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Anisotropic microstructures normally lead to different or better optical, electrical and magnetic properties for
functional materials. We recently found some metal oxalates (nickel, cobalt, iron, silver, etc.) prepared in
aqueous solutions will form fibrous morphology in the presence of ammonia (ammonia coordination
method). Metals or metal oxides obtained by heating the fibrous metal oxalates in inert or oxidizing
atmospheres can also inherit the high-aspect-ratio morphology. Ammonia coordination method is
a simple and economical way to synthesize fibrous metal oxalates, metals, and metal oxides. In this work,
fibrous nickel oxalate with a formula of Ni(NHz);7C,04-2.2H,0 and its corresponding single crystal were
synthesized to investigate the morphology transitions, structure transitions, and formation mechanism of
fibrous particles. Ammonia molecules gradually coordinating with nickel atoms, which caused the increase

. 4 28th 3 20 of surface energy and atomic stacking rate of (020) crystal plane, was the fundamental reason for the
eceive th January . ) . . .
Accepted 29th April 2022 oriented growth of nickel oxalate. Our results demonstrate a feasible method to synthesize high-aspect-

ratio metallic materials and show the important influences of coordination ligand ammonia on the crystal

DOI: 10.1039/d2ra00605g growth stage of metallic materials which may provide references for synthesizing metallic materials with
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1 Introduction

Metallic materials with high aspect ratios usually show good
electrical conductivity, high catalytic efficiencies, and better
electron transport properties due to their anisotropic micro-
structures and high surface areas."” Many methods, such as
electrodeposition,*” sol-gel,**° surfactant mediated
synthesis'*** and chemical etching,'> have been developed to
synthesize high-aspect-ratio nanoparticles.'**®* However, these
methods may not be suitable for large scale production mainly
due to complex synthesis steps, expensive equipment and
reagents, and operational difficulties. Our group found a simple
one-step method to prepare nickel oxalate with fibrous micro-
morphology at atmospheric pressure which was just mixing
the sodium oxalate solution and nickel chloride solution in the
presence of ammonia (named as ammonia coordination
method).”* Heated in inert or oxidizing atmospheres, the
fibrous nickel oxalate will decompose into nickel or nickel oxide
which can succeed fibrous nickel oxalate's high-aspect-ratio
morphology.**** Other fibrous oxalates such as cobalt oxalate,
iron oxalate, copper oxalate, silver oxalate, iron-nickel oxalate,
and cobalt-nickel oxalate can also be synthesized by the
ammonia coordination method.***’
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extraordinary microstructures and better properties by simple ammonia coordination method.

Through testing by a factory, the fibrous nickel prepared by the
ammonia coordination-post calcination method showed equal or
better performance in electrode additives and cemented carbide
compared with nickel powders bought from the International
Nickel Company. Quasi-one-dimensional NiCo,0, synthesized
through the ammonia coordination method also showed attrac-
tive microwave absorbing properties (reflection loss < 10 dB) in
the frequency range of 6.82-18 GHz making it a promising
candidate for electromagnetic wave absorber.”® Fibrous nickel
oxide (NiO) with a larger surface area of 140.153 m”> g~ ' and
a lower electrical resistivity of 4.5 x 10° Q m had much better
electrocatalytic activity than spherical NiO for ethanol oxidation.*®

Ammonia coordination method is simple and economical
for producing fibrous powder materials, however, there is little
research on the formation mechanism of the fibrous particles.
To better control the morphology of products and provide
reference for synthesizing metallic particles with special
morphology by simple coordination methods, the influences of
critical experimental conditions, the transitions of nickel
oxalate in feeding and aging processes, and the crystal structure
of nickel ammine oxalate were investigated in this article.

2 Experimental
2.1 Materials

All chemical reagents were used as received without further
purification. Nickel chloride hexahydrate (NiCl,-6H,0), sodium
oxalate (Na,C,0,), ammonia solution 25-28% (NH;-H,0) and
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polyvinylpyrrolidone K30 ((C¢HoNO),) were obtained from
Sinopharm (Shanghai, China). Deionized water was obtained
from a laboratory purification system (>15.0 MQ cm).

2.2 Preparation of fibrous nickel oxalate and chain-like
nickel

In a typical synthesis experiment, 2.38 g of nickel chloride
hexahydrate and 4.26 mL of ammonia solution (25-28%) were
dissolved into 50 mL deionized water labelled as solution A.
1.34 g of sodium oxalate were dissolved into 50 mL deionized
water giving solution B and 25 mL deionized water containing
0.31 g of polyvinylpyrrolidone K30 served as a substrate solu-
tion. The pH,qgxk values of the three as-prepared solutions were
adjusted to 9.5 by hydrochloride and sodium hydroxide solu-
tions. The substrate solution was put into a three-neck flask
and heated to 80 °C in a water bath first. Then solution A and
solution B were simultaneously pumped into the three-neck
flask at a rate of 1 mL min " with continuously stirring at
a speed of 200 rpm. The reaction system was kept at 80 °C for
4 h after pumping all the solutions for particle aging. The solid
product and aqueous phase were separated by vacuum filtra-
tion followed by washing the solid product with DI water (x3)
and ethanol (x3). Soft powders with a light blue color were
obtained after drying the solid product in a vacuum drying
oven at 25 °C for 24 h. The chain-like nickel was prepared by
heating the fibrous nickel oxalate at 400 °C for 1 h in an argon
atmosphere.

2.3 Synthesis of single crystal

Blue crystal Ni(NH;),C,0, was synthesized from a mixture of
0.1 g fibrous nickel oxalate prepared in the typical
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experiment conditions, 200 pL of 25-28% aqueous ammonia
and 1 mL water, which was sealed in a 5 mL PTFE vessel and
heated to 100 °C for 2 days, followed by cooling to 30 °C at
5 °C h™'. To compare the structure difference of fibrous
nickel oxalate and the blue single crystal, polycrystalline
powders corresponding to the blue single crystal were
synthesized by rotating the sealed PTFE vessel containing the
same mixture at 100 °C for 6 h followed by cooling with the
furnace, which would destroy the mild environment for the
growth of single crystal.

2.4 Characterization

The morphology of samples was explored by a scanning electron
microscope JEOL JSM-6360LV and a transmission electron
microscope JEOL JEM-2100F. Powder X-ray diffraction (XRD)
patterns were collected on a Rigaku TTR-III X-ray diffractometer
with Cu Ko radiation (A = 0.15406 nm). Bruker AXS Smart Apex II
Single Crystal X-ray diffractometer was used to collect single
crystal X-ray diffraction data. SHELX software was used to solve
and refine the single crystral structure. Fourier transform infrared
(FTIR) spectra of samples were recorded by a KBr pellet technique
using a Thermo Fisher Nicolet 6700 spectrophotometer in the
wavenumber range of 400-4000 cm™ ', The percentage composi-
tion of C, H, N elements present in samples was determined using
an Elementar Vario EL III elemental analyzer. The contents of
nickel in solid samples and reaction solutions were determined by
ICP-AES instrument (ICP, Thermo Scientific, iCAP 7000). Ther-
mogravimetric (TG) analysis was determined on Netzsch STA-
449F3 TG/DTG instrument within a temperature range of 30 °C
to 600 °C with a heating rate of 10 °C min~" under an argon
atmosphere.
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Fig.1 Characterization of fibrous nickel oxalate. (a) SEM image of fibrous nickel oxalate prepared under the typical experiment conditions (inset
shows high magnification TEM image of one nickel oxalate fiber). (b) SEM image of chain-like nickel after heating the fibrous nickel oxalate at
400 °C for 1 h in an argon atmosphere. (c) XRD patterns of the chain-like nickel (green line) and fibrous nickel oxalate (black line). (d) FTIR
spectrum of the fibrous nickel oxalate. (e) Thermogravimetric (TG, solid line) and thermogravimetric derivative (DTG, dotted line) curves for the

fibrous nickel oxalate.
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3 Results and discussion
3.1 Characterization of fibrous nickel oxalate

The fibrous nickel oxalate with an average width of 0.29 um and
a length up to 87 pm were synthesized by the ammonia coor-
dination method (Fig. 1a), while agglomerated nickel oxalate
dihydrate particles presented without ammonia (Fig. S1a and b,
ESIT). Some fibrous particles tended to agglomerate along their
long axes due to the hydrophobicity of carbon atoms in oxalate.
It was beneficial to lower the system energy if particles gathered
and grew parallel with the direction of oxalate chains.* The
XRD pattern of the fibrous nickel oxalate was totally different
from nickel oxalate dihydrate and we did not find a standard
JCPDS card consistent with it (Fig. 1c). After heating the fibrous
nickel oxalate at 400 °C for 1 h in an argon atmosphere, the
obtained nickel particles were chain-like also with high aspect
ratios (Fig. 1b and c). The functional groups and modes of
vibration from the FTIR spectrum of fibrous nickel oxalate were:
3482 em™': vg(H,0) + v4(NH3), 1693 cm™': §(HNH), 1627 cm ™
¥,5(C=0), 1600 cm ™ ": §(HNH), 1400 cm™": p(H,0), 1353 cm ™
15(C-0), 1317 em ™ : »,(C-0) + 6(0-C=0), 1268 cm ™ *: »,(C-0),

S pum
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809 cm ' »{(C-C), 669 cm™*: §(0-C=0), and 478 cm : v¢(Ni-
O) (vs, vas, 6 and p are stretching, symmetric stretching, bending,
and wagging respectively) (Fig. 2d).>***** There were four
molecular groups of crystallization water, -NH3, Ni-O, and
C,0,>” confirmed in the fibrous nickel oxalate based on the
FTIR spectrum. The observed mass fraction of Ni, N, C and H in
the fibrous nickel oxalate was 27.15 wt%, 11.04 wt%, 11.11 wt%
and 4.44 wt% respectively, giving the molecular formula of
fibrous nickel oxalate as Ni(NH;), ,C,0,4-2.2H,0. We attributed
the non-integer of crystallization water and NH; in the molec-
ular formula to the high reaction temperature at which some
ammonia would be released from the product, and the relatively
unstable crystal growth environment which would cause the
fluctuation of the ammonia and water contents in every particle.
There were two obvious endothermic peaks at 241.1 °C and
321.9 °C corresponding to the removal of crystalline water and
decomposition of oxalate respectively in the TG-DTG curves of
nickel oxalate dihydrate (Fig. Sic, ESIt).*> Three obvious mass
change stages of the fibrous nickel oxalate were found at
temperature ranges of 25-110 °C, 110-300 °C and 300-400 °C
(Fig. 1e). Based on the TG results, we heated the fibrous nickel
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Fig. 2 The influence of temperature and pH on the morphology and crystal structure of nickel oxalate. (a—d) SEM images of nickel oxalate
prepared at different temperatures: (a) 25 °C, (b) 50 °C, (c) 70 °C, and (d) 90 °C. (e—h) SEM images of nickel oxalate prepared at different pH of
initial stock solutions: (e) 6.5, (f) 7.5, (g) 8.5, and (h) 10.5. (i) XRD patterns of nickel oxalate prepared at different reaction temperatures. (j) XRD
patterns of nickel oxalate prepared at different pH. Only temperature or pH were changed in the above experiments while other experiment

conditions were kept consistent with the typical experiment.
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oxalate under an argon atmosphere at 110 °C and 300 °C for 1 h
respectively to better understand its decomposition process.
One endothermic peak appeared at 90.8 °C and the mass loss
was 14.8% at the temperature range of 25-110 °C. According to
the elemental analysis results for fibrous nickel oxalate after
heating at 110 °C, the mass loss was mainly caused by the
release of most NH; which in turn influenced the crystal
structure of fibrous nickel oxalate, resulting in the decrease of
crystallinity and XRD peak intensities though particles’
morphology did not change a lot (Fig. S2a and c, ESIT). There
existed two weak endothermic peaks at 177.9 °C and 237.9 °C
with a mass loss of 8.12% in the temperature range of 110-
300 °C. The particles after heating at 300 °C were still fibrous, of
which most of nitrogen and hydrogen were eliminated with the
carbon content unchanged (3.15 wt% of N and 1.19 wt% of H
left after heating at 300 °C for 1 h) (Fig. S2b, ESIt). This indi-
cated that most of the crystalline water and residual NH; were
removed in this stage. The crystal structure of fibrous nickel
oxalate was almost destroyed after losing NH; and crystalline
water since many diffraction peaks disappeared in the XRD
pattern (Fig. S2c, ESIf). With the continued elevation in
temperature to 300-400 °C, there was a strong endothermic
peak at 371.3 °C corresponding to the decomposition of oxalate.
The relatively weak endothermic peak at 354.9 °C might be
caused by the release of residual NH; and crystalline water
leading to the mass loss (47.1%) a little higher than the theo-
retical value (40.89%) in the oxalate decomposition process.
Finally, the fibrous nickel oxalate was transformed to chain-like
nickel when the temperature was over 400 °C.

3.2 Key factors influencing the formation of fibrous nickel
oxalate

The influence of reaction temperature, pH, Ni/NH; mole ratio,
source of nickel ions, reactant concentration, feeding rate,
surfactant, and stirring rate on the morphology of nickel oxalate
had been investigated (Fig. S3, ESIt). We found the reaction
temperature and pH were the two significant factors that made
valuable contributions to the fibrous shape of nickel oxalate.
Other factors affected the fibrous particle's length and width
mainly by the degree of supersaturation. If the temperature and
pH were set right, nickel oxalate with high aspect ratios could be
synthesized regardless of the change of other factors.

When the reaction temperature was 25 °C keeping other
conditions constant, the morphology of nickel oxalate became
large bar-like with many tiny fibrous particles existing on its
surfaces (Fig. 2a and S4a, ESIT). In a previous study, researchers
proposed that high temperatures could modify the growth unit
of nickel oxalate causing the growth rate of one crystal plane to
become very fast which was the main reason for the fibrous
shape of nickel oxalate prepared by the ammonia coordination
method.”* However, we found fibrous nickel oxalate also
appeared after letting the collected aqueous phase after the
solid-liquid separation in T = 25 °C experiment sealed in
a plastic bottle at room temperature for several days, which
suggested reaction temperatures controlled the morphology of
nickel oxalate mainly by influencing the reaction rates (Fig. S4b,
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ESIT). At low temperatures, the reaction rates were relatively
slow and the morphological transition of nickel oxalate to
fibrous shape also needed a long time accordingly. The opinion
was further confirmed by prolonging the aging time from 4 h to
9 h at the reaction temperature of 50 °C where the particles’
morphology changed from agglomerations (Fig. 2b) to fibers
(Fig. S4c, ESIT). When the reaction temperature was higher than
70 °C, nickel oxalate particles would be fibrous (Fig. 2¢ and d).
We attributed the shorter length of fibrous particles at 70 °C
than that of 90 °C to the higher reaction rates at 90 °C where the
particles were more developed. The XRD patterns of nickel
oxalate prepared at different temperatures were mostly similar
except for the peaks at 26 = 12-18° (Fig. 2i). With the increase of
temperature and length of particles, the peak at 12-18° would
split into three peaks in which the intensity of the leftmost peak
became the strongest suggesting the phase transformation
occurred and the crystal plane corresponding to the leftmost
peak was the predominant plane.

Then, the pH values of initial three solutions were changed
simultaneously to study its influences on the formation of
fibrous nickel oxalate. The nickel oxalate particles were granular
when the solution pH was 6.5 and became rod-like at pH of 7.5
(Fig. 2e and f). In low pH conditions, ammonia NH; in the
nickel-ammonia solution preferred to coordinate with H'
forming ammonium ions NH,".** The blue nickel-ammonia
solution containing Ni(NH;),”" (n = 1-6) would become green
(the color of Ni(H,0)s>*) when its pH was adjusted to 6.5 in our
experiment. The lack of free ammonia at low pH caused the
non-fibrous morphology of nickel oxalate particles. The XRD
pattern of solid product at pH of 6.5 was a little different from
nickel oxalate dihydrate which might be caused by the lattice
distortion resulting from little ammonia incorporated in the
crystal lattice of nickel oxalate. As more ammonia NHj; existed at
high pH, a new phase appeared when the pH was 7.5 and we
also did not find a standard JCPDS card consistent with its XRD
pattern (Fig. 2j). When the pH values were higher than 8.5,
fibrous particles formed and their XRD patterns were similar to
typical fibrous nickel oxalate (Fig. 2g, h and j).

3.3 Morphology and structure transition in feeding process

Samples including solid products and liquid phases were
collected at different time during the synthesis of fibrous nickel
oxalate. In the feeding process, large lump particles started to
form first at the feeding time of 2 min (Fig. 3a) and then the
lump particles were subsequently in situ disassembled into
small spindle-like clusters (Fig. 3b). The small spindle-like
particles grew into coarse separated columnar particles at
10 min (Fig. 3c) while fibrous particles appeared on their
surfaces at 15 min (Fig. 3d) and the columnar particle began
disintegrating from its two ends to many fibers at 20 min
(Fig. 3e). In the meanwhile, the surface energy of particles
increased with the rise of specific surface areas leading to the
spontaneous re-agglomeration of columnar particles.** When
the time was over 25 min, the columnar particles in the large
clusters were progressively transformed to fibers and further the
fibrous particles grew longer (Fig. 3f-k).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 The morphology transition of nickel oxalate prepared by the ammonia coordination method in the feeding process. SEM images show the
morphology of nickel oxalate at different feeding time: (a) 2 min; (b) 5 min; (c) 10 min; (d) 15 min; (e) 20 min; (f) 25 min; (g) 30 min; (h) 35 min; (i)

40 min; (j) 45 min; (k) 50 min.

There were only crystalline water (v5(H,O) at 3448.12 cm™ ),
Ni-O (v¢(Ni-O) at 478.59 cm™ '), and C,0,>  (r.(C=0) at
1628.73 cm™ !, 14(C-0) at 1316.25 cm ™ *, v(C-0O) at 809.93 cm ',
and v4(C-C) at 669.43 cm ') vibration peaks in the FTIR spec-
trum of solid product at the feeding time of 2 min, suggesting
the initial precipitate was only composed of nickel ion Ni**,
oxalate ion C,0,> and crystalline water (Fig. 4a). When the
feeding time exceeded 5 min, the characteristic peaks of NH;
(6(HNH) at 1692.09 cm™ "' and 1597.65 cm ™) appeared in the
solid products and the peak at 3448.12 cm ™" shifted to the left
due to the existence of ammonia. The nitrogen contents in solid
products also increased from 6.32 wt% at 5 min to 10.73 wt% at
50 min (Fig. 4b). Taken together, these results indicated
ammonia enter the crystal lattice of nickel oxalate incrementally
though the most ammonia existed in the form of Ni(NH3),>* (n

© 2022 The Author(s). Published by the Royal Society of Chemistry

= 1-6) in the initial nickel-ammonia solutions. The reaction
equations were summarized as follows.

Ni(NH3),2" — Ni** + nNH; (n = 1-6)
NiZ* + C,042~ + xH,0 — NiC,04-xH,0 2 = x < 3)
NiC204'XH20 + yNH3 i Ni(NH3)yC204'XH20 (O <y= 2)

There were no diffraction peaks in the XRD pattern of solid
product at 2 min indicating the initial product was an amor-
phous solid (Fig. 4c). As the incorporation of ammonia into the
crystal lattice of nickel oxalate, atoms began orderly arranging to
form solid products with weak crystallinity and diffraction peaks
at 5 min. Accordingly, the morphology of nickel oxalate was
transformed to small spindle-like clusters from lump particles

RSC Adv, 2022, 12, 15251-15260 | 15255
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Fig. 4 The crystal structure transition of nickel oxalate prepared by the ammonia coordination method in the feeding process. (a) FTIR spectra of
solid products obtained at different time during the feeding process. (b) Plot shows the nitrogen contents in solid products during the feeding
process. (c) XRD patterns of solid products during the feeding process.

due to the change of crystal structure. The crystallinity of solid = 10-20° split into three peaks and a new peak appeared at around
products at 10 min became better. The XRD pattern of solid 32° which indicated the crystal structure of nickel oxalate
products at 15 min showed that the two diffraction peaks at 26 = changed again causing the emergence of fibrous particles and the
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Fig.5 The morphology and structure transition of nickel oxalate prepared by the ammonia coordination method in the aging process. (a—d) SEM
images of nickel oxalate at different aging time: (a) 1 h; (b) 2 h; (c) 3 h; (d) 4 h. (e) XRD patterns of solid products obtained at different time during
the aging process. (f) Plot shows the nitrogen contents in solid products during the aging process. (g) Plot shows the changes of nickel
concentration and pH with time in the reaction solutions during the whole process.
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disassembly of columnar particles. After 20 min, the position of
XRD peaks kept constant while the crystallinity of solid products
was gradually enhanced. The reaction system with low super-
saturation switched to the crystal growth stage immediately after
primary nucleation, which was in accordance with the LaMer
model.*®

3.4 Morphology and structure transition in aging process

The products were left in the reaction system for further 4 h to
finish the evolution of fibrous particles after the feeding
process. Large clusters consisting of tiny fibers still existed in
the reaction system when the aging time was 1 h and 2 h (Fig. 5a
and b). The clusters disappeared and became aggregated
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fibrous particles if prolonging the aging time to 3 h (Fig. 5¢). At
the aging time of 4 h, the nickel oxalate fibers became longer
and well-dispersed compared with particles at 3 h (Fig. 5d).
Ostwald ripening might occur during the aging process where
thermodynamically unfavorable tiny fibrous particles dissolved
to release chemical fuels for the growth of large fibrous parti-
cles. The disappearance of large clusters might be caused by the
dissolution of small fibrous particles.

The nitrogen content of solid products increased slightly
with the extension of aging time and became steady after 4 h
(Fig. 5f). The X-ray diffraction peak positions at different aging
time were consistent with the typical experiment product while
the intensity of the leftmost peak rose faster than other peaks,

@
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g
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\

crystalline
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|
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Fig. 6 The crystal structure of nickel ammine oxalate. (a) The coordination environment of nickel atom in Ni(NH3),C>O4. (b) SEM image of the
polycrystalline powders corresponding to Ni(NH3),C,O4. (c) XRD patterns of the polycrystalline powders corresponding to Ni(NH3),C,04 (2) and
the fibrous nickel oxalate (1). (d) View of the three-dimensional structure of Ni(NHz),C,O4. (e) The formation process of fibrous nickel oxalate.
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suggesting the crystal plane corresponding to the peak was
gradually exposed as the growth of fibrous particles again
(Fig. 5e).

The nickel ion concentration in the reaction solution drop-
ped dramatically from 1041 mg mL ™" at 5 min to 375.6 mg mL ™"
at 10 min, furthermore, the nitrogen contents in the solid
products increased dramatically during this period indicating
the quick transformation from spindle-like particles into
columnar particles once ammonia was present in the crystal
lattice of nickel oxalate (Fig. 52). The nickel ion concentration
decreased to 334.6 mg mL ™" at 20 min, but it would then begin
to gradually increase until 45 min. As the time increased, the
volume of reaction solutions in the three-neck flask continu-
ously grew leading to the increase effect of nickel concentration
through pumping feeding solutions becoming weak. Moreover,
after 20 min, the consumption of nickel ions was dominated by
the growth of fibrous particles where the consumption rate of
nickel ions should be the same. The nickel concentration in the
reaction solution ought to decrease in theory. We attributed the
anomalous increase of nickel concentration to the dissolved of
unstable tiny fibrous particles owing to the Ostwald ripening
effect. This opinion was further confirmed by continuously
pumping ammonia solutions into a nickel oxalate dihydrate
suspension. The nickel oxalate dihydrate particles gradually
dissolved and were transformed to fibrous morphology in
ammonia solutions (Fig. S5a-j, ESIT). In this experiment, nickel
concentrations in the reaction solution also increased when
large clusters with tiny fibers appeared suggesting the redis-
solution of small fibers occurred. After the feeding process, the
concentration of nickel ion decreased again through the growth
of fibrous particles and remained steady after the aging time of
3 h. Compared with the initial solution pH, the pH of reaction
solution increased a little and varied in the range of 9.82-9.93
which might be caused by the release of OH™ coordinated with
Ni*" in the initial nickel-ammonia solution.

3.5 Single crystal of nickel ammine oxalate

Blue crystals stable in air and water were synthesized under the
single crystal experiment. The formula of the blue crystal was
Ni(NH3),C,0,4. The elemental analyses gave the following
results: found (Ni 15.22 wt%; H 3.29 wt%; C 13.25 wt%),
calculated for C,HgN,NiO, (Ni 15.50 wt%; H 3.32 wt%; C
13.28 wt%). One crystallographically independent nickel atom
was coordinated with four oxygen atoms in two oxalate ions and
two nitrogen atoms in two ammonia molecules to form an
octahedral geometry (Fig. 6a). The crystal belonged to mono-
clinic system where eight nickel atoms located in the vertexes of
unit cell and two nickel atoms existed on the center of front and
back surfaces (Fig. 6d). Further details of the X-ray structural
analysis and selected bond lengths and angles were given in
Table 1 and appendix Table S1 (ESI).+

Compared with the fibrous nickel oxalate synthesized under
the typical experiment, there was no crystalline water in the blue
crystal. In order to know the structure deviation of Ni(NH3), -
C,0,4-2.2H,0 from Ni(NH;),C,0,, the polycrystalline powders
corresponding to the blue crystal were synthesized by rotating
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Table 1 Crystallographic details for the synthesized blue crystal

Empirical formula C,HgN,NiO,

Formula weight 180.80

Crystal system Monoclinic

Space group C2/m

a 10.763 A

b 5.411 A

c 4.996 A

g 96.295(6)°

1% 289.21(7) A®

zZ 2

Density (calculated) 2.076 g cm?

F(000) 184

m 3.296 mm '

Crystal size 0.240 x 0.220 x 0.200
mm’®

Reflections collected 973

Independent reflections 371 [R(ine) = 0.0078]

Goodness-of-fit on F* 1.118

Ry, WR, (all data) 0.0140, 0.0362

the vessel and cooling quickly in the single crystal experiment to
destroy the mild growth environment for developing single
crystals. The polycrystalline powders with a rod-like
morphology also had high aspect ratios and its XRD pattern
was similar to the fibrous nickel oxalate at the typical experi-
ment suggesting the coincident crystal structure of Ni(NH;); ;-
C,0,-2.2H,0 and Ni(NH;3),C,0, (Fig. 6b and c). The leftmost
XRD peak was not the strongest in the polycrystalline powders
which might be caused by the insufficient development of rod-
like particles. In the crystal unit cell of Ni(NH;),C,0,, the
direction of oxalate chains was parallel to the b-axis. The surface
energy of crystal plane (020), which was perpendicular to the b-
axis in the nickel ammine oxalate, might increase greatly due to
the existence of ammonia (Fig. 6d). The atomic stacking rate in
this crystal plane became faster resulting in crystal growing
along the plane's normal direction and the final exposure of
crystal plane (200) and (001) which had the two biggest inter-
planar spacing in Ni(NHj3),C,0,. This was also the reason why
the two leftmost peaks had the strongest intensity in the XRD
pattern of fibrous nickel oxalate.

In summary, amorphous nickel oxalate lump particles star-
ted to appear first during the preparation of fibrous nickel
oxalate. Then the nitrogen contents in solid products gradually
increased since ammonia coordinated with nickel causing the
changes of products’ crystal structures. In the meanwhile, the
products’ morphology changed from lump particles to spindle-
like clusters, columnar particles, and fibers. Following the
LaMer model, the reaction system which had low supersatura-
tion switched to crystal growth stage immediately after primary
nucleation during the feeding process. In the aging process,
Ostwald ripening occurred: small fibrous particles gradually
dissolved and large fibrous particles grew. The products’
morphology and crystal structure were almost unchanged after
four hours of aging. The fundamental reason for the formation
of fibrous nickel oxalate was the existence of ammonia mole-
cules in the (020) crystal plane which might cause the high
surface energy of (020), and thus nickel oxalate crystal preferred

© 2022 The Author(s). Published by the Royal Society of Chemistry
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to grow along with it (Fig. 6e). These phenomena indicated
ligands had great influences on the crystal growth resulting in
unexpected product morphology during the preparation of
materials by wet chemistry methods.

4 Conclusion

Fibrous nickel oxalate with a formula of Ni(NH3); ,C,04-2.2H,0
was prepared by the ammonia coordination method. In the
feeding process, amorphous nickel oxalate without ammonia in
its crystal lattice appeared first. Then ammonia gradually coor-
dinated with nickel atoms, and the solid products changed from
lump particles to spindle-like clusters, columnar particles and
fibrous particles. In the aging process, Ostwald ripening occurred
where small fibrous particles gradually dissolved and large
fibrous particles grew. The crystal structure of fibrous nickel
oxalate suggested that the fundamental reason for the formation
of fibrous nickel oxalate was the existence of ammonia molecules
in the (020) crystal plane which might cause the high surface
energy of (020), and thus nickel oxalate crystal preferred to grow
along with it. This work provides a feasible way to synthesize
metallic materials with high aspect ratios and provides examples
and references for preparing materials with extraordinary
morphology by simple coordination-precipitation methods.
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