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Abstract

This study investigates the effect of NiO-BiVO4 (NiO-BV) composition variation on elemental distribution and surface
morphology using scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDX). Six composition
variations were evaluated, namely 0 NiO-100 BV, 20 NiO-80 BV, 40 NiO-60 BV, 60 NiO-40 BV, 80 NiO-20 BV, and 100
NiO-0 BV. The EDX results showed that the 0 NiO-100 BV sample was dominated by Bi, V, and O, whereas the 100 NiO-
0 BV sample was dominated by Ni and O. Increasing the NiO fraction generally increased the Ni content, while Bi and V
tended to decrease as the BV fraction was reduced. The intermediate compositions exhibited non-linear compositional
behavior, which can be attributed to surface heterogeneity, particle agglomeration, and the localized nature of EDX
measurements. Representative SEM-EDX images of each variation further confirmed the transition from a BV-rich surface
to a NiO-rich surface. These findings indicate that the NiO/BV ratio affects both elemental distribution and surface
morphology. Further characterization using XRD, FTIR, UV-Vis DRS, and photocatalytic or photoelectrochemical tests is
recommended to confirm phase structure, functional groups, optical properties, and material performance.

Keywords: NiO, BV, BiVO4, SEM-EDX, metal oxide composite, elemental distribution.

1. Introduction

Metal oxide materials have been widely developed as functional materials because of their chemical stability, tunable
composition, and potential applications in photocatalysis, photoelectrochemistry, sensors, and wastewater treatment.
According to Bai et al. (2025), BiVO4-based heterojunctions are highly attractive for energy and environmental applications.
Zhang et al. (2025) specifically highlighted BiVO4 as a visible-light-responsive photocatalyst for degradation processes,
while Nguyen et al. (2025) and Navarrete-Cevallos et al. (2025) emphasized its relevance for photoelectrochemical water
splitting and water treatment. In broader reviews, Guan et al. (2024), Kamble et al. (2023), and Sindhu et al. (2026) further
explained that the performance of BiVO4 can be improved through synthesis control, morphology engineering, doping,
heterojunction formation, and cocatalyst modification.

Despite its potential, BiVO4 still suffers from charge recombination and limited charge-transfer efficiency. Heckel et al.
(2024) emphasized that surface chemistry and morphology strongly affect the activity of BiVO4-based materials, and
Tachikawa et al. (2016) showed that crystal-facet-dependent charge dynamics can directly influence surface reactivity. In
photoelectrochemical systems, Salih et al. (2024), Cheng et al. (2025), and Wan et al. (2023) demonstrated that cocatalyst
design and surface modification improve water-oxidation performance. Likewise, Long et al. (2024), Mohan et al. (2025),
and Chen et al. (2025) reported that heterojunction engineering can enhance interfacial charge transport and visible-light
photocatalytic behavior.

Nickel oxide (NiO) is a transition metal oxide frequently used in photocatalytic and composite oxide systems. NiO can
function as an active material, support material, or cocatalyst in heterostructured systems. Wang et al. (2022) reported that
incorporating NiO into BiVO4 improved photoelectrochemical performance by promoting charge transfer and providing
additional active surface sites. Related Ni-containing photocatalysts have also been reported by Minisha et al. (2024), Pavithra
et al. (2023), Gomaa et al. (2024), and Yasmeen et al. (2024), who showed that compositional tuning and binary-oxide
coupling can substantially alter degradation efficiency and surface reactivity. In a NiO-BV composite system, changing the
ratio of NiO and BV is therefore expected to influence the surface concentrations of Ni, Bi, V, and O.
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SEM-EDX characterization is an important initial step to evaluate composite formation. SEM provides information about
morphology, texture, and surface contrast, whereas EDX identifies the detected elements and estimates their relative
concentrations in terms of weight percentage (wt%) and atomic percentage (at%). Wannakan et al. (2023), Sisay et al. (2023),
Cai et al. (2015), and Lecki et al. (2024) used SEM-EDX-related characterization to confirm heterojunction formation and
compositional distribution in BiVO4-based systems. Reyes-Vallejo et al. (2025), Le-Duy et al. (2023), and Fu et al. (2024)
further demonstrated that SEM combined with elemental analysis is useful for identifying the main elements and possible
minor or impurity elements in advanced BiVO4-containing composites.

This study aims to evaluate the effect of NiO-BV composition variation on elemental distribution and surface morphology.
The main focus is the change in Ni, Bi, V, and O contents in six composition variations ranging from 0 NiO-100 BV to 100
NiO-0 BV.

2. Materials and Methods

This study used SEM-EDX characterization data from six NiO-BV composite samples with composition variations of 0 NiO-
100 BV, 20 NiO-80 BV, 40 NiO-60 BV, 60 NiO-40 BV, 80 NiO-20 BV, and 100 NiO-0 BV. Each variation was analyzed at
several EDX measurement points to obtain elemental composition data in weight percent (wt%) and atomic percent (at%).

SEM analysis was used to observe surface morphology and surface contrast at the micrometer scale. The SEM images were
evaluated qualitatively to identify differences in texture, contrast, and indications of surface heterogeneity among the
composition variations. Such an approach is consistent with BiVO4-based photocatalytic composite studies. For example,
Haryadinaru et al. (2025) and Riapanitra et al. (2025) used SEM to discuss morphology in BiVO4/g-C3N4 composites, while
Sisay et al. (2022) employed similar morphological evaluation in BiVO4-containing hybrid membranes. Comparable SEM-
based interpretations were also reported by Reyes-Vallejo et al. (2025), Pavithra et al. (2023), and Minisha et al. (2024) in
oxide photocatalyst systems.

EDX analysis was used to identify the elements detected on the sample surfaces. The main elements evaluated in this study
were Ni, Bi, V, and O, while minor elements such as C, Y, Tc, Al, Si, and Ca were treated as secondary elements that may
originate from preparation, contamination, substrate contribution, or local variation in the analyzed area. In oxide composite
studies, EDX is commonly used to confirm constituent elements and estimate local compositional distribution. Trinh et al.
(2021), Orimolade et al. (2020), and Haq et al. (2022) used EDX to verify elemental presence in composite photocatalysts,
whereas Le-Duy et al. (2023) and Fu et al. (2024) showed that combining elemental analysis with surface characterization is
especially important for interpreting interfacial structure in BiVO4-based materials.

The average wt% and at% values were calculated from four EDX measurement points for each composition. As shown in
Table 1, average values and standard deviations were then used to compare the compositional trend of Ni, Bi, V, and O as
the nominal NiO fraction increased and the BV fraction decreased.

Table 1. Average elemental composition of the main elements based on EDX data

coi‘;‘;‘:’i't‘i’on O (Wt%) | Bi(Wt%) | V(Wt%) | Ni(wt%) | O(at%) | Bi@t%) | V(@t%) | Ni(at%)
ONOT00 1 1020 64.81 16.68 0.00 4078 19.88 20,98 0.00
2000 1038 47.23 1168 26.12 38.77 1375 13.95 26.12
A0 M0-60 12.58 25.04 6.05 53.44 38.79 591 5.86 44.93
OROH | 1aas 28.14 6.52 45.16 4258 6.37 6.06 36.21
SORO20 | 10 25.62 6.51 48.04 213 5.74 5.97 38.02
100 00 1233 0.00 0.00 87.67 34.00 0.00 0.00 66.00
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Note: Values represent the average of four EDX measurement points for each sample composition.
3. Results and Discussion

3.1 Elemental Composition of the 0 NiO-100 BV Sample

The 0 NiO-100 BV sample represents the BV-rich composition. The average Bi content reached 64.81 wt%, V was 16.68
wt%, and O was 10.20 wt%, while Ni was not detected. This result confirms that the initial sample was dominated by the
constituent elements of BV. The SEM image showed heterogeneous dark-bright contrast, which may indicate local
differences in composition or surface texture. Tachikawa et al. (2016) showed that crystal facets and local surface structure
in BiVO4 can influence charge dynamics, and Heckel et al. (2024) also emphasized that morphology-sensitive behavior is a
key characteristic of BiVO4-based active materials.

3.2 Elemental Composition of the 20 NiO-80 BV Sample

In the 20 NiO-80 BV sample, Ni was clearly detected with an average value of 26.12 wt%. Meanwhile, Bi and V decreased
to 47.23 wt% and 11.68 wt%, respectively. Compared with the 0 NiO-100 BV sample, the decrease in Bi and V indicates the
reduced contribution of the BV component, while the appearance of Ni confirms the incorporation of the NiO component
into the material system. This change supports the formation of a NiO-BV composite. Wang et al. (2022) reported that NiO
modification of BiVO4 can form BiVO4/NiO composites with improved photoelectrochemical performance through
enhanced charge transfer.

3.3 Elemental Composition of the 40 NiO-60 BV Sample

The 40 NiO-60 BV sample showed a substantial increase in Ni content, reaching an average of 53.44 wt%. At the same time,
Bi decreased to 25.04 wt% and V to 6.05 wt%. This result demonstrates that increasing the NiO fraction strongly affects the
surface elemental composition. The O content also increased to 12.58 wt%, which may be related to the oxide nature of both
NiO and BV. Cai et al. (2015) and Wannakan et al. (2023) showed that changes in precursor ratio and heterojunction
composition can modify surface elemental distribution, particle contact, and the availability of active interfacial regions.

3.4 Elemental Composition of the 60 NiO-40 BV Sample

For the 60 NiO-40 BV sample, the average Ni, Bi, V, and O contents were 45.16 wt%, 28.14 wt%, 6.52 wt%, and 14.48 wt%,
respectively. Although the nominal NiO fraction was higher than that of the 40 NiO-60 BV sample, the detected Ni content
was lower. This indicates that the elemental distribution on the surface does not always follow the nominal ratio linearly.
Such non-linearity may be caused by surface heterogeneity, particle agglomeration, differences in EDX measurement areas,
or the dominance of certain local phases in the analyzed region. Sisay et al. (2023) and Trinh et al. (2021) likewise noted that
composite materials often show local compositional variability because EDX represents surface information from limited
measurement areas rather than the entire bulk composition.

3.5 Elemental Composition of the 80 NiO-20 BV Sample

In the 80 NiO-20 BV sample, the average Ni content was 48.04 wt%, while Bi and V were 25.62 wt% and 6.51 wt%,
respectively. The O content was 14.50 wt%, relatively higher than that of the BV-rich samples. The presence of considerable
Biand V contents suggests that BV-rich areas remained on the surface or that the composite was not fully homogeneous. Bai
et al. (2025) explained that interfacial contact is critical in BiVO4-based heterojunctions, Lecki et al. (2024) discussed the
role of phase coupling in Z-scheme systems, and Orimolade et al. (2020) showed that local elemental distribution can strongly
affect charge transfer and functional performance.

3.6 Elemental Composition of the 100 NiO-0 BV Sample

The 100 NiO-0 BV sample exhibited the simplest elemental composition, with Ni at 87.67 wt% and O at 12.33 wt%. Bi and
V were not detected. This result agrees with the nominal composition, which contains only NiO. This also supports the
validity of the dataset because the NiO-rich end member showed clear Ni-O dominance. Khairnar and Shrivastava (2019),
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Khan et al. (2022), Shubha et al. (2023), and Barzinjy et al. (2020) all reported that NiO and NiO-based materials can function
as photocatalysts for dye degradation, so this composition is relevant as a NiO-rich reference in the present series.

3.7 General Trend and Material Implications

Overall, increasing the NiO fraction led to the appearance and increase of Ni in the composite system, while decreasing the
BV fraction caused Bi and V to decrease. The 0 NiO-100 BV sample was dominated by Bi-V-O, whereas the 100 NiO-0 BV
sample was dominated by Ni-O. Intermediate samples contained Ni, Bi, V, and O simultaneously, indicating the formation
of NiO-BV composite systems. Igbal et al. (2025) showed that precursor-support interactions can alter the apparent activity
of BiVO4 composites, while Long et al. (2024) and Chen et al. (2025) demonstrated that phase coupling strongly influences
interfacial contact and visible-light photocatalytic behavior.

However, the trend was not fully linear. The Ni content in the 40 NiO-60 BV sample was higher than that in the 60 NiO-40
BV and 80 NiO-20 BV samples. This may be associated with uneven particle distribution, surface heterogeneity, or
differences in the selected EDX points. Therefore, SEM-EDX results should be interpreted as indications of local surface
composition. Zhang et al. (2025), Nguyen et al. (2025), Navarrete-Cevallos et al. (2025), and Cheng et al. (2025) all suggested
that additional characterization such as XRD, FTIR, UV-Vis DRS, and photoelectrochemical testing is necessary to verify
phase structure and functional performance. Wan et al. (2023) and Mohan et al. (2025) similarly discussed how local
morphology and cocatalyst distribution can influence the apparent charge-transfer response of BiVO4-based systems.

From an application perspective, the combination of NiO and BV is promising because both components are relevant in
photocatalytic material development. Hariani et al. (2022), Haq et al. (2022), Khairnar and Shrivastava (2019), and Khan et
al. (2022) showed that NiO-containing materials can degrade methyl orange, methylene blue, rhodamine B, and Orange I1.
For BiVO4-based systems, Wannakan et al. (2023), Sisay et al. (2022), Sisay et al. (2023), and Zhao et al. (2019) reported
applications in pollutant degradation, wastewater treatment, and photoelectrochemical processes. In addition, Minisha et al.
(2024), Gomaa et al. (2024), and Yasmeen et al. (2024) demonstrated that dopant incorporation, nanofiber morphology, and
binary oxide coupling can substantially alter degradation efficiency and surface reactivity. Taken together, these reports
indicate that the present SEM-EDX characterization can serve as a basis for further investigation of the photocatalytic activity
of NiO-BV composites.

3.8 Graphical Analysis of Elemental Composition

To clarify the EDX trend, the average composition of the main elements was visualized in three graphs. Fig. 1 shows the
relationship between nominal NiO composition and average elemental content in wt%, Fig. 2 shows the same relationship in
at%, and Fig. 3 presents the shift in elemental dominance using a stacked bar chart. The error bars in Figs. 1 and 2 represent
the standard deviation of four EDX measurement points for each sample.
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Fig. 1 Trend of average wt% of the main elements as a function of nominal NiO composition
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Fig.3 Shift in elemental dominance in the NiO-BV composites based on average wt%

Fig. 1 shows that increasing the nominal NiO composition generally increased the amount of Ni detected on the surface. Ni
was not detected in the 0 NiO-100 BV sample, increased to 26.12 wt% in 20 NiO-80 BV, and reached 53.44 wt% in 40 NiO-
60 BV. However, Ni decreased slightly in 60 NiO-40 BV and 80 NiO-20 BV, with values of 45.16 wt% and 48.04 wt%,
respectively, before reaching 87.67 wt% in 100 NiO-0 BV. This pattern indicates that the relationship between nominal
composition and measured composition is not fully linear, particularly in the intermediate compositions.

At the same time, Bi and V showed a clear decreasing trend as the BV fraction was reduced. Bi decreased from 64.81 wt%
in 0 NiO-100 BV to 47.23 wt% in 20 NiO-80 BV, then remained around 25-28 wt% in the 40-80 NiO compositions, and
finally disappeared in the 100 NiO-0 BV sample. V also decreased from 16.68 wt% to approximately 6.05-6.52 wt% in the
intermediate compositions and was not detected in the pure NiO sample. These trends confirm that Bi and V are the main
indicators of the BV component in the composite system.

Fig. 2 indicates that the same general pattern remained consistent when the data were expressed in atomic percentage. Oxygen
showed relatively stable values in the composite compositions, approximately 38.77-42.58 at%, indicating that oxygen
remained an important element in all oxide systems. Ni increased from 0 at% in the sample without NiO to 66.00 at% in the
100 NiO-0 BV sample, whereas Bi and V decreased sharply. In atomic percentage, the dominance of oxygen appears stronger
than in weight percentage because oxygen has a much lower atomic mass than Ni, Bi, and V.

Fig. 3 clarifies the transition of material characteristics from a BV-rich composition to a NiO-rich composition. In 0 NiO-100
BV, the four main elements were dominated by Bi-V-O. In the intermediate compositions, Ni, Bi, V, and O were detected
simultaneously, strengthening the indication of NiO-BV composite formation. In 100 NiO-0 BV, the main contribution
shifted almost entirely to the Ni-O system. This visualization supports the interpretation that changing the precursor ratio
gradually shifted the chemical identity of the material from a BV-rich phase toward a NiO-rich phase.

In addition to showing general trends, the graphs also reveal relatively large error bars in some compositions, especially in
the 20 NiO-80 BV sample for Ni and Bi. This suggests considerable local variation among EDX measurement points.
Therefore, the graphical analysis reinforces the interpretation that EDX results represent local surface composition and are
influenced by particle distribution heterogeneity, agglomeration, and possible incomplete homogenization during material
preparation.
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3.9 SEM-EDX Image Analysis for Each Composition Variation

In addition to numerical and graphical evaluation, the SEM-EDX images of each composition variation were analyzed to
relate the local elemental composition to the observed surface morphology. The interpretation was performed qualitatively
by considering the dominant EDX peaks, the elemental table attached to each microanalysis report, and the surface contrast
in the SEM micrographs. Wannakan et al. (2023), Sisay et al. (2023), and Trinh et al. (2021) showed that SEM-EDX is widely
used in metal oxide composite studies because it can simultaneously reveal surface texture and elemental signatures, although
the results should be interpreted as local surface information rather than bulk composition. Reyes-Vallejo et al. (2025), Le-
Duy et al. (2023), and Fu et al. (2024) further emphasized that combining SEM with EDX, XPS, and complementary phase
analysis is essential for correlating local morphology with interfacial chemistry in BiVO4-based and Ni-containing
composites.

0 NiO-100 BV: representative EDX spectrum and SEM image
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Fig. 4 Representative EDX spectrum and SEM micrograph of the 0 NiO-100 BV sample

In Fig.4, the EDX spectrum exhibited dominant Bi and V peaks together with an O peak, while Ni was absent. This is
consistent with the average EDX data, where Bi, V, and O were 64.81 wt%, 16.68 wt%, and 10.20 wt%, respectively. The
SEM micrograph showed a relatively heterogeneous surface with dark and bright contrast regions, suggesting local
differences in surface texture and elemental distribution. Tachikawa et al. (2016) showed that differences in crystal facets
and local surface structure in BiVO4 influence charge dynamics, whereas Heckel et al. (2024) reviewed how morphology-
dependent behavior affects the activity of BiVO4-based materials. Therefore, the heterogeneous texture observed in this BV-
rich sample is relevant for subsequent functional evaluation.
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20 NiO-80 BV: representative EDX spectrum and SEM image
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Fig.5 Representative EDX spectrum and SEM micrograph of the 20 NiO-80 BV sample

For the 20 NiO-80 BV variation in Fig.5, the Ni peak began to appear in the EDX spectrum together with Bi, V, and O. The
appearance of Ni indicates that the NiO component was introduced into the composite system, while the continued presence
of strong Bi and V peaks confirms that the BV-rich character remained dominant. The average Ni content of 26.12 wt%
supports the initial incorporation of NiO. The SEM image displayed a fine and non-uniform texture, indicating that the early
addition of NiO may have created localized Ni-containing regions on the BV matrix. Wang et al. (2022) reported that NiO-
modified BiVO4 composites can improve interfacial charge transfer and photoelectrochemical behavior, highlighting the
importance of compositional interaction between NiO and BiVO4/BV phases.
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Fig 6. Representative EDX spectrum and SEM micrograph of the 40 NiO-60 BV sample

In Fig. 6, the Ni peak appeared stronger than the Bi and V peaks, matching the average EDX result in which Ni increased to
53.44 wt%, while Bi and V decreased to 25.04 wt% and 6.05 wt%, respectively. The SEM micrograph showed a denser
texture with fine particle distribution across the analyzed area. This composition represents a clear transition from a BV-
dominant surface toward a NiO-enriched composite surface. Cai et al. (2015) and Wannakan et al. (2023) associated similar
compositional changes in oxide heterostructures with modifications in particle contact, surface active sites, and interfacial
charge-transfer pathways.
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Fig. 7 Representative EDX spectrum and SEM micrograph of the 60 NiO-40 BV sample

In Fig.7, the EDX spectrum still showed Ni together with Bi, V, and O peaks. Although the nominal NiO content was higher
than that of the 40 NiO-60 BV sample, the average detected Ni content was lower, namely 45.16 wt%. The SEM image
indicated a rougher and more heterogeneous morphology, suggesting that particle agglomeration or uneven distribution may
have affected the EDX measurement area. This supports the interpretation that the non-linear trend in the intermediate
compositions is related to local surface heterogeneity rather than a simple stoichiometric relationship. Sisay et al. (2023) and
Trinh et al. (2021) similarly reported that composite oxide systems often display strong local phase effects because EDX
probes only a limited region of the surface.

80 NiO-20 BV: representative EDX spectrum and SEM image
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Fig. 8 Representative EDX spectrum and SEM micrograph of the 80 NiO-20 BV sample

For the 80 NiO-20 BV sample in Fig. 8, Ni remained a dominant element, but Bi and V were still detected in the spectrum.
The presence of Bi and V at a low nominal BV fraction suggests that BV-rich regions were still present on the analyzed
surface or that the mixing process produced non-uniform local distribution. The SEM image showed a granular and contrasted
texture, which is consistent with the coexistence of NiO-rich and BV-containing domains. Bai et al. (2025) explained that the
spatial distribution of constituent phases is important in BiVO4-based heterojunctions, Lecki et al. (2024) discussed the
significance of phase coupling, and Orimolade et al. (2020) demonstrated that interfacial contact can affect charge separation
and photocatalytic behavior.
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100 NiO-0 BV: representative EDX spectrum and SEM image
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Fig. 9 Representative EDX spectrum and SEM micrograph of the 100 NiO-0 BV sample

In Fig. 9, the EDX spectrum showed only the main elements Ni and O, while Bi and V were not detected. This composition
agrees with the characteristics of the NiO end member, with average Ni and O contents of 87.67 wt% and 12.33 wt%,
respectively. The SEM micrograph showed a granular surface with relatively strong contrast. The dominance of Ni-O
confirms that this sample represents the NiO-rich endpoint of the composition series. Khairnar and Shrivastava (2019), Khan
et al. (2022), Shubha et al. (2023), and Barzinjy et al. (2020) all described NiO nanoparticles or NiO-based composites as
photocatalytic materials for organic dye degradation, making this composition relevant as a reference material for future
performance testing.

Overall, the SEM-EDX image series confirms the compositional transition from a BV-rich material to a NiO-rich material.
In the 0 NiO-100 BV sample, the EDX spectrum was dominated by Bi and V; in the intermediate compositions, Ni appeared
together with Bi and V; and in the 100 NiO-0 BV sample, the material was dominated by Ni and O. The SEM micrographs
also support the graphical analysis by showing heterogeneous and granular surface features in several intermediate
compositions. Zhang et al. (2025), Nguyen et al. (2025), Navarrete-Cevallos et al. (2025), and Cheng et al. (2025) all
emphasized that additional phase and structural analyses such as XRD, FTIR, UV-Vis DRS, and elemental mapping are
needed to confirm phase formation and spatial distribution. Long et al. (2024), Mohan et al. (2025), and Chen et al. (2025)
further showed that local domain distribution and interfacial coupling govern the observed response of advanced BiVO4
heterojunctions and surface-engineered composites.

4. Conclusion

SEM-EDX characterization of six NiO-BV composition variations showed that the NiO/BV ratio influenced both surface
elemental distribution and morphological characteristics. The tables, graphs, and SEM-EDX images consistently revealed
that the 0 NiO-100 BV sample was dominated by Bi, V, and O, whereas the 100 NiO-0 BV sample was dominated by Ni and
0. In the mixed compositions, Ni, Bi, V, and O were detected simultaneously, indicating the formation of NiO-BV composite
systems. Increasing the NiO fraction generally increased the Ni contribution and reduced the Bi-V contribution, although the
intermediate compositions did not follow a fully linear trend. This non-linearity was likely caused by surface heterogeneity,
particle agglomeration, and the localized nature of EDX measurements. The SEM-EDX images further supported this
interpretation by showing non-uniform surface contrast and granular features across several compositions. Therefore, the
elemental and morphological characteristics of NiO-BV composites can be modified through composition ratio adjustment.
Further work using XRD, FTIR, UV-Vis DRS, elemental mapping, and photocatalytic or photoelectrochemical testing is
recommended to correlate the observed composition with phase structure and functional performance. Guan et al. (2024),
Kamble et al. (2023), and Sindhu et al. (2026) likewise emphasized that heterojunction construction, morphology control,
and surface engineering remain central strategies for improving BiVO4-based functional materials and related oxide
composites.
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