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ABSTRACT
Nickel oxide (NiO)/manganese dioxide (MnO2) composites are widely studied pseudocapac-
itive electrode materials, but the role of the precursor-solution pH in their synthesis is poorly
established. NiO was precipitated at precursor pH 8, 9, 10, and 11, calcined, and subjected
to a hydrothermal MnO2-growth step, and the products were characterized by X-ray diffrac-
tion (XRD), field-emission scanning electron microscopy (FE-SEM), and energy-dispersive
X-ray spectroscopy (EDS). Cubic NiO was the only Ni-bearing oxide, accompanied by a
large halite (NaCl) by-product fraction (32–41 wt%). Scherrer, Williamson–Hall, and size–
strain-plot analyses gave a NiO crystallite size of 20–30 nm and a microstrain near 1×10−3,
and Nelson–Riley refinement gave a lattice parameter of 4.178 Å, equal to the bulk value; neither these quantities nor the NaCl content varied
systematically with pH. The hydrothermal products were dominated by a phase indexed on a primitive cubic cell (a = 10.1175 Å) consistent
with langbeinite-type K2Mn2(SO4)3; the reflections attributable to tetragonal MnO2 coincide with those of this phase, so MnO2 formation is not
established. FE-SEM showed sheet- and flake-like features after the hydrothermal step, and EDS detected Ni, Mn, and O, but neither technique
identifies the Mn-bearing phase. Over pH 8–11 the precursor pH is therefore not an effective processing variable: the retained by-products
dominate the material, and purification, rather than pH, controls this route.

Keywords: NiO; MnO2; By-Product Retention; Precipitation; Hydrothermal Synthesis; Precursor pH; Microstructure

1. INTRODUCTION

The demand for electrochemical energy-storage devices that
deliver high power together with acceptable energy density
has driven intense interest in supercapacitors. Among them,
pseudocapacitors store charge through fast and reversible
faradaic redox reactions at or near the electrode surface,
rather than only through electrostatic adsorption at the elec-
trode/electrolyte interface as in electrical double-layer capac-
itors. Transition-metal oxides are among the most widely
studied pseudocapacitive electrode materials because they
can provide high specific capacitance at relatively low cost
compared with carbon-based materials [1,2].

Manganese dioxide (MnO2) has attracted particular at-
tention because of its low cost, natural abundance, environ-
mental compatibility, and large theoretical capacitance (~1370
F/g) [2,3]. Its charge storage is highly sensitive to crystal
structure, and the electrochemical response differs markedly
among the α-, β-, δ-, and ramsdellite polymorphs and across
the transitions between them [4,5]. MnO2 nanostructures
for supercapacitors have been produced by hydrothermal
and microwave-assisted hydrothermal routes [6,7], and are
frequently combined with conductive carbons to offset the
intrinsically poor electrical conductivity of MnO2 [8,9]; even
the hydrothermal temperature alone strongly influences the

resulting structure and capacitance [10].
Nickel oxide (NiO) is likewise promising, owing to its

high theoretical capacitance, well-defined redox activity,
and chemical stability [11,12,13]. A wide range of NiO
nanostructures—flower-, sheet-, mesoporous- and skein-
like—has been obtained by precipitation, sol–gel, and hy-
drothermal routes and evaluated as pseudocapacitor elec-
trodes [14,15,16,17,18,19], often after compositing with car-
bon or a second oxide to raise the conductivity and rate ca-
pability [20,21,22,23]. NiO is also of interest beyond energy
storage, for example as a p-type oxide semiconductor for gas
sensing [24]. In practice, however, the low intrinsic conductiv-
ity of NiO and the structural degradation on repeated cycling
limit the capacitance and stability actually achieved [11,12].

A widely adopted strategy to mitigate these limitations is
to combine the two oxides into a NiO/MnO2 nanocomposite,
in which the phases act complementarily: a more conduc-
tive, redox-active framework supports the higher-capacitance
phase and buffers the volume changes that cause degrada-
tion [12,25]. NiO/MnO2 core/shell and related architectures
prepared by hydrothermal routes have shown markedly im-
proved electrochemical behaviour relative to the single ox-
ides [11,26,27], and the same core/shell concept has proved ef-
fective for other transition-metal-oxide couples built on spinel
NiCo2O4 [28] and on Co3O4/MnO2 and NiCo2O4/MnO2
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composites [29,30,31,32,33,34].
The hydrothermal method is well suited to building such

composites because the reaction temperature, time, and so-
lution chemistry strongly influence the crystal structure and
morphology of the product [35,36], allowing one oxide to be
grown directly on a pre-formed second phase [37]. It has been
used to tune the aspect ratio and shape of oxide nanostruc-
tures [38,39,40] and, in the present authors’ group, to grow
ZnO and CeO2/ZnO for photocatalysis [41,42,43], ZnAl lay-
ered double hydroxides for dye adsorption [44], and MnO2
and Mo-doped Nb2O5 electrodes for supercapacitors [10,45].

The phase content, crystallite size, defect density, and
morphology of the composite are all established during
synthesis—by the calcination or annealing step [46,47] as
much as by the solution chemistry—and for the precipita-
tion of oxides the precursor solution is a key handle on
them [48,49,50]. In particular, the solution pH and precursor
concentration set the degree of supersaturation and therefore
the balance between nucleation and crystal growth that deter-
mines the final crystallite size [51,52,53]. Consistent with this,
the pH during sol–gel or precipitation synthesis has been
shown to change the phase, crystallite size, and morphol-
ogy of TiO2, Fe3O4, and ZnO [54,55,56,57], and the precursor
molarity similarly shifts the properties of solution-grown
ZnO [58,59,60]; the solution pH also alters the aggregation
and dispersion state of already-formed NiO particles [61].
Despite this body of work, whether the precursor pH actually
controls the crystallite size, defect content, and morphology
of the derived NiO/MnO2 nanocomposite—rather than only
those of the bare oxide—has received limited attention.

Because these microstructural attributes govern electrode
performance, they must be quantified reliably from the
diffraction data. X-ray line-profile analysis yields the crys-
tallite size and lattice microstrain from the peak broaden-
ing: the single-peak Scherrer estimate and the multi-peak
Williamson–Hall and size–strain-plot methods, which sepa-
rate the size and strain contributions, have been applied exten-
sively to oxide nanomaterials such as ZnO, TiO2, Y2O3, and
spinel oxides [62,63,64,65,66,67,68], and are complemented
by dislocation-density and lattice-parameter analyses [69].
Such careful structural characterization, as routinely reported
for doped-oxide materials [70,71,72,73], is a prerequisite for
interpreting how a synthesis variable such as pH acts on the
material.

In this study, NiO nanoparticles were synthesized at
four precursor pH values (8, 9, 10, and 11), subjected to
a hydrothermal MnO2-growth step, and characterized by
X-ray diffraction (XRD), field-emission scanning electron
microscopy (FE-SEM), and energy-dispersive X-ray spec-
troscopy (EDS) in order to test how far, and in what way, the
precursor pH influences the phase content, microstructure,
and morphology of the resulting material. Electrochemical
evaluation is beyond the scope of the present work, which
aims to establish the phase, microstructure, and morphology
relationships on which any subsequent device testing of a
purified composite must build.

2. EXPERIMENTAL DETAILS

2.1 Materials
Nickel(II) chloride hexahydrate (NiCl2·6H2O), manganese(II)
sulfate monohydrate (MnSO4·H2O), potassium peroxodisul-
fate (K2S2O8), sulfuric acid (H2SO4, 95–97%), sodium hydrox-
ide (NaOH), distilled water, and deionized water were used

as received.

2.2 Synthesis of NiO Nanoparticles (Precipitation)
NiO nanoparticles were prepared by precipitation. A 10 M
NaOH solution was prepared by dissolving 4.000 g of NaOH
in 10 mL of distilled water. Separately, 11.883 g of NiCl2·6H2O
(0.2 M) was dissolved in 250 mL of distilled water on a hot
plate at 50 °C under stirring. The NaOH solution was then
added dropwise while the pH was monitored until the target
value was reached; four precursor pH values were prepared—
pH 8, 9, 10, and 11. The solution was held on the hot plate for
40 min, after which the green precipitate was separated by
filtration through a poly(vinylidene fluoride) (PVDF) mem-
brane filter and washed on the filter with deionized water
until the filtrate reached neutral pH, and dried in an oven at
60 °C for 14 h. The dried solid was ground into a powder and
calcined at 500 °C for 2 h.

The pH was brought to the target value by dropwise ad-
dition and was not controlled thereafter: no buffer or pH-stat
was used, and because the precipitation of Ni(OH)2 consumes
OH−, the pH will have drifted downward over the 40 min
hold. The washing end-point was the neutrality of the fil-
trate; the number of washes was therefore not fixed but set
by that criterion. This criterion tracks the removal of excess
hydroxide, not of chloride: NaCl is a neutral salt and does
not change the pH of the filtrate, so a neutral filtrate does
not indicate that the NaCl has been removed. No chloride
test (e.g. with AgNO3) or conductivity measurement of the
filtrate was made. One batch was prepared at each precur-
sor pH and the syntheses were not independently repeated;
one diffraction pattern was collected per sample. The un-
certainties reported throughout are accordingly those of the
profile fits and of the regressions—measurement and fitting
precision—and do not include batch-to-batch reproducibility.

2.3 Hydrothermal MnO2-Growth Step
To prepare the MnO2 precursor solution, 1.352 g of
MnSO4·H2O (0.2 M) and 2.163 g of K2S2O8 (0.2 M) were
weighed, 2 mL of H2SO4 was added, and the mixture was
dissolved in 40 mL of distilled water and stirred at 600 rpm
at room temperature until homogeneous. Then 1 g of the
calcined NiO powder was added and stirred for 1 h at room
temperature. The mixture was transferred to an autoclave
and held at 120 °C for 8 h. The resulting precipitate was dried
at 80 °C for 8 h, ground into a powder, and calcined at 500
°C for 2 h. This step was intended to yield a NiO/MnO2
composite; because the phase analysis of Section 3.1 does
not establish MnO2, its product is referred to below as the
hydrothermal product. The overall two-stage synthesis route is
summarized in Fig. 1.

2.4 Characterization
Phase composition and crystallite size were determined us-
ing a PANalytical X’Pert3 Powder diffractometer (Cu Kα, λ
= 0.15406 nm). The pH 8 powders were measured over 2θ =
10–100° with a 0.05° step and a counting time of 31 s per step,
whereas the pH 9–11 powders were measured over 5–80°
with a 0.01° step and 1 s per step. The two protocols differ in
sampling rather than in quality: the pH 8 scan has the better
counting statistics per point (31 s against 1 s) but samples
each reflection about five times more coarsely, so that a reflec-
tion of FWHM ~0.4° is spanned by some 8 points rather than
some 40. The derived quantities are affected very unevenly,
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Figure 1. Schematic of the two-stage synthesis route: (1) precipitation of NiO at precursor pH 8–11 (steps 1–6), followed by
(2) hydrothermal MnO2-growth step (intended NiO/MnO2 composite) at 120 °C for 8 h (steps 7–10). Selected equipment icons
are from Bioicons (bioicons.com): hotplate stirrer and funnel by Servier (smart.servier.com, CC BY 3.0) and pH meter by DBCLS

(CC BY 4.0); the remaining icons are in the public domain (CC0).

and we therefore compare them on the following basis. Quan-
tities obtained from the peak width (D, ε) depend on how
well the profile is sampled and are compared only across the
identically measured pH 9–11 samples; the pH 8 values are
reported for completeness but are excluded from the trend
discussion. Quantities obtained from the peak position (the
Nelson–Riley lattice parameter) are insensitive to the step size
at this resolution, and quantities obtained from intensity ratios
measured within a single pattern (the reference-intensity-ratio
estimate and the texture coefficients) are likewise insensitive,
because both phases are recorded in the same scan and the
acquisition factors cancel in the ratio; the pH 8 sample is
retained for both. Surface morphology was examined with
a Thermo Scientific Quattro S field-emission scanning elec-
tron microscope at 15 kV, and elemental composition was
obtained from energy-dispersive X-ray spectroscopy (EDS)
map-sum spectra acquired in the same instrument. For the
pH-8 samples, EDS elemental maps and point spectra were
additionally acquired (at 20 kV) to resolve the spatial distri-
bution of the by-product elements. Electron microscopy was
performed only on the pH 8 and pH 9 samples; no FE-SEM
or EDS data were acquired for the pH 10 and pH 11 powders
or their hydrothermal products, and the two sessions differ
in accelerating voltage, so the pH 8 and pH 9 micrographs

are compared qualitatively only. Particle/cluster sizes were
estimated from the 100 000× micrographs (2.70 nm per pixel,
from the instrument metadata) by watershed segmentation
(scikit-image; contrast-limited equalization, Gaussian smooth-
ing, Otsu thresholding, and a distance-transform watershed),
the size of each feature being reported as its equivalent circle
diameter; because the material is agglomerated, these are
semi-quantitative feature sizes rather than primary-particle
diameters.

Each NiO reflection was fitted with a pseudo-Voigt profile
on a locally linear background by non-linear least squares
(SciPy) to extract the peak position 2θ and the full width at
half maximum β (in radians). The cubic lattice parameter was
obtained from the interplanar spacing of each reflection, a =

dhkl
√

h2 + k2 + l2, and refined to a0 by a Nelson–Riley extrap-
olation [74] of a against F(θ) = 1

2
(︁
cos2 θ/ sin θ + cos2 θ/θ

)︁
to

θ=90°. The crystallite size D was first estimated from the NiO
(200) reflection (~43.3°) with the Scherrer equation [75],

D =
Kλ

β cos θ
, δ =

1
D2 , ε =

β

4 tan θ
, (1)

with K = 0.9, where δ is the dislocation density and ε
the microstrain (the single-peak δ and ε are nominal, as each
ascribes the whole broadening to a single source). Because
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the single-peak Scherrer analysis assigns all broadening to
size, the size and strain contributions were separated with
two multi-peak methods applied to the four NiO reflections
that are free of NaCl overlap—(111), (200), (220), and (222);
the (311) reflection was excluded as it coincides with NaCl
(420). The Williamson–Hall uniform deformation model [76],

β cos θ =
Kλ

D
+ 4ε sin θ, (2)

yields D from the intercept and ε from the slope of β cos
θ against 4 sin θ, whereas the size–strain plot [63,68]

(dhkl β cos θ)2 =
Kλ

D

(︂
d2

hkl β cos θ
)︂
+

(︂ ε

2

)︂2
(3)

yields D from the slope and ε from the intercept. Stan-
dard errors for all derived quantities were propagated from
the covariance matrices of the profile fits and of the Nelson–
Riley, Williamson–Hall, and size–strain-plot regressions. No
instrumental-broadening standard was measured and the
raw data retain the Cu Kα2 component, so the reported D and
ε are apparent values; the comparison across the identically
measured pH 9–11 samples is more robust than the absolute
magnitudes.

The relative amount of NaCl was estimated from the inte-
grated (200) intensities of NiO and NaCl by the reference-
intensity-ratio method [77], using reference intensities R
= m|F|2 LP/V2 computed from the rock-salt structures
with Cromer–Mann atomic form factors and the Lorentz–
polarization factor (a two-phase NiO+NaCl assumption,
with no microabsorption correction, so the result is semi-
quantitative). The NiO texture was assessed from the coef-
ficient [78] TC(hkl) = [I(hkl)/R(hkl)]/⟨I/R⟩, which equals
unity for a randomly oriented powder.

3. RESULTS AND DISCUSSION

3.1 XRD Analysis
Figure 2a shows the XRD patterns of the NiO powders pre-
pared at precursor pH 8–11. The diffraction peaks at 2θ ≈ 37.2,
43.3, 62.9, 75.4, and 79.4°, indexed to the (111), (200), (220),
(311), and (222) planes, confirm the formation of cubic NiO
(PDF 00-073-0450). Additional reflections at 2θ ≈ 27, 31.7, 45.4,
and 56.4° correspond to a cubic halite (NaCl) phase (PDF 00-
005-0628). This by-product forms during precipitation accord-
ing to NiCl2 + 2NaOH → Ni(OH)2 ↓ + 2NaCl; the Ni(OH)2
then dehydrates to NiO during calcination. This NaCl is a
major crystalline component of the powders rather than a
trace impurity: for the pH 9–11 samples the NaCl (200) reflec-
tion at ~31.6° is the most intense peak in the whole pattern,
and its intensity relative to NiO varies non-monotonically
with pH—largest at pH 9 and comparable at pH 10–11 (a
semi-quantitative weight fraction for all four samples, includ-
ing pH 8, is given below, together with the reason why this
intensity-ratio quantity, unlike the width-derived ones, can
be compared across the two acquisition protocols). The per-
sistence of this strong NaCl signal shows that the washing
step did not remove the chloride/sodium by-product.

Figure 2b shows the XRD patterns of the hydrothermal
products. The NiO (111) reflection at 2θ ≈ 37° is retained.
The patterns are otherwise dominated by a single by-product
phase. Eleven of the resolved reflections index on one prim-
itive cubic cell, refined to a = 10.1175 Å with a root-mean-
square deviation of 0.068° in 2θ and ten of the eleven matched
to within 0.06° (Table 1). The strong reflection near 28° is

Table 1. Indexing of the dominant by-product reflections
of the hydrothermal product (pH 9) on a primitive cubic
cell refined to a = 10.1175 Å (r.m.s. deviation 0.068° in 2θ).
Intensities are peak heights relative to the strongest reflection.
A weak reflection at 24.11° (~5%) is not indexed by this cell.

2θobs I/I0 hkl 2θcalc−2θobs
(°) (%) (°)

15.14 12 (111) +0.02
19.61 9 (210) −0.01
21.50 16 (211) 0.00
24.67 13 (220) +0.20
26.43 4 (221) −0.02
27.90 100 (310) −0.04
29.30 12 (311) −0.05
31.91 6 (320) −0.04
33.16 43 (321) −0.06
36.57 32 (410) +0.02
41.83 8 (332) +0.02

the (310) reflection of this cell, which is the strongest reflec-
tion of the langbeinite structure type. Both the cell size and
the K2S2O8/H2SO4/MnSO4 reagent chemistry, followed by
calcination at 500 °C, point to a langbeinite-type potassium–
manganese sulfate of the K2Mn2(SO4)3 type: the refined cell
agrees to within 0.03% with the reference value for synthetic
cubic K2Mn2(SO4)3 (a = 10.1143 Å, space group P213 [79]),
and it is clearly distinct from the Ni-langbeinite K2Ni2(SO4)3
(a = 9.8436 Å [79]). Because substitution of the smaller Ni2+

would contract the cell, the agreement also suggests that lit-
tle nickel is incorporated in this phase. One weak reflection
at 24.11° (~5% relative intensity) remains unindexed, and a
definitive assignment would still require whole-pattern (Ri-
etveld) refinement or a complementary technique, so this is
presented as an indexing result rather than a completed phase
identification.

The indexing bears directly on the assignment of MnO2.
The evidence for tetragonal MnO2 consisted of two reflections,
measured at 45.78° and 56.12°. The cubic cell above gener-
ates reflections at 45.69° and 55.98°, against 46.10° and 56.66°
for tetragonal MnO2 (PDF 01-072-0071), so the by-product
cell fits these two positions at least as well. We do not read
that as positive evidence for the sulfate at those positions,
because a cubic cell of this size generates a dense set of re-
flections above 45° and coincidental agreement is likely; the
conclusion that follows is the weaker and safer one, that the
presence of MnO2 is not established by these two reflections
alone. The third expected MnO2 reflection, near 37°, overlaps
NiO (111) and cannot be resolved. Because the sulfate is itself
Mn-bearing, the detection of Mn by EDS (Section 3.3) does
not settle the question either. We therefore describe the hy-
drothermal product as a multiphase, NiO-bearing powder in
which MnO2 is the intended but unconfirmed Mn-bearing
phase.

The weak NiO signal is consistent with dilution by these
by-product phases and with the low overall crystallinity of
the hydrothermal-product patterns. Beyond the single-peak
Scherrer estimate, the microstructure of the NiO powders
was analysed by refining the cubic lattice parameter and by
separating the size and strain contributions to the broadening
with the Williamson–Hall and size–strain-plot methods; the
results are collected in Table 2.

The Nelson–Riley refined lattice parameter is a0 = 4.178
Å (individual values 4.1771–4.1781 Å; Table 2) for all four
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Figure 2. XRD patterns of the samples synthesized at precursor pH 8–11: (a) NiO powders, with the cubic NiO and NaCl
reflections marked; and (b) the products of the hydrothermal step, with the NiO reflections marked and the reflections of the

langbeinite-type by-product phase indexed in Table 1.

Table 2. Microstructure of the NiO powders from XRD: Nelson–Riley lattice parameter a0, and crystallite size D and microstrain
ε from the single-peak Scherrer (NiO (200)), Williamson–Hall (W–H), and size–strain-plot (SSP) analyses. Figures in parentheses
are standard errors in units of the last quoted digit; they are the standard errors of the profile fits and of the regressions, with one
batch and one diffraction pattern per condition, and do not include batch-to-batch reproducibility. The pH 8 values are reported
for completeness but were acquired under a different protocol and are not directly comparable with those for pH 9–11 (Section 2).

a0 DSch DWH εWH DSSP εSSP
Sample (Å) (nm) (nm) (10−3) (nm) (10−3)

pH 8 4.1771(2) 23.4(1) 32.9(29) 1.30(19) 26.4(15) 0.98(15)
pH 9 4.1781(8) 20.0(1) 31.0(15) 1.58(11) 25.5(12) 1.26(10)
pH 10 4.1778(8) 19.7(1) 29.5(5) 1.56(4) 24.4(5) 1.25(5)
pH 11 4.1775(6) 19.6(1) 25.2(25) 1.08(28) 22.7(11) 1.06(15)

precursor pH values (Fig. 3c), equal to the bulk NiO value
(4.1769 Å) within uncertainty and without a systematic de-
pendence on pH. The macrostrain (unit-cell dilation, ∆ a/a ≈
0) is therefore negligible—distinct from the non-zero micros-
train (~1×10−3) obtained below from line broadening—so
the precursor pH does not distort the NiO lattice. The three
size estimates agree in magnitude: the single-peak Scherrer
value (NiO (200)) is 20–23 nm, the Williamson–Hall value
25–33 nm, and the size–strain-plot value 23–26 nm (Fig. 3a).
The offset between the single-peak and multi-peak sizes re-
flects the microstrain (~1×10−3; Fig. 3b) that the single-peak
Scherrer analysis otherwise attributes to size. Across the iden-
tically measured pH 9–11 series the pH-to-pH variations in
both D and a0 are comparable to their standard errors (Table 2,
Fig. 3); the apparent decrease of the four-peak Williamson–
Hall size at pH 11 (Fig. 4d) is, moreover, an artefact of the
weak high-angle (222) reflection and disappears (~30 nm, con-
stant within error) once that reflection is excluded. The NiO
crystallite size therefore shows no systematic dependence on
precursor pH and stays of the order of 20–30 nm, consistent
with the pH-insensitive lattice parameter and of the same
order as NiO nanoparticle sizes reported for related precipita-
tion syntheses [13,18]. This robustness contrasts with reports
in which the precursor pH markedly altered the phase, size,
or morphology of other precipitated oxides such as TiO2,

Fe3O4, and ZnO [54,55,56], and indicates that, over the pH 8–
11 range studied, the NiO microstructure is comparatively
insensitive to this parameter.

Why the precursor pH should have so little effect over
this window is worth setting out, since the contrast with
those oxides is otherwise puzzling. Four factors act in the
same direction. First, the window lies entirely above the
completion of precipitation: for 0.2 M Ni2+ and Ksp(Ni(OH)2)
≈ 5.5×10−16, precipitation begins near pH 6.7 and is more
than 99.7% complete by pH 8 [80]. The four endpoints there-
fore differ in residual Ni2+ by orders of magnitude, but all
correspond to essentially complete precipitation. Second, nu-
cleation is governed by local rather than bulk supersaturation:
10 M NaOH was added dropwise into 0.2 M NiCl2, so that the
supersaturation at the point of contact is extreme and much
the same in all four syntheses, and the bulk endpoint pH is
reached only once the nucleation burst is over. Third, Ni2+

is not amphoteric in this window. The systems in which the
precursor pH strongly alters the product—TiO2, Fe3O4, ZnO—
involve either a phase selection or a soluble hydroxo-complex
equilibrium, Zn(OH)2 in particular redissolving as hydroxo-
zincate complexes at high pH [81]; Ni(OH)2 has no competing
phase and no soluble complex between pH 8 and 11, so there
is no chemical lever for the pH to act on. Fourth, the calcina-
tion at 500 °C for 2 h largely resets the microstructure, so that

© 2026 The Authors | CC-BY 4.0 L M � 10.62755/gsm.2026.10 | Page 5 of 14

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.62755/gsm.2026.10


Prasetya et al. Greensusmater, 3 (2026) 10

Figure 3. Microstructure of the NiO powders as a function of precursor pH: (a) crystallite size D from the Scherrer,
Williamson–Hall, and size–strain-plot methods; (b) microstrain ε from the Williamson–Hall and size–strain-plot methods; and (c)

the Nelson–Riley refined lattice parameter a0, with the bulk NiO value shown for reference.

Figure 4. Williamson–Hall plots (β cos θ versus 4 sin θ) for the NiO powders at precursor pH (a) 8, (b) 9, (c) 10, and (d) 11, using
the (111), (200), (220), and (222) reflections. The fitted crystallite size DWH, microstrain ε, and R2 are annotated in each panel.
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Figure 5. (a) Semi-quantitative NaCl content of the NiO powders (reference-intensity-ratio method, (200) reflections) as a
function of precursor pH; and (b) NiO texture coefficients for the (111), (200), (220), and (222) reflections (dashed line: randomly

oriented powder, TC=1).

the final crystallite size reflects the solid-state step rather than
the as-precipitated hydroxide. Taken together, these indicate
that pH 8–11 is a plateau, and that a pH effect in this system
would have to be sought below the completion of precipita-
tion or, for the by-product content, in the washing step rather
than in the precipitation itself. Two further checks reinforce
this picture. First, a reference-intensity-ratio estimate from
the (200) reflections puts the NaCl content of the powders at
32–41 wt% (Fig. 5a), confirming quantitatively that the by-
product is a major fraction of the crystalline material. The
individual values are 32, 41, 34 and 34 wt% at pH 8, 9, 10 and
11 respectively: the content is largest at pH 9 and does not
vary monotonically with pH. Because this estimate is a ratio
of integrated intensities of two phases recorded in the same
scan, the acquisition conditions cancel, and the pH 8 sample
is therefore included here on the same footing as the others,
unlike the width-derived quantities of Table 2.

The estimate is semi-quantitative and its limitations
should be stated. It assumes a two-phase NiO+NaCl mix-
ture, so that any amorphous or unindexed material is ignored
and both phases are over-weighted in proportion; the refer-
ence intensities are computed from the rock-salt structures
rather than measured against a standard; no microabsorption
correction is applied, although the linear attenuation coeffi-
cients of the two phases differ appreciably at Cu Kα; and the
Cu Kα2 component is not stripped. Microabsorption should
be minor for the NiO, whose features lie well below the scale
at which the Brindley correction becomes significant, but it
cannot be excluded for the NaCl, whose grain size after dry-
ing is not known. Fluorescence does not contribute, since
the Ni K edge (8.33 keV) lies above Cu Kα (8.04 keV). We
therefore attach an uncertainty of order 5 wt% absolute to
these values, and use them only to establish that NaCl is a
major crystalline component, not to assign a precise weight
fraction or a pH trend.

An independent cross-check supports the magnitude. The
0.05 mol of NiCl2·6H2O charged yields at most 0.1 mol of
NaCl (5.84 g) alongside 0.05 mol of NiO (3.73 g), that is 61 wt%
NaCl if none were removed. The measured 32–41 wt% there-
fore corresponds to the washing step having removed 56–70%
of the NaCl formed, a physically sensible figure obtained
without reference to the diffraction analysis.

Second, the NiO texture coefficients (Fig. 5b) lie close

to unity (0.9–1.2 for the strong (111), (200), and (220) reflec-
tions), showing that the NiO is essentially randomly oriented;
this validates the random-orientation assumption underly-
ing the intensity-based size and phase analyses. The lower
value for the weak (222) reflection reflects its poor counting
statistics rather than genuine texture. For the hydrothermal
products a reliable crystallite size could not be obtained. The
hydrothermal-product patterns are weak (maximum inten-
sity 1600–3400 counts, against ~6500 counts for the NiO pow-
ders), and in the NiO (200) region the signal-to-noise ratio is
only 1.4–1.7. Moreover, the strongest feature in this region
lies at 43.8–44.1°—at the by-product phases, consistent with
the (422) reflection of the cubic cell of Table 1, calculated at
43.80°—rather than at the NiO (200) position (43.3°). Fig-
ure 6 compares the hydrothermal-product and NiO-powder
patterns over 40–48° and shows that the sharp NiO (200) re-
flection of the powder has no counterpart in the hydrothermal
product. A single-peak fit in this window therefore charac-
terizes a secondary phase, not NiO, and no NiO crystallite
size is reported for the hydrothermal products. The much
lower peak intensities and higher relative background of the
hydrothermal-product patterns further indicate that the hy-
drothermal products are considerably less crystalline than the
NiO powders, which would be consistent with a poorly crys-
talline Mn-bearing phase, although that phase is not identi-
fied here. The dominance of the NaCl and sulfate by-products
in the diffraction patterns underlines that improved washing
and purification are the priority for future work.

3.2 FE-SEM Analysis
Figure 7 compares the morphology of the NiO powder and
the hydrothermal product for a representative sample (pH 9
precursor). The NiO powder (Fig. 7a) consists of agglomer-
ated, approximately spherical nanoclusters formed by the
coalescence of smaller grains [13], interspersed with occa-
sional elongated rod- and fibre-like features. Because the EDS
spectrum of this powder contains only Ni and O (Section 3.3),
these elongated features are not a manganese phase; they
are most plausibly Ni(OH)2-derived NiO filaments retained
through calcination, or thin fibres from the conductive sample
mount. The clusters span tens to several hundred nanometres
(quantified below), whereas the crystallite size from XRD is
only 20–30 nm, so each cluster is a polycrystalline aggregate
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Figure 6. Comparison of the NiO powder and hydrothermal-product XRD patterns (pH 9) over 40–48°. The sharp NiO (200)
reflection of the powder at 43.3° has no counterpart in the hydrothermal product, where the intensity near 43.3° is at noise level.

Figure 7. FE-SEM micrographs of the pH 9 samples: (a) NiO and (b) the hydrothermal product (100 000×).

of many NiO domains rather than a single crystal. Such ag-
glomeration is characteristic of oxides obtained by hydroxide
precipitation and calcination, in which capillary and surface
forces during drying and solid-state coarsening during calci-
nation draw the primary particles together.

After the hydrothermal step (Fig. 7b) the fine morphology
changes: the product is dominated by sheet- and flake-like
features carrying nodular particles, which are absent from the
bare NiO powder. We describe these features without assign-
ing them to a phase. Neither technique used here resolves
the interfacial structure—FE-SEM because no cross-sections
were prepared and only surface topography was imaged, and
EDS because the map-sum spectra have no spatial resolution
at the relevant scale—and, because the langbeinite-type sul-
fate of Section 3.1 is present in quantity and its habit under
these conditions is not independently known, the morphol-
ogy cannot distinguish it from MnO2. Under the acidic hy-
drothermal conditions used here the peroxodisulfate would
be expected to oxidize Mn2+ to MnO2 (MnSO4 + K2S2O8 +

2H2O → MnO2 + K2SO4 + 2H2SO4), with the pre-formed NiO
clusters acting as heterogeneous substrates for that growth
and the morphology depending on the hydrothermal tem-
perature and time [35]. The present data do not confirm that
this is what occurred: as set out in Section 3.1, the dominant
crystalline product of the hydrothermal step is a potassium–
manganese sulfate, the reflections attributable to MnO2 are
not distinguishable from those of that phase, and EDS cannot
say which phase hosts the manganese it detects. What can
be said is that the product is an intimate multiphase mix-
ture rather than the ordered, free-standing core/shell arrays
reported for template- or foam-supported NiO/MnO2 elec-
trodes [11,12,25,34], and that elongated rod/fibre features are
already present in the bare NiO, so that the morphology by
itself is not diagnostic of composite formation. Because FE-
SEM and EDS were acquired only for the pH 8 and pH 9 sam-
ples, they document the hydrothermal step at fixed precursor
pH and are not, on their own, evidence for a dependence of
morphology on that variable.
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Figure 8. FE-SEM micrographs of the pH-8 samples (100 000×, 20 kV): (a) NiO powder and (b) the hydrothermal product. The
instrument data bar, including the calibrated scale bar, is retained. These images were acquired in a different session from those

of Fig. 7 and are compared with them qualitatively only.

Micrographs of the pH-8 samples (Fig. 8) are included for
completeness, although they do not settle the question either.
The pH-8 NiO powder (Fig. 8a) shows the same granular
nanoparticles together with the elongated rod/fibre features
already noted at pH 9, whereas the pH-8 hydrothermal prod-
uct (Fig. 8b) is dominated by dense elongated needles rather
than by the sheet- and flake-like features seen at pH 9. We
do not read this difference as an effect of the precursor pH.
The two sets were acquired in separate sessions at different
accelerating voltages (20 kV for pH 8, 15 kV for pH 9); each is
a single field of a strongly agglomerated and demonstrably
heterogeneous powder (Section 3.3); and rod/fibre features
are present in the bare NiO at both pH values, so they cannot
be attributed to the hydrothermal step. XRD, which sam-
ples the bulk, finds the same dominant by-product phase
at all four precursor pH values (Section 3.1) and gives no
indication of a pH-driven change in phase content. These
micrographs are therefore reported as documentation of the
material rather than as evidence on the pH dependence of
the morphology, which the present data cannot establish ei-
ther way. A watershed segmentation of the 100 000× mi-
crographs (Fig. 9) provides a semi-quantitative measure of
the apparent particle/cluster size. The equivalent circle di-
ameter has a median of 65 nm for the NiO powder (n=478)
and 83 nm for the hydrothermal product (n=335), with broad,
right-skewed distributions extending beyond 300 nm. Both
medians greatly exceed the NiO crystallite size from XRD
(20–30 nm), quantitatively confirming that the imaged par-
ticles are polycrystalline aggregates; the somewhat larger
hydrothermal-product values are consistent with the sheet-
and flake-like features formed in the hydrothermal step, what-
ever their phase. Because the particles are agglomerated,
these values are approximate and represent feature or cluster
sizes rather than primary-particle diameters.

3.3 EDS Analysis
The elemental composition obtained from the EDS map-sum
spectra (pH 9 samples) is given in Table 3. The measure-
ment is standardless and semi-quantitative, and light-element
(oxygen) quantification is unreliable, so the metal ratios are
more informative than the absolute oxygen contents. For
the NiO powder, only Ni and O were detected, with a Ni-
rich metal:oxygen ratio (Ni 55, O 45 at.%) consistent with
NiO within EDS accuracy and with cubic NiO being the only

Table 3. EDS composition of the pH 9 NiO powder and
hydrothermal product from a single instrument map-sum
spectrum. The values are standardless and semi-quantitative
(single region); the oxygen content in particular is unreliable
and should not be read as stoichiometry.

Sample Element Weight (%) Atomic (%)

NiO Ni 82 55
NiO O 18 45
Hydrothermal product Mn 43 26
Hydrothermal product O 29 59
Hydrothermal product Ni 28 16

Ni-bearing phase seen by XRD. No sodium or chlorine was
detected, although NaCl is a major crystalline component
of the bulk powder; the analysed field was therefore NiO-
rich and not representative of the bulk, which is itself direct
evidence of spatial heterogeneity.

For the hydrothermal product, Ni, Mn, and O were all
detected, confirming that manganese is present in the anal-
ysed region, although, as noted in Section 3.1, EDS cannot
establish which phase hosts it. The manganese content ex-
ceeds the nickel content (Mn:Ni ~1.6:1 by atom). This is
not a consequence of manganese having been charged in ex-
cess. The 1.352 g of MnSO4·H2O corresponds to 8.00 mmol
of Mn, whereas 1 g of the calcined powder, taken as pure
NiO, corresponds to 13.39 mmol of Ni—a charged ratio of
0.60:1, that is, manganese in deficit. Correcting for the resid-
ual NaCl measured in that same powder (41 wt% at pH 9)
lowers the nickel content to 7.90 mmol and raises the charged
ratio to 1.01:1, or approximately equimolar. The measured
1.6:1 therefore exceeds the charged ratio, and we attribute
the difference to the measurement rather than to the synthe-
sis: the spectrum is a single map-sum over one field that is
demonstrably unrepresentative, as the absence of K and S
from it shows; EDS samples only the outermost microme-
tre, so that a Mn-bearing phase formed on the outside of the
NiO clusters is over-weighted relative to the nickel it cov-
ers; and the quantification is standardless. We accordingly
treat the Mn:Ni ratio as qualitative evidence that manganese
is present, not as a measure of the amounts charged. No
potassium or sulfur was detected in this map-sum spectrum,
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Figure 9. Watershed segmentation of the 100 000× FE-SEM micrographs (segmented features outlined in yellow) and the
resulting equivalent-circle-diameter distributions for (a, b) the NiO powder and (c, d) the hydrothermal product; the smooth

curve is a kernel-density estimate, and the dashed and dotted lines mark the median and mean, respectively. Values are
semi-quantitative feature sizes (agglomerated material).

even though the hydrothermal-product diffraction pattern is
dominated by potassium–manganese–sulfate by-products; as
for the NiO powder, this reflects a single, non-representative
analysis field rather than the absence of those phases. The
oxygen content is over-estimated here (O 59 at.%) whereas
it was under-estimated for the NiO powder, confirming that
the EDS oxygen values cannot be read as stoichiometry in
either sample; the metal ratio (Mn:Ni ~1.6:1) is the more ro-
bust output, and the analysis is best regarded as qualitative
confirmation that manganese is present in the product.

The spatial character of the by-products was examined
directly on the pH-8 samples. For the pH-8 hydrothermal
product, elemental maps (Fig. 10) show Mn and O distributed
across the whole field with Ni interspersed and—in contrast
to the pH-9 map-sum spectrum—clear K and S signals, con-
firming that the potassium–manganese–sulfate by-products
lie within the analysed region. Point spectra on the same sam-
ple bear out the heterogeneity: some regions contain about
11 at.% K and 13 at.% S (a sulfate-rich domain) whereas oth-
ers show only Mn, O, and Ni; likewise, point spectra on the
pH-8 NiO powder detect Na and Cl (residual NaCl) in some
regions but not in others. The by-product phases seen by
XRD are therefore real but spatially localized, which explains
why a single map-sum field can miss them and confirms that

the EDS analysis is representative only of the region sampled.

3.4 Growth Mechanism
The structural and compositional results are drawn together
in the growth scheme of Fig. 11. In the precipitation stage,
Ni2+ and OH− form Ni(OH)2 nuclei that grow, aggregate,
and convert to cubic NiO on calcination, while the Na+ and
Cl− counter-ions crystallize into the NaCl by-product that
survives the washing step (32–41 wt%; Section 3.1). Across
pH 8–11 this sequence yields a NiO microstructure that is
indistinguishable within the measurement uncertainty of a
single batch per condition (D ≈ 20–30 nm, a0 ≈ 4.178 Å),
and a by-product content that varies non-monotonically, so
that within this window the precursor pH acts on neither
the oxide nor, systematically, on the amount of by-product.
In the hydrothermal stage, Mn2+ is expected to be oxidized
by peroxodisulfate to MnO2 (Mn2+ + S2O8

2− + 2H2O →
MnO2 + 2SO4

2− + 4H+), the classic persulfate route to MnO2
nanostructures [82], alongside the pre-formed NiO. The ob-
served product, however, is a multiphase, NiO-bearing pow-
der whose crystalline fraction is dominated by a langbeinite-
type potassium–manganese sulfate; whether MnO2 is also
present is not resolved by the present data (Section 3.1). Be-
cause neither the phases nor their spatial relationship are
fully established, the scheme deliberately depicts coexisting
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Figure 10. EDS elemental maps of the pH-8 hydrothermal product (50 000×): secondary-electron image (SEM) and the O, Mn,
Ni, K, and S maps. Mn and O span the field with Ni interspersed, and K and S are both present—evidencing the

potassium–manganese–sulfate by-product within the analysed region.

Figure 11. Proposed growth scheme. Stage 1 (precipitation, pH 8–11): Ni(OH)2 nucleation and growth followed by calcination to
NiO, with the NaCl by-product retained after washing (32–41 wt% by XRD–RIR); the NiO microstructure shows no systematic
pH dependence. Stage 2 (hydrothermal, 120 °C, 8 h): peroxodisulfate oxidation of Mn2+ is the intended route to MnO2 alongside
the pre-formed NiO, but the observed crystalline product is dominated by a langbeinite-type potassium–manganese sulfate and
the presence of MnO2 is not established (Section 3.1). The phases are drawn side by side because the data establish neither the

full phase content nor the spatial arrangement.
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phases rather than a core–shell or coated architecture.

4. CONCLUSIONS

For NiO precipitated at pH 8–11 and combined with a hy-
drothermally grown Mn-bearing phase, the main lesson of
this work is that the precursor pH is not an effective process-
ing variable over this window, and that the by-product con-
tent dominates the material. Three independent line-profile
methods (Scherrer, Williamson–Hall, and size–strain plot)
place the NiO crystallite size at 20–30 nm with a microstrain
near 1×10−3, and Nelson–Riley refinement gives a lattice pa-
rameter equal to that of bulk NiO within uncertainty; neither
varies systematically with pH across the identically measured
samples, although, with one batch per condition, an effect
smaller than the unmeasured batch-to-batch scatter cannot
be excluded. The residual NaCl content of the powders is
large (32–41 wt% by a reference-intensity-ratio estimate) but
varies non-monotonically, so the pH is not an effective lever
on the by-product content either. FE-SEM at pH 8 and pH 9
showed sheet- and flake-like features after the hydrother-
mal step that are absent from the bare NiO; because the bare
NiO already contains elongated features, and because the
by-product phase is present in quantity, these features cannot
be assigned to MnO2 on morphological grounds.

The patterns of the hydrothermal product are dominated
by a by-product phase whose reflections index on a primitive
cubic cell of a = 10.1175 Å, consistent with a langbeinite-
type potassium–manganese sulfate. The two reflections at-
tributable to tetragonal MnO2 coincide with reflections of
that cell, and the manganese detected by EDS can be hosted
by the sulfate, so the presence of MnO2 is not established by
the present data. These by-product phases also preclude a
reliable NiO crystallite-size determination in the hydrother-
mal products. The route therefore yields NiO together with
Mn-bearing phases rather than a demonstrated NiO/MnO2
composite, and by-product removal followed by phase re-
determination—washing to a chloride-free rather than a pH-
neutral end point, whole-pattern refinement, and a comple-
mentary technique such as Raman or infrared spectroscopy
to identify the Mn-bearing phase directly—is a prerequisite
for any claim of composite formation, as it is for surface-area
measurement and for the electrochemical evaluation that mo-
tivates this route.
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