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Abstract C–Si–H-doped Co1–xO particulates/nanocon-

densates of rocksalt-derived types were formed by pulsed

laser ablation of metallic Co plate in tetraethyl orthosilicate

and characterized by X-ray/electron diffraction and vibra-

tional/optical spectroscopy. Such crystals were found to

contain (001) paracrystal plate having defect cluster peri-

odicity ca. 2.5 times that of the host lattice, and 1D 3x and

5x{111} commensurate superstructures along with (111)

(Co/CoO)n multilayer. The (Co/CoO)n multilayer by (111)-

specific faulting and oxygen diffusion is of interest to the

synthesis of cermet, in particular giant magnetoresistance

material, whereas the overall substances with characteristic

vibration modes, binding energy and UV–visible absorp-

tions (3.1 and 3.7 eV) may have potential optocatalytic

applications.

1 Introduction

The motivation of this research is to synthesize C–Si–H-

doped cobalt oxide by pulsed laser ablation (PLA) of

metallic Co in a liquid of mild redox condition, i.e.,

tetraethyl orthosilicate (TEOS), so that novel (hkl)-specific

paracrystalline distribution of defect clusters, Co interlay-

ering and lattice shuffling of the rocksalt-type structure can

be tailored and the accompanied optical property changes

characterized.

Bulk Co1–xO of rocksalt-type structure and Co3–dO4 of

spinel-type structure, with considerable extent of nonstoi-

chiometry due to Co3?/Co2? ratio, were known to have

paracrystalline distribution of defect clusters when pre-

pared by a sintering–annealing route in air without dopant

[1] or doped with Zr4? [2], and Mg2? [3, 4], to tailor the

interspacing of the defect clusters.

Nanosized Co1–xO particles were reported to have

negligible defect clusters when produced by PLA of

metallic Co target in an oxygen background gas [5].

Whereas the Mg-doped Co1–xO nanoparticles have tailored

paracrystalline distribution of defect clusters (ca. 1.5- to

2-nm interspacing), internal compressive stress (up to ca.

2 GPa) and well-developed {100} faces for coalescence as

(100) 26.6� twist boundary with a fair coincidence site

lattice (CSL) when produced by PLA of bulk MgO–Co1–xO

alloys in air [6]. By contrast, paracrystal arrays following

the *{111} vicinal planes of the rocksalt-type host, i.e.,

{112} and {113} occurred for the Mg-doped Co1–xO par-

ticles fabricated by PLA of powdery MgO–CoO solid

solution in water [7]. Recently, PLA synthesis in aqueous

solution under specified pH, O2 concentration and laser

parameters was used to produce cobalt oxide/hydroxide

nanoparticles with tailored size, morphology and structure

[8]. It was found that PLA of bulk Co in the presence and

absence of O2 in an aqueous solution initially produced

CoO and b-Co(OH)2 nanoparticles, respectively, that

finally transformed into spinel-type Co3O4 through oxida-

tion and/or thermal decomposition [8]. It is of interest to

explore further the defect nanostructures of cobalt oxide by
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the PLA route in a liquid with suitable redox condition to

retain the metal/metal oxide coexisting state, such as TEOS

which has been used successfully for the PLA synthesis of

ZnO/Zn core shell nanoparticles [9], C–H-doped TiO2

anatase with epitaxial Ti and TiO nuclei [10] and even

polyynes together with flexible Si–H-doped carbon

nanoribbons [11].

Here, Si–C–H-doped Co1–xO nanoparticles with

paracrystal and special planar defects were synthesized by

PLA of metallic Co plate in TEOS. We focused on (1) the

domain shape and interspacing of the paracrystalline dis-

tribution of defect clusters, (2), (hkl)-specific commensu-

rate superstructures, (3) novel (Co/CoO)n multiple cermet

layer intergrowth as of concern to giant magnetoresistance

(GMR) research [12, 13] and (4) characteristic vibration,

atom binding energy and UV–visible absorbance of the

cermet particles retained in TEOS for potential optocat-

alytic applications. Such knowledge sheds light also on

defect clustering and phase behavior of the Co–C–Si–O–H

system in natural dynamic settings of gentle redox

condition.

2 Experimental

Polycrystalline metallic Co plate of fcc- and hcp-type struc-

tures with negligible impurities (99.9 % pure) was subjected

to energetic PLA (Nd–YAG-laser, Lotis, 1064 nm wave-

length, beam mode: TEM00) under 1064 rather than 532 nm

wavelength for a better ablation efficiency in TEOS. The

upper surface of the target plate was 5 mm below the liquid

level in a beaker of 6 cm in diameter full of TEOS ca. 15 cm3

in volume during such an ablation process. In such experi-

ments, laser beam was focused to a spot size of 0.03 mm2 on

the target under laser pulse energy of 1000 mJ/pulse using

1064-nm excitation. The free-run mode for specified pulse

duration of 240 ls was adopted to achieve a peak power

density of 1.4 9 107 W/cm2 (average power density

3.3 9 104 W/cm2) at 10 Hz. Under such a condition, Co

target burning was avoided, whereas the reaction of TEOS

with Co-containing plasma was effective to produce mil-

ligram-scale particulates/nanocondensates for phase, nanos-

tructure and optical property characterizations. (The yield rate

of the particulates/nanoparticles was estimated to be ca.

10 mg per 5 min of PLA accumulation time.)

The condensed and solidified particles along with tramp

target debris produced by PLA of Co in TEOS for

5–10 min were centrifuged from the colloidal suspension

and then deposited on a glass slide for X-ray diffraction

(XRD, Bruker D8 Advance, Cu Ka at 40 kV, 40 mA and

3 s for each 0.05� increment from 20� to 90� of 2h angle),

optical microscopy under plane polarized light and scan-

ning electron microscopic (SEM, JEOL JSM 6330F at

10 kV) observations. The composition and crystal struc-

tures of the fine particles collected on copper grids overlaid

with a carbon-coated collodion film were further charac-

terized by transmission electron microscopy (TEM, JEOL

TEM-3010) coupled with bright-field image (BFI), selected

area electron diffraction (SAED) and point-count energy

dispersive X-ray (EDX) analysis at a beam size of 5 or

10 nm.

The UV–visible absorption of the colloidal suspension

containing the as-formed particles was characterized by the

instrument of U-3900H, Hitachi, with a resolution of

0.1 nm in the range of 190–900 nm. The vibration units of

the carbonaceous and cobalt oxide substances as cen-

trifuged from the colloidal suspension and then deposited

on the glass slide were studied by Raman probe using

HORIBA HR800 instrument at 633-nm laser excitation

with a spatial resolution of 1 lm. The centrifuged con-

densates were also mixed with KBr for Fourier transform

infrared spectroscopy (FTIR, Bruker 66v/S, 64 scans with

4 cm-1 resolution) study of the cobalt oxide particles with

Si–C–O–H signature. The colloidal suspension was also

dropped onto glass substrate and then dried for X-ray

photoelectron spectroscopy (XPS, JEOL JPS-9010MX

photoelectron spectrometer with MgKa X-ray source)

study calibrated with a standard of C1s at 284.5 eV [14].

Fig. 1 XRD traces of a Co target with fcc- and hcp-type Co,

b sample produced by PLA of Co in TEOS for 10 min to have the

new phase assemblage including a unique (111) Co interlayer as

denoted by asterisk
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3 Results

3.1 XRD

The metallic Co target is polycrystalline showing

diffraction peaks of fcc- and hcp-type structures in ran-

dom orientation (Fig. 1a). The sample in milligram scale

produced by PLA of metallic Co in TEOS for 10 min

showed a unique diffraction of (111) Co interlayer with

0.1983 nm (ca. 46.3� 2h, i.e., with *0.45-nm spacing

when coupled with (111) CoO of 0.24602 nm (JCPDS

48-1719) as (Co/CoO)n cermet bilayer as indicated by

later TEM imaging), besides the weak diffractions of

Co1–xO. This (111) Co interlayer spacing is in close

agreement with that of bulk fcc Co without dopant

(0.19745 nm, JCPDS 88-2325). There is minor Co(OH)2

layer double hydroxide (LDH) with basal diffraction

superimposed with the broad diffraction of silica glass

substrate at ca. 20� 2h and additional carbon in the form

of turbostratic graphene and graphite to give weak basal

and prism diffractions.

3.2 Optical polarized microscopy and SEM

Optical polarized micrographs taken from two areas of the

sample produced by PLA of metallic Co in TEOS for 5 min

and then collected on a silica glass slide showed that the C–

Si–H-doped Co1–xO particles are nano to microns in size, in

drastic contrast to the much larger-sized Co(OH)2 LDH with

hexagonal shape and the turbostratic graphene in tubular

form (Fig. 2). The hexagonal LDH in basal section showed

full extinction, whereas the tubular graphene showed a high

refraction index along the long axis, i.e., length slow, under

crossed polarizers with additional k-plate.

SEM–EDX analysis (Fig. 3) of the same PLA specimen

showed that the graphene tube was Si–O–H-doped and

decorated with Co1–xO particulates/nanocondensates

agglomerated as chain aggregate or in a close-packed

manner. The C–Si–H-doped Co1–xO also occurred as

spherical particulate up to ca. 2 lm in size which is much

brighter than the graphite flake nearby (Fig. 4). It is note-

worthy that the spherical particulate has local facets pre-

sumably due to coalescence of the constituent facetted

Fig. 2 Optical polarized

micrographs of the particulates

and condensates (mainly C–Si–

H-doped Co1–xO, hexagonal

LDH and graphene) in two areas

(a) and (b) produced by PLA of

Co in TEOS for 5 min, taken

under open polarizer (upper

panel), crossed polarizers

(middle panel) and crossed

polarizers with additional k-

plate (lower panel) showing

length slow of the elongated

graphene belt/tubes and

extinction of the hexagonal

LDH in isotropic section
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particles, whereas the graphite flake has perfect hexagonal

shape rather than the turbostratic stacking of graphene.

3.3 TEM

3.3.1 Size distribution and cell parameter of C–Si–H-

doped Co1–xO

TEM BFI and corresponding SAED pattern of the sample

produced by PLA of Co in TEOS for 10 min (Fig. 5)

showed characteristic diffraction rings of C–Si–H-doped

Co1–xO particulates and nanocondensates ranging from 5 to

40 nm in size in random orientation and a unique (111)(Co/

CoO)n diffraction nearly superimposed with the graphene

(10) and/or graphite (1010) diffraction as a combined broad

diffraction ring. Depending on the orientation, the C–Si–H-

doped Co1–xO particulates and nanocondensates showed

planar defects which are in fact (111)-specific faults and

(111)(Co/CoO)n cermet interlayers as addressed later. On

the basis of the observed and then refined d-spacings of the

diffraction rings in Fig. 5, the lattice parameter of the

rocksalt-type C–Si–H-doped Co1–xO nanocondensates was

determined as 0.401 ± 0.002 nm which is significantly

smaller than undoped CoO in bulk (0.42610 nm, JCPDS

48-1719) as compiled in Table 1. The larger-sized C–Si–

H-doped Co1–xO particulate however has a larger cell

parameter (0.430 ± 0.002 nm) based on the structure

refinement of a typical particulate in the [001] zone axis

(Supplement Figure 1) as compiled in Table 2. Such lattice

parameter difference is due to competing factors of internal

compressive stress and dopant content as addressed later.

3.3.2 Shape and special grain boundaries of C–Si–H-

doped Co1–xO

The BFI, DFI and SAED pattern (Fig. 6a–c) of an abnor-

mal large-sized (ca. 0.1 lm in diameter) spherical C–Si–H-

Fig. 3 SEM a SEI and b EDX spectrum of the Si–O–H-doped

graphene rod produced by PLA of Co in TEOS for 5 min having Si

and O counts from the glass substrate and Co counts from the

decorated Co1–xO particulates and nanocondensates

Fig. 4 SEM a SEI and b EDX spectrum of a typical spherical C–Si–

H-doped Co1–xO particulate produced by PLA of Co in TEOS for

5 min. Note the nearby graphite (G) flake with almost perfect

hexagonal shape
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doped Co1–xO particulate in the [001] zone axis produced

by PLA of Co in TEOS for 5 min showed diffraction

splitting of slightly misoriented upper left and lower right

parts. Such a slight misorientation can be attributed to

almost oriented attachment of two particles over their

originally imperfect (100) surfaces, now a small-angle

[001] (100) symmetrical tilt boundary.

Figure 7a–d shows the BFI, DFI, SAED pattern and

EDX spectrum of another C–Si–H-doped Co1–xO particu-

late ca. 40 nm in size in the [011] zone axis, indicating that

it was composed of (hkl)-specific coalesced nanoparticles

with *(100) and {111} facets and a high angle grain

boundary, as indicated by extra (111) diffraction, due to

arbitrary coalescence.

3.3.3 Paracrystal and (111)-specific defects of C–Si–H-

doped Co1–xO

Lattice image coupled with 2D forward and inverse Fourier

transform (Fig. 8a–c) of a nearly spherical C–Si–H-doped

Co1–xO particulate ca. 40 nm in size in the [001] zone axis

showed (001) disk-like domains with paracrystalline dis-

tribution of defect clusters in a rather regular manner

having interspacing ca. 2.5 times the lattice parameter of

the rocksalt-type host.

The C–Si–H-doped Co1–xO particulate also showed

close-packed Co interlayer alternatively mixed with the

(111) layer of the host, i.e., the (111)(Co/CoO)n bilayer in

multiple with ca. 0.45-nm interspacing as indicated by BFI,

DFI, SAED pattern (Fig. 9a–c) and an enlarged DFI using

(111) diffraction spot of a nearly spherical particulate ca.

60 nm in size coupled with a schematic drawing of atoms

in the [112] zone axis (Fig. 9d). It should be noted that the

(111)Co layer was manifested by the diffraction spot but

cannot be resolved in real space unless coupled with the

(111)CoO layer to show the fringes with ca. 0.45-nm

interspacing. Not also that the (111)(Co/CoO)n cermet

multiple layers do not have the ABC stacking order of the

fcc-type Co as otherwise the corresponding diffraction of

the fcc-type should show up along the [110] reciprocal

direction in the [112] zone axis.

There are other (111)-specific defects, i.e., 1D 5x(111)

and 3x(111) commensurate superstructures as manifested

by the lattice image (Fig. 10a) coupled with 2D forward

and inverse Fourier transform from regions I and II of two

separated C–Si–H-doped Co1–xO particulates near the

[112] and [011] zone axis, respectively (Fig. 10b, c). There

are Moiré fringes due to superimposed phases in the case of

Fig. 10b.

Table 1 Observed and refined d-spacings (±0.002 nm) for lattice

parameter refinement of C–Si–H-doped Co1–xO nanocondensates

based on electron diffraction rings in Fig. 5

(hkl) Observed

(nm)

Refined

(nm)

Undoped CoO

JCPDS 48-1719

200 0.199 0.201 0.21307

220 0.141 0.142 0.15066

311 0.125 0.121 0.12848

a 0.401 0.42610

V (nm3) 0.065 0.07737

Fig. 5 TEM a BFI and b SAED pattern of C–Si–H-doped Co1–xO

particulates and nanocondensates produced by PLA of Co in TEOS

for 10 min. Note weak diffractions of graphite (hkil), graphene (hk)

and (111) interlayer of Co (cf. text)
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3.3.4 Co(OH)2 matrix

TEM lattice image coupled with 2D forward and inverse

Fourier transform in Fig. 11 showed further that the 1D

5x(111) faulted particulate in Fig. 10b is surrounded by the

Co(OH)2 LDH matrix in the [2110] zone axis having no

epitaxial relationship with each other as indicated by the

misaligned (0002) and (111) fringes.

3.4 Vibrational spectroscopy

The Raman probe of the two areas with enriched Si–H-

doped Co1–xO and amorphous silica are shown in Fig. 12a,

b, respectively, for the sample produced by PLA of

metallic Co in TEOS for 10 min, where the Co–O and Co–

OH vibration units of CoO, Co3O4 and CoOOH refer to

Ref. [15] and the 1105 cm-1 band can be assigned to

amorphous Co–Si–O–H phase with Si2O5 cluster units

analogous to that of gel-derived amorphous Zn2SiO4 [16].

The corresponding FTIR spectrum of the sample

(Fig. 12c) showed characteristic absorbance bands of the

structure units after the assignments of analogous materials

by other investigators [17–20] as compiled in Table 3.

3.5 XPS

The XPS spectra of the C–Si–H-doped Co1–xO along with

minor LDH, graphene/graphite and amorphous silica pro-

duced by PLA of metallic Co in TEOS for 10 min showed

binding energies of O1s, C1s, Si2p and Co2p under the

influence of Si–O, Co–O, C–C, C–O, C=O linkages as

indicated by Lorentzian–Gaussian curve fitting of the atom

pairs (Fig. 13) calibrated with a standard of C1s at

284.5 eV [14]. The vague and broad Co2p peak at ca.

768–774 eV (Fig. 13d) would be contributed partly from

thin Co interlayer, besides the effects of composition/

charge variations and internal stress of the nanoconden-

sates. In this regard, the Co2p spectra presented in the

literature have controversial fittings and the standard cobalt

metal sample has a Co2p peak at 778.1 eV (cf. Table 5 of

Ref. [21]). (As quoted from Ref. [21]: There appears to be

few instances of good quality high resolution Co2p spectra

presented in the literature. Fitting appears to be inconsis-

tent with generally only a qualitative approach to the

Table 2 Observed and refined d-spacings (±0.002 nm) for lattice

parameter refinement of C–Si–H-doped Co1–xO particulate based on

electron diffraction spots in the [001] zone axis (Supplement Figure 1)

(hkl) Observed (nm) Refined (nm) Undoped CoO JCPDS

48-1719

200 0.215 0.215 0.21307

220 0.152 0.152 0.15066

400 0.108 0.107 0.10653

420 0.096 0.096 0.09529

a 0.430 0.42610

V (nm3) 0.0793 0.07737

Fig. 6 TEM a BFI, b DFI and c SAED pattern of a spherical C–Si–

H-doped Co1–xO particulate with abnormal large size produced by

PLA of Co in TEOS for 5 min. Note diffraction splitting (arrow)

indicating slight misorientation of the upper left and lower right parts

due to oriented attachment over their originally imperfect (100)

surfaces
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analysis of the spectral changes reported. Fitting of a broad

main peak combined with a portion of the satellite structure

has been one approach [22, 23], although fitting parameter

details are not presented in enough detail to emulate.

Recent work [24] has clarified the position and type of

plasmon loss structure associated with the Co metal (and

CoP, cobalt phosphide) spectrum. The Co metal spectrum

is fitted with an asymmetric main peak and two plasmon

loss peaks at 3.0 and 5.0 eV, which constitute the surface

and bulk plasmons, respectively, with FWHM values of

3.0 eV in both cases.)

3.6 UV–visible absorbance

The UV–visible absorption spectrum of the colloidal sus-

pension containing the particulates/condensates of Si–H-

doped Co1–xO as well as minor LDH, graphene and gra-

phite as produced by PLA of metallic Co in TEOS for

5 min showed bimodal absorbance with extrapolations to

the base line at 334 and 397 nm corresponding to a mini-

mum band gap of 3.7 and 3.1 eV, respectively (Fig. 14).

4 Discussion

4.1 Phase selection by PLA of Co in TEOS

The rocksalt-type Co1–xO was known to transform spon-

taneously into Co3–O4 spinel when cooled below ca.

900 �C in open air or with oxygen partial pressure of

10-3 Pa [25]. By contrast, Si–C–H-doped Co1–xO was

retained to ambient condition by PLA of metallic Co in

TEOS in the present study.

Apparently, the composition stabilization effect by the

Si–C–H dopant accounts for the formation and retention of

the rocksalt-type cobalt oxide in TEOS. Alternatively, the

CoO/Co3O4 phase boundary may have a negative Clau-

sius–Clapeyron (DT/DP) slope in order to have the rock-

salt-type structure formed at high-temperature and high-

pressure during the PLA process and then quenched to

ambient condition. Still, the internal compressive stress by

the PLA process was not high enough to form the Co2SiO4

spinel compound which was known to stabilize above

6 GPa at temperatures ([26], cf. also Fig. 4.19 of Ref. [27])

Fig. 7 TEM a BFI, b DFI,

c SAED pattern and d EDX

spectrum of a typical C–Si–H-

doped Co1–xO particulate with

*(100) and {111} facets, and

high angle grain boundary to

give extra (111) diffraction

(arrow)
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although the kinetics of CoO and SiO2 reaction to form

compound is also of concern. The abundant (111)(Co/

CoO)n bilayer in multiple within the C–Si–H-doped

Co1–xO as manifested by the XRD and TEM results further

indicates that metallic Co may also play a role on the

stabilization of rocksalt- rather than spinel-type cobalt

oxide. It is noteworthy that the Co-rich plume by the pre-

sent PLA process in TEOS has consumed hydrocarbons to

circumvent the formation of polyynes which was largely

produced by PLA of graphite in TEOS and remained intact

upon prolonged dwelling in TEOS at room condition [11].

4.2 Defect chemistry and ordering scheme of C–Si–

H-doped Co1–xO

The TEOS-derived C–Si–H dopant for rocksalt-type cobalt

oxide, as manifested by the combined electron diffraction

and FTIR/Raman and XPS evidences, would involve the

following defect chemistry equations in Kröger–Vink

notation [28]:

Si OC2H5ð Þ4 CoO 4Cx
Si þ ½4C0000

i þ Si0000i þ 20 h�� þ 4Ox
O

ð1Þ

Si OC2H5ð Þ4 CoO 8 C0000
i þ Si��Co þ 5V��

O þ 20 h�� �
þ 4Ox

O

ð2Þ

where Ci
0000 and Sii

0000 denote quarter valent carbon and

silicon ions in the interstitial tetrahedral and/or octahedral

sites charge-balanced by electron hole h�, i.e., proton,

whereas SiCo
�� denotes Si4? in substitution of Co2? in

octahedral sites charge compensated by the oxygen

vacancy VO
�� . The interstitial carbon and silicon dopants

account for a significantly larger lattice parameter

(ao = 0.430 ± 0.002 nm based on the refined d-spacings

measured from the diffractions spots in the [001] zone axis

in Supplement Figure 1; cf. Table 2) than the ambient

value of undoped CoO in bulk (ao = 0.42610 nm, JCPDS

file 48-1719) despite the internal compressive stress com-

monly retained for the small-sized particles of metal oxides

produced by a dynamic PLA route as mentioned. Note the

intergrowth of (111)(Co/CoO)n cermet implies that the Si–

C–H-doped rocksalt-type host may in fact be oxygen rather

than cobalt deficient, i.e., CoO1–x not Co1–xO in accordance

with the defect chemistry Eq. (2) rather than (1) to have a

smaller cell parameter (ao = 0.401 ± 0.002 nm based on

the refined d-spacings measured from the diffraction rings

in Fig. 5; cf. Table 1) for the Si–C–H-doped cobalt oxide

nanocondensates with (111) cermet interlayer.

The C–Si–H-doped Co1–xO with paracrystal and (111)-

specific defects, i.e., 1D 3x and 5x{111} commensurate

superstructures and (Co/CoO)n multilayer apparently have

different ordering scheme from the spinelloids in the NiO–

Al2O3–SiO2 system [29, 30] or other composition systems

(cf. Ref. [31] and references cited herein) having the spinel

host h110i axes as the new principal axes of the

orthorhombic and tetragonal derivatives. This indicates that

the present paracrystal and (111)-specific superstructure

have nothing to do with the spinelloid-based b-phase

intermediate of the olivine ? spinel-type transition as

Fig. 8 TEM a lattice image; b, c 2D forward and inverse Fourier

transform from the square regions I and II, respectively, of a typical

C–Si–H-doped Co1–xO particulate with paracrystalline distribution of

defect clusters in a rather regular manner with ca. 2.5 times that of the

host lattice parameter (cf. text)
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reported for Ni2SiO4 in the NiO–Al2O3–SiO2 system [29,

30]. In any case, the defect clusters as a result of dopant

from TEOS would be 3D distributed to form paracrystal

(Fig. 8), whereas (111)-specific for the formation of planar

defects (Fig. 10).

4.3 Formation mechanism of (111)-specific cermet

interlayer in Co1–xO

The cobalt oxide by the present PLA process in TEOS

apparently is under suitable redox condition to retain the

metal/metal oxide coexisting state as (111)(Co/CoO)n

bilayer in multiple, which is an interesting comparison with

the ZnO/Zn core shell nanoparticles [9] and C–H-doped

TiO2 anatase with epitaxial Ti and TiO nuclei inclusions

[10]. The reasons of forming (111)(Co/CoO)n cermet

interlayer are twofold.

Thermodynamically, the (111)(Co/CoO)n cermet inter-

layers with fair coherency at the multiple interfaces may

have beneficial lower strain energy analogous to polysyn-

thetic twinnings in metal alloys [32, 33] and a number of

ceramics/minerals [34, 35]. The relief of ordering strain by

twinning in bulk Ni–Mn alloy as proposed in ref [32]

accounts for the polysynthetic twinning lamellae in many

bulk metals alloys of fcc- and L12-type structure such as

FeNi3 [33], and plagioclase minerals [34, 35] upon cooling

in natural occurrences. The (111) polysynthetic twinning

also occurred in fcc-type AuCu3 nanocondensates and

particulates produced by PLA of AuCu in vacuum [36].

Kinetically, the close-packed (111) plane of fcc metal

and rocksalt-type metal oxide may be the short circuit for

inward/outward diffusion of oxygen atoms analogous to the

case of epitaxial growth of Ti/TiC diffusion couple under

an applied concentration gradient [37] or TiC/Ti2-

C/graphene composite nanocondensates by PLA of TiC in

vacuum [38]. It is also possible to have 1D 2x(111) crys-

tallographic shear faulting along the close-packed (111)

planes of fcc Co metal by the PLA process for short-circuit

inward oxygen diffusion upon radiant heating of the laser

pulses. This is analogous to the case of shock-induced

shuffling by the close-packed (110) planes of bcc crystal to

form C-overdoped W nanocondensates of distorted body-

centered orthorhombic type with 1D 2x(110) commensu-

rate superstructure by the PLA process in vacuum [39].

4.4 Implications

The rocksalt-type C–Si–H-doped Co1–xO particu-

lates/nanocondensates along with platy graphite and tubu-

lar turbostratic graphene/Co(OH)2, as produced by PLA of

metallic Co under gentle redox condition of TEOS, shed

light on their occurrence in natural dynamic settings such

Fig. 9 TEM a BFI, b DFI, c SAED pattern and d enlarged DFI of a typical C–Si–H-doped Co1–xO particulate with close-packed Co interlayer

alternatively mixed with the (111) layer of the host as indicated by the schematic drawing of atoms in the [112] zone axis (cf. text)
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as that experienced by the planetary materials [40], and

terrestrial lightening or impact sites rich in Co–C–Si–O–H

component.

From engineering viewpoint, the C–Si–H-doped Co1–xO

particulates/nanocondensates with (001) platy domains of

paracrystal and (111)-specific defects, i.e., 1D 3x and

5x{111} commensurate superstructures and (Co/CoO)n

multilayer are expected to have interesting physical

chemical properties. It is of interest to note that the (111)-

specific (Co/CoO)n multilayer with ferromagnetic Co and

nonmagnetic CoO atomic layers alternatively stacked may

have enhanced magnetoresistivities, i.e., GMR analogous

to original multilayer (Fe/Cr)n [12], or trilayer Fe/Cr/Fe

system [13] and later Co/Cu/Co trilayer pillars [41, 42] for

potential magnetoelectronics or so-called spintronics

applications such as read-out heads for magnetic disks and

as sensor of magnetic fields. Future study of the epitaxial

Fig. 10 TEM a lattice image; b, c 2D forward and inverse Fourier

transform from regions I and II of two C–Si–H-doped Co1–xO

particulates, showing 1D 5x(111) and 3x(111) commensurate faulting

superstructure (S), near the [112] and [011] zone axis, respectively.

Note also Moiré fringes (M) due to superimposed phase in (b). The

same area as in Fig. 9a

Fig. 11 TEM a lattice image, b 2D forward (inset) and inverse

Fourier transform from region III, showing the Co(OH)2 LDH matrix

in the [2110] zone axis having no epitaxial relationship with the

nearby C–Si–H-doped Co1–xO particulate as indicated by the

misaligned (0002) and (111) fringes with d-spacings as denoted in

nanometer. The same area as in Fig. 9a
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Co/CoO superlattice sputtering deposited on a suit-

able substrate is of interest to see whether thickness

miniature down to atomic layer for the (111)(Co/CoO)n

multilayer affects significantly the electron spin–orbital

coupling behavior and hence the GMR and tunneling

magnetic resistance (TMR) effect like barriers Fe/MgO/Fe

having been shown to have TMR values exceeding 200 %

[43–45]. Furthermore, the overall substances of C–Si–H-

doped Co1–xO, graphene and Co(OH)2 produced by the

present PLA process in TEOS have multiple absorptions in

UV–visible range (3.1–3.7 eV) for potential optocatalytic

applications.

5 Conclusions

In this article, C–Si–H-doped Co1–xO particulates/nanocon-

densates with (hkl)-specific paracrystal, Co interlayer and

lattice shuffling in rocksalt-type structure, rather than Co2-

SiO4 spinel, were shown to form by PLA of Co plate in

TEOS. The (001) platy paracrystal has defect cluster inter-

spacing ca. 2.5 times the rocksalt-type lattice parameter.

Whereas (111)-specific commensurate faulting and oxygen

diffusion account for the 1D 3x and 5x(111) commensurate

superstructures and (111) (Co/CoO)n multilayer intergrowth.

Further study is required to find out whether this mechanism

Table 3 Observed IR bands (Fig. 13c) and corresponding structure

units in view of previous assignment to relevant materials (cf. text)

Observed (cm-1) Vibrations References

795.8 Si–O–Si stretching [18]

1073.7 Si–O–Si stretching

Asym C–O

[18]

1388.3 Sym C–H bending [17]

1629.7 H–O–H bending [19]

2921.4 Asym C–H stretching [20]

[17]

3440.8 O–H stretching [19]

Fig. 12 a, b Raman spectra

taken from area with enriched

Si–H-doped Co1–xO and

amorphous silica, respectively,

and c FTIR spectrum of the

sample produced by PLA of Co

in TEOS for 10 min
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can be extended to the synthesis of (Co/CoO)n multilayer for

magnetoelectronics applications. It is also an open question

whether the C–Si–H-doped cobalt oxides with (hkl)-specific

defects and UV–visible absorbance (3.1–3.7 eV) under the

influence of carbonaceous substances can have useful

optocatalytic applications.
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