiCo2O4 composites with varying
levels of Ag displayed higher rates of antibacterial activity,
confirming the activity of the Ag? ion [38].
Silver nanoparticles anchor and penetrate bacterial cell
walls, leading to bacterial cell death [39]. Figure 3 and
table 1 show that Ag/NiCo2O4 with 5% Ag displayed potent
antibacterial activity with minimal additive effects observed
when the Ag content of the composites increased from 5 to
15%. These data verified that the use of Ag/NiCo2O4
composites with a higher Ag content are not required, and
that those of a lower content are sufficient, providing
obvious economic benefits.
The antibacterial effects of different concentrations of
Ag/NiCo2O4 composites containing 10% Ag, were then
assessed (figure 4). The activity of the composites against
S. aureus, B. subtilis, P. aeruginosa and E. coli are shown in
table 2. At concentrations ranging from 62.5 to 2000 lg
ml-1, the zones of inhibition (mm) for the bacteria
increased. Furthermore, at the same Ag/NiCo2O4 concentration, the composites showed more potent antibacterial
activity against Gram-negative bacteria. At 250 lg ml-1
Ag/NiCo2O4, all bacteria were effectively inhibited. Furthermore, Ag/NiCo2O4 at 62.5 lg ml-1 maintained high
levels of antibacterial performance. These data suggest that
the as-synthesized Ag/NiCo2O4 composites at low concentrations exhibit excellent antibacterial activity.
For further confirmation of the inhibitory effects of Ag/
NiCo2O4 composites of differing Ag content were investigated for their antibacterial performance through both MIC
and MBC assessments (table 3). The lowest MIC values
were 50, 25 and 25 lg ml-1 for P. aeruginosa and E. coli
for nanoparticles containing 5, 10 and 15% Ag, respectively
(figure 5). To completely inhibit bacterial growth, 100 lg ml-1
was required (MIC) for E. coli, S. aureus and B. subtilis
by Ag/NiCo2O4 composites containing 5% Ag. The
remainder of the composites had MIC values of 50 lg ml-1
for P. aeruginosa, S. aureus and B. subtilis. The MBC
values were 50 lg ml-1 against E. coli and P. aeruginosa
and 100 lg ml-1 against S. aureus and B. subtilis by Ag/
NiCo2O4 samples containing 10 and 15% Ag. In addition,
the MBCs were 200 lg ml-1 against all experimental
bacteria using Ag/NiCo2O4 samples containing 5% Ag.
These MIC and MBC assays were in agreement with our
analyses.
The bactericidal activity of Ag/NiCo2O4 composite
nanoparticles containing different levels of Ag against
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P. aeruginosa and E. coli were higher than those of S. aureus
and B. subtilis. This contrasted our previous studies [37] in
which the bactericidal activity of Ag/NiCo2O4 composite
nanoparticles against P. aeruginosa and E. coli were lower
than S. aureus and B. subtilis. These discrepancies are most
likely due to the variable Ag/NiCo2O4 nanoparticle compositions used across the methods. Differences in the cell wall
thickness between Gram-positive and Gram-negative bacteria
may have contributed to these differences.

4.

Conclusion

NiCo2O4 and Ag/NiCo2O4 composite nanoparticles of
*10 nm were synthesized through simple co-precipitation
methods followed by water bath treatment. The results
indicated that the Ag nanoparticles were finely dispersed
within the NiCo2O4 matrix. The as-synthesized NiCo2O4
and Ag/NiCo2O4 nanocomposites were assessed for their
bacteriostatic activity against several bacterial strains. The
results showed that Ag/NiCo2O4 composites had excellent
activity even at low Ag levels, whilst NiCo2O4 nanoparticles lacking Ag showed limited antibacterial activity. Taken
together, these data highlight the utility of the designed
composites to inhibit a range of important disease-causing
bacteria. These NiCo2O4 and Ag/NiCo2O4 composite
nanoparticles therefore, hold promise as an intervention
strategy to improve current antibacterial therapies.
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