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Abstract: Inorganic-salt-assisted non-metallic heteroatom 

(phosphorus and sulphur) co-doped cobaltous oxide (P/S-CoO) has 

been reported. Potassium sulphate (K2SO4) was used as inorganic 

source of sulphur (S), while triphenyl phosphine (PPh3) was used as 

phosphorus (P) source. A stepwise mechanistic investigation into the 

doping process revealed the decomposition of PPh3 triggered the 

release of both the elemental sulphur and phosphorus via a reducing 

reaction environment. The transformation of cobalt-PPh3 complex into 

cubic cobalt (II) oxide along with the successful co-doping (P and S) 

was achieved by high temperature calcination at 800 °C but preserved 

the bulk CoO crystalline structure. The as synthesized P/S-CoO 

demonstrated an unprecedented enhancement on the oxygen 

evolution activity compare to that of pristine CoO with the current 

density of 10 mA/cm2 at the overpotential of 293 mV in 1.0 M KOH 

electrolyte and profound stability at different current densities. 

Introduction 

Transition metal oxides (TMOs) have offered promising interest in 

many diversified research arena while cobalt oxides (CoO, Co3O4) 

have drawn profound attention in lithium ion battery,[1,2] sensor 

technology,[3,4] magnetic storage,[5] heterogeneous catalysis[6–12] 

and supercapacitors[13] due to the inherent 3d electronic structure 

of Co atom. However, specifically, cobaltous oxide possesses two 

crystalline phases, cubic octahedral rocksalt (c-CoO) and 

hexagonal tetrahedral (h-CoO) while the h-CoO phase is known 

to be metastable.[14] The entire structural characterisation of h-

CoO was revealed by Nam et al. in 2005 but always isolated as 

the mixture with c-CoO which displayed a dominant (111) crystal 

plane.[15] Later, they prepared the kinetically controlled h-CoO 

under the rapid heating at 185 oC for 2 h and the formation of c-

CoO was reported to be thermodynamically controlled at 130 oC 

for 12 h. Remarkably, both CoO phases were noticed to be 

transformed into Co3O4 at an annealing temperature of 240 oC in 

air. The phase transformation from h-CoO to c-CoO was also 

observed at around 378 oC under the pressure of 0.8-6.9 GPa.[16] 

In fact, a number of synthetic pathways to prepare pure c-CoO 

has now been developed,[9–12] but the fabrication of non-metallic 

heteroatom doped CoO was rarely studied due to the complicated 

nature of synthetic route. The challenging part of such kind of 

synthesis is mainly related to the preservation of cubic CoO 

crystal structure and the prevention of metal-dopant bond 

formation at a high temperature doping process.  

 

Very recently, Hu et al. (2019) synthesised phosphorus doped c-

CoO (P-CoO) around the Cu nanowires (NWs) via calcination and 

phosphidation in presence of air and argon respectively at around 

350-400 °C.[12] Moreover, Zhang et al. (2018) demonstrated two-

step synthesis of boron doped CoO (B-CoO) through 

hydrothermal approach followed by pyrolysis process. Their 

obtained B-CoO material contained metal-dopant (Co-B) bond 

with the generation of oxygen vacancy where the change in bulk 

chemical structure of CoO was noticeable. Another work by 

Kuang et al. (2018) reported the preparation of sulphur doped 

CoO (S-CoO) nanoflakes by hydrothermal approach followed by 

two-step calcination under air and nitrogen.[17] In fact, no crystal 

structural change of CoO was claimed in S-CoO and P-CoO 

materials but the stepwise influence of temperature during the 

doping process and associated mechanisms were overlooked.  

 

However, apart from the application point of view, a great 

attention is necessary to understand the synthesis mechanism 

towards the entire temperature range during a calcination process. 

Such attempt will enable to gain the control and practice of 

reproducibility of temperature regulated material synthesis 

process. Also, the comprehensive mechanistic investigation on 

the calcination processes can open the door to scale-up synthesis 

of many potential materials and can contribute knowledge to the 

future commercialisation. Such kind of study on high temperature 

synthesis mechanism can be conducted by the individual or 

combination of multiple operando characterisation techniques 

such as thermogravimetry-differential scanning calorimetry 
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coupled with mass spectrometry (TGA-DSC-MS)[18], in-situ X-ray 

absorption spectroscopy (XAS)[19], in-situ X-ray diffraction 

(XRD)[20] etc. Nevertheless, the usage of such operando 

characterisation techniques to investigate the high temperature 

calcination mechanism is still quite challenging as it often requires 

custom-built experimental set up.  

 

On the other hand, inorganic-salt-assisted non-metallic 

heteroatom doping is one of the newly developing strategies 

where Na2SO4 was mainly used for sulphur doping or sulphidation 

in the material system.[21–26] The primary limitation of using 

Na2SO4 was its relatively low melting point (884 oC) that may even 

melt inside the reactor at lower temperature (~850 oC) and 

resemblance with the molten salt technique. To avoid such 

limitation, a high temperature (melting point) alkali metal salt, 

K2SO4 (KS) can be used for sulphur doping. KS is known to 

undergo a crystal transformation process from orthorhombic (β-

K2SO4) to hexagonal (α-K2SO4) phase due to the internal 

configurational changes of tetrahedral SO4
2- unit within the crystal 

lattice near 587 °C while the melting point was recorded at 1069 
oC.[27] Several patented works described the reduction process of 

the metal sulphates (e.g. CaSO4, K2SO4 etc.) or carbonaceous 

production of sulphur via the release of SO2 or S at high 

temperature in a reducing environment by maintaining a  

temperature below the meting point.[28–31] It was also reported that 

the carbon dioxide at high temperature can be employed as 

carbonaceous processes to facilitate in developing a sulphur rich 

environment inside an isolated reaction chamber and can lead to 

potential doping into the material system. These techniques not 

only found the pavement for the transformation of alkali metal 

sulphate as S source but also facilitated the design of new 

materials for semiconductor or catalytic applications.[21,22] 

 

To carry out the phosphidation or phosphorus doping process, 

many phosphorus containing compounds such as sodium 

hypophosphite,[32–34] phosphine gas,[35] triphenylphosphine 

(PPh3),
[36–38] phosphoric acid,[39] sodium phytate,[40] diammonium 

phosphate[41] were extensively utilised, where PPh3 served for 

doping purpose. PPh3 is typically decomposed in several steps 

and fragmented as phenyl free radicals and elemental 

phosphorus dimer including low molecular weight gaseous 

compounds such as CH4, CO, CO2 , H2 etc. in the temperature 

range of 300-500 oC.[42] These low molecular weight gaseous 

products develop an environment for the reduction process of 

alkali metal sulphate and enhance the release of SO2 or S for the 

required doping process. Therefore, the usage of PPh3 in the form 

of metal-complex reaction precursor can facilitate the P doping 

process and the in situ tracking of decomposed gaseous 

molecules can provide a platform to understand the reaction 

mechanism within the entire temperature zone. 

 

This present work aimed to synthesise the phosphorus/sulphur 

co-doped cubic cobaltous oxide (P/S-CoO) for the first time via 

solid state calcination of a cobalt-triphenyl phosphate (PPh3) 

complex where the virtue of a K2SO4 (KS) salt reduction 

properties of KS was judiciously adopted at different heat 

treatment conditions. This unique synthetic design facilitated the 

utilisation of sulphate salt for doping purpose without being melted 

inside the reactor, while the residual unreacted salt can be 

removed by solubilising in water. Moreover, a close attention was 

dedicated for the mechanism study of the material synthesis. The 

stepwise mechanistic view of the reaction system with 

corresponding intermediates and final products associated with 

process temperature ranges were comprehensively studied. This 

enabled the exploration of synthesizing different materials via the 

same synthesis technique with possible scale up opportunity. The 

electrocatalytic oxygen evolution reaction (OER) performance of 

the synthesized co-doped transition metal oxide (P/S-CoO) was 

examined as one of the possible applications of this potential 

material (P/S-CoO). 

Results and Discussion 

Synthesis and characterisation 

The phosphorus and sulphur co-doped CoO nanosheet type 

material was synthesized via a wet chemistry method, followed by 

simple inorganic salt assisted calcination at 800 °C under Ar flow 

as depicted in Scheme 1. 

 

Scheme 1. Schematic illustration of the inorganic-salt-assisted calcination 

approach to synthesize P/S co-doped CoO (P/S-CoO). 

The surface morphology of the synthesized product was 

examined by scanning electron microscopy (SEM). It was clearly 

evidenced that the P/S co-doped CoO possessed quasi 

hexagonal sheet type morphology with the thickness of ~5.0 nm 

(Figure 1a and 1b).  

 

Figure 1. (a) Low magnification SEM, (b) enlarged view of Figure 1a and (c, d) 

TEM images of P/S-CoO. The inserts in (d) show the SAED pattern (top left) 

and high resolution TEM image of Figure 1c. 

For the detail morphological information, the synthesized material 

was also examined by transmission electron microscopy (TEM) 

as presented in Figure 1c and 1d. The TEM image also confirmed 

the sheet type structure of the sample associated with the lattice 

spacing of 2.46 Å, corresponding to the (111) plane of CoO 

(bottom left of Figure 1d). The selected are electron diffraction 
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(SAED) pattern (top left in Figure 1d) indicated the existence of 

(111), (200) and (220) diffraction planes in P/S-CoO. 

 

Figure 2. XRD pattern of as synthesized P/S-CoO and pristine CoO. 

Figure 2 shows the comparative XRD pattern of P/S-CoO and 

pristine CoO, where P/S-CoO (blue line) left the signature of pure 

CoO formation (CoO; JCPDS# 71-1178), consistent with the XRD 

pattern obtained for the commercially available pristine CoO 

(black line). In addition, the crystal structure of P/S-CoO 

investigated by both techniques (SAED and XRD) were well 

agreed. It suggested that the cubic CoO crystal structure was 

maintained even after high temperature treatment of the cobalt 

complex precursor. Further, visualisation of elemental dispersion 

was conducted by dark field scanning transmission electron 

microscopy (STEM) mapping and presented in Figure 3. All the 

elements (Co, O, P and S) were found to be evenly distributed 

throughout the sample matrix without any noticeable segregation, 

indicating the successful synthesis of P/S co-doped CoO. 

 

Figure 3. Elemental distribution of Co, O, P and S by scanning transmission 

electron microscopy (STEM) mapping. 

The surface chemical composition of P/S-CoO were also 

determined by X-ray photoelectron spectroscopic (XPS) 

technique. A composition of Co (7.9%), O (49.2%), S (4.0%), P 

(2.3%) and C (36.7%) were found in the P/S-CoO sample (Figure 

4). The large surface oxygen content may attribute to the attached 

oxygen with other elements (C, S and P) besides the Co metal. 

As such, we can predict the dopants (P, S) were rich in oxygen 

content and may exist in oxidised form. 

 

Figure 4. XPS survey spectra of P/S-CoO and pristine CoO. 

To further investigate the chemical states of the functioning 

elements, high resolution XPS spectra of Co 2p, O 1s, S 2p and 

P 2p were evaluated and analysed. As evident from Figure 5a, a 

Co 2p doublet peaks at 796.11 (Co 2p1/2) and 780.51 eV (Co 2p3/2) 

were identified with a split spin-orbit of ~15.6 eV for P/S-CoO and 

CoO, consistent with the literature.[43] For the O 1s spectrum 

(Figure 5b), a peak centred at ~529.8 eV (O3) resembles the 

oxygen bonded to cobalt atom where the peaks at around 531.2 

eV (O2) and 532.5 eV (O1) attribute to the adsorbed non-

stoichiometric oxygen species. 

 

Figure 5. High resolution XPS spectra of (a) Co 2p, (b) O 1s of P/S-CoO and 
CoO. (c) S 2p and (d) P 2p for P/S-CoO sample. 

It is important to note that the magnitude of lattice oxygen (O3) 

has been decreased in P/S-CoO sample compare to that for 

pristine CoO, meaning the sulphur and phosphorus were 
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successfully doped into the sample matrix. To further check the 

chemical states of the co-doped elements, high resolution XPS 

spectra of S 2p and P 2p were also measured. Two broad peaks 

at ~168.1 eV in Figure 5c and at ~134.5 eV in Figure 5d 

resembled the oxidised sulphur (S6+) and phosphorus (P6+) 

species, respectively on the P/S-CoO material surface.[26,44,45] The 

oxidised nature of both the dopants revealed an oxygen rich 

surface of P/S-CoO which is in good agreement with the 

composition obtained from XPS survey spectra. 

Mechanism study for P/S-CoO synthesis 

To understand the stepwise reaction mechanism, 

thermogravimetric/differential scanning calorimetric (TG/DSC) 

instrument coupled with a mass spectrometer (MS) was 

comprehensively utilised throughout the experiments. The design 

was set up with the intention to monitor the influence of 

temperature range on material precursors and corresponding 

liberation of gaseous products during the calcination process up 

to 1000 °C. The TG/DSC-MS responses were recorded 

separately for three different specimen of the material systems 

such as pure potassium sulphate (KS), cobalt complex precursor 

(Co-PPh3) and the mixture of KS and cobalt complex precursor 

(KS+Co-PPh3) within the temperature range of 100-1000 °C with 

a heating rate of 5 °C/min under continuous flow of Ar gas at 30 

sccm. The entire synthesis mechanism is composed of three 

different sections which were carried out under the same 

experimental condition. 

Elemental phosphorus evolution 

The TG/DSC curve for pure KS exhibited a DSC peak at 585 °C 

(Figure 6a) with almost unchanged TG profile. KS undergoes a 

first order phase transition at 585 °C where the tetrahedral SO4
2- 

units rotate with the expense of its heat capacity. It indicated that 

the crystal volume expansion was occurred, but no gaseous 

emission was logged in the MS spectra (Figure 6b) for pure KS 

within the experimental condition. However, the Co-PPh3  (pure 

precursor) underwent a first stage weight loss of 61.8% (zone I, 

Figure 6c), possibly related to the water vapour liberation within 

the temperature window of 100-300 °C while an endothermic DSC 

peak of dehydration occurred at ~231oC (Figure 6c). Interestingly, 

the second stage weight loss of 5.3% resulted the emission of 

multiple gaseous (zone II, Figure 6c) products referred to their 

corresponding mass-to-charge (m/z) values such as, PH3 

(m/z=31, 32, 34), CO2 (m/z=44) and H2O (m/z=18) among the 

monitored gases (Figure 6d). It can be noted that all the gaseous 

emission was started at an onset temperature of 300 °C and 

continued until those gases started to get deceased at 875 °C 

(Figure 6d). Nevertheless, a steady state gas emission was 

observed from 500 to 875 °C except a different emission profile 

recorded for m/z=44 (referred to CO2). Abundant CO2 emission 

was identified from 500 to 700 °C and a steady state condition 

was achieved afterwards. The in situ CO2 production during the 

calcination process implied the oxidation of existing carbon 

species in the Co-PPh3 precursor indicated by the mass loss of 

around 5.3% at the specified temperature range in the TGA profile 

(Figure 6c). Although no significant peak was observed in the 

DSC curve but the highest emission of CO2 was recorded by MS 

at 575 °C (zone II, Figure 6d). The evolution of gases at 300 oC 

(zone I, Figure 6d) were attributed to the C-P bonds 

decomposition of PPh3 which was lower than the reported results 

(~350 oC) and could possibly be related to the different 

instrumental arrangement utilised in the present work.[42]. 

However, the fragmentation of C-P bond led to the production of 

phenyl free radicals followed by trimer formation with the 

subsequent generation of CO2, 2H2 and elemental phosphorus 

into phosphorus polymer.[42,46] The reactions during the 

decomposition in the experimental calcination temperature range 

contained the coupling step of phenyl groups to produce the 

biphenyl, triphenyl, tetraphenyl polymers while the phosphine free 

radical can be stabilised as P2 at around or above 400 oC. All 

phenyls underwent aqueous and non-aqueous reduction in the 

Figure 6. TG/DSC-MS profile of (a, b) pure KS, (c, d) Co-PPh3 and (e, f) KS+Co-PPh3 at 100-1000 °C with a heating rate of 5 °C/min under continuous Ar flow 

(30 sccm). Heat flows in Figure 6a, c and e are displayed as endo (up) and exo (down) along the Y-axes.  

200 400 600 800 1000

20

40

60

80

100

Temperature (C)

M
a

s
s
 (

%
)

61.8%

5.3%

0

1

2

3

Zone

  III

825 C

 D
S

C
 (

V

/m
g

)

231C

Zone

   I

Zone

   II

200 400 600 800 1000
0

20

40

60

80

100

Tempreature (C)

M
a

s
s
 (

%
)

4.8 %

-0.1

0.0

0.1

0.2

0.3

880 C
802 C

583 C

116 C

 D
S

C
 (

V

/m
g

)

292 C

200 400 600 800 1000

500 C

700 °C

800 C

m/z=44

Io
n

 c
u

rr
e

n
t 

(a
.u

.)

Temperature (C)

m/z=18

m/z=34

m/z=32

m/z=31

900 C

200 400 600 800 1000
0

20

40

60

80

100

Temperature (C)

M
a

s
s
 (

%
)

0.0

0.2

0.4

0.6

0.8

1.0

 

585 C

228 C

 D
S

C
 (

V

/m
g

)

123 C

200 400 600 800 1000

 

 

Io
n

 c
u

rr
e
n

t 
(a

.u
.)

Temperature (C)

m/z=18

m/z=44

m/z=34

m/z=32

m/z=31

200 400 600 800 1000

m/z=31

m/z=32

m/z=34

m/z=44

 

 

Io
n

 c
u

rr
e
n

t 
(a

.u
.)

Temperature (C)

m/z=18
Zone

   I

Zone

   II

Zone

  III

(a)

(b)

(c)

(d)

(e)

(f)

10.1002/cplu.202000306

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemPlusChem

This article is protected by copyright. All rights reserved.



FULL PAPER    

5 

temperature range of 400-450 oC, and smaller molecules such as 

H2, CO, CO2, C2H4, CH4, C2H2 etc. were produced including the 

elemental phosphorus.[47,48] Several possible reactions such as 

water gas shift or hydrocarbon reformation also could take place 

in presence of superheated moisture or Co metal as catalyst in 

Co-PPh3, respectively as follows from eqn 1 to 6[48]: 

Co − PPh3 → Ph
∗ + P + Co      (1) 

Ph∗ + Ph∗ → Ph − Ph → Ph − Ph − Ph    (2) 

Ph indicated the phenyl groups containing the CxHy. 

CxHy + H2O → 3H2 + CO      (3) 

CO + H2O → H2 + CO2       (4) 

CxHy + CO2 → 2H2 + 2CO      (5) 

CH4 +
1

2
O2 → CO+ 2H2      (6) 

It is noteworthy to mention that the intensities of emitted gases did 

not touch the baseline even until 1000 oC (zone III, Figure 6d), 

indicating a substantial amount of gas production in the system. 

However, a very broad endothermic peak was observed in DSC 

at 825 oC although no significant mass loss or gain was observed 

in the TG profile at the same temperature (zone III, Figure 6c). It 

suggested a significant amount of heat absorption by the system 

to transform the phosphorus dimer into polymeric phosphorus 

(2P2 → P4) by influencing the precursor decomposition within the 

temperature range of 500-1000 oC while the highest heat 

absorption occurred at 825 oC.[49,50] This phenomena also 

indicates that the transformation process was significantly 

dominated and facilitated the doping process of phosphorus in the 

whole material system which has been confirmed by the 

quantitative and qualitative analysis of XPS, XRD and STEM 

mapping (Figure 2 to 5) with no metal phosphide formation in the 

final product. 

Elemental sulphur evolution 

When the TG/DSC-MS profile was investigated for KS+Co-PPh3 

within the experimental condition, a different scenario was 

witnessed with a small shift of DSC peak (583 °C) compare to 

pure KS (585 °C) and a different temperature window of 

corresponding gaseous emissions (Figure 6e and 6f) was also 

observed. The shift of endothermic peak is often found when any 

change takes place in the composition of material or 

decomposition occurs of the tested material through changing the 

heating rate to the material or impurity develops in the material 

system as observed for KS in this study.[51,52] In the present 

circumstance, the impurities at the binary mixture of pure KS and 

Co-PPh3 were generated from the fragmented species of the 

decomposed precursor (Co-PPh3) at around 300 oC (Figure 6d) 

and the subsequent reaction (reduction by CO or CO2, or H2) with 

the pure KS. Therefore, the overall mass loss (4.8%) was due to 

the discharged gases within the temperature window of 500-

900 °C which was 15 times lower than the pure Co-PPh3 

precursor (61.8%). The reduced mass loss can be attributed to 

few reasons – First of all, the amount of precursor was very low 

(Co-PPh3:KS at 1:10 in mass ratio) in the binary mixture, and 

secondly, the fragmented species of Co-PPh3 precursor were 

involved in immediate reaction with KS even before detected by 

the MS. The binary mixture was isolated with two alumina crucible 

boats inside the tubular furnace in such a way that the retention 

time of the fragmented gaseous products can be increased to 

react with the existing KS salt. However, as the production of 

phenyls and subsequent fragmentation occurred in the 

temperature range of 400-450 oC, a reductive environment was 

attained by producing CO2, CO and H2 as described in the eqn 3-

6,[47] to facilitate the reduction of KS. The release of SO2 or S also 

occurred due to the reduction process enhanced by the presence 

of CO2 at 500 oC detected by MS. A similar finding was observed 

in a patent work where metal sulphate was treated with hot carbon 

dioxide in a fluidised bed reactor to achieve elemental sulphur. 

The hot carbon dioxide was 15% by volume and achieved by 

burning of carbonaceous fuel. The maintained temperature was 

below the melting point of the metal sulphate in the range of 650-

800 oC.[29] Moreover, another patent work claimed that the 

reduction step occurred at two steps, a reactive carbon from any 

carbonaceous source converted the metal sulphate to metal 

sulphide in the first step. In the second step, a reforming reaction 

took place between metal sulphate and high temperature steam 

mixed with carbon dioxide to release hydrogen sulphide for the 

conversion to S. All the possible reactions of gaseous sulphur 

release from KS are mentioned below[28–30]:  

K2SO4 + 2C → K2S + 2CO2      (7) 

K2S + 3CO2 → S2 + 2K2CO3 + C     (8) 

Or 

K2SO4 + 2C + 2CO → K2CO3 + S + CO + 2CO2   (9) 

S(g) + H2 → H2S(g)                       (10) 

Therefore, the MS spectrum of the binary mixture (Co-PPh3+KS) 

exhibited the similar CO2 emission pattern (Figure 6f) as 

observed in pure Co-PPh3 sample (Figure 6d). It needs to be 

pointed out that the qualitative detection of PH3, H2S and S gases 

by mass spectrometry (MS) possess some identical m/z value 

compared to their individual fragmentation pattern. Specially, S, 

PH3 and H2S maintain a common MS fragmented lines at m/z (32), 

while m/z=32 species known to be the most abundant in all gases 

in this work. Therefore, the m/z=32 emission in Figure 6f is 

expected to be the summative release of S, PH3 and H2S. On the 

other hand, m/z=31 can only be related to P and the 

corresponding qualitative gaseous emissions can distinctively 

represent the traces of P produced during the calcination. 

Moreover, two small peaks were observed in the DSC profile 

(Figure 6e) at 802 and 880 oC without observing any mass loss 

or gain in TG could mainly related to the transformation of 

orthorhombic black phosphorus to red phosphorus (monoclinic) 

and dimer into polymeric (2P2 → P4) phosphorus, respectively.[49] 

The final products achieved after the entire calcination process at 

800 °C were characterised which completely agreed with 

phosphorus and sulphur doped material in the reductive-oxidative 

environment inside the tubular furnace. 

Transformation of cobalt precursor to CoO 

At the initial stage of Co-PPh3 precursor formation, a wet chemical 

reaction was carried out and the proposed reaction can be 

drowned as follows:[53]  

Co(NO3) ∙ 6H2O + 4(Ph)3
NaBH4−Ethanol
→           CoH[P(Ph)3]4 (11) 

In this reaction, the achieved yield was around 80.0% (mass 

basis). The NaBH4 provided the hydride atom to the complex while 
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ethanol supported as reaction medium and favoured a greenish 

precipitation due to the insolubility of the product in ethanol. The 

product was named hydridotetrakis(triphenyl phosphite)cobalt(I) 

where the cobalt had an oxidation number of +1. However, the 

presence of NaBH4 not only favoured the above reaction but also 

acted as a strong reducing agent to synthesize the products such 

as Co, or Co2B or Co(BO2)2 via the possible reactions in the inert 

(Ar in this study) atmosphere[54] as follows: 

2Co(NO3)3 + 4NaBH4 + 9H2O → Co2B + 4NaNO3 + 12.5H2 +

3B(OH)3         (12) 

The produced Co2B further acted as a catalyst of BH4
- oxidation 

in presence of water and finally led to the production of Co2B and 

Co (BO2)2 through the reaction below: 

BH4
− + 2H2O → BO2

− + 4H2      (13) 

Co2B + NaBO2 ∙ 3H2O

500 °C after 2 h
→          2Co(s) + B2Ox

𝑂2
𝐻2𝑂
→  2B(OH)3 + NaOH + xH2O   (14) 

2NaBH4 + 4H2O
Co2+↔Co2B
→        2NaBO2 + 8H2   (15) 

2NaBO2(aq) + Co
2+ → Co(BO2)2(s) + 2Na

+(aq)  (16) 

 

Therefore, the Co-PPh3 can be a mixture of many different 

products such as CoH[P(Ph)3]4, Co2B, Co (BO2)2, metallic Co, 

Co(NO3)2∙6H2O and unreacted triphenyl phosphine. However, 

evaporation of water and degradation of organic phosphine 

occurred at around 400-500 oC as explained above and the S and 

P were also achieved in the subsequent high temperature, but the 

interest of rational study was focused on the changes of the 

precursor of Co-PPh3 during the calcination process. Further 

increase of temperature to 600 oC by using a quick ramp of 20 
oC/min and held for 8 h, a solid-state reaction took place to 

synthesis Co3(BO3)2 during the calcination process.  

3Co(BO2)2 → Co3(BO3)2 + 2B2O3     (17) 

The synthesis of [Tricobalt bis(trioxoborate)] Co3(BO3)2 was 

confirmed with XRD and well agreed with the published literature 

(Figure S1 in the supporting information).[55] But as the 

temperature was increased at around 800 oC with a fast increment 

of 20 oC/min and maintained the isotherm for 8 h, the metallic Co 

was obtained and favoured by the system via the reaction 

between two produced forms of cobalt, Co2B, and Co (BO2)2 

and/or oxidised by the internally produced oxygen as follows:[56] 

2Co2B + Co(BO2)2 → 5Co(s) + 2B2Ox → B2O3   (18) 

4Co2B + 3O2 → 8Co(s) + 2B2O3     (19) 

Through 8 h calcination in the reductive environment, the 

production of metallic Co was a secondary product which again 

underwent to oxidation to produce CoO and stabilised as 

follows:[57,58] 

3Co(s) + O2 → Co + 2CoO      (20) 

 

The controlled heating rate also affected the process of nuclei 

generation along with the thermal decomposition and the size of 

nanocrystals. It has been reported that Co based precursors 

generated fewer amounts of nuclei after a fast heating rate was 

maintained due to the formation time was too short and leading to 

relatively large size of nanocrystals.[59,60] To conclude the process, 

the synthesis process successfully achieved P/S co-doped cubic 

CoO and confirmed by relevant characterisation such as TEM, 

XRD, STEM mapping and XPS. 

Electrocatalytic application 

The as synthesized oxygen rich P/S-CoO material (Figure 4) 

could be beneficial for OER catalysis and was used for the 

preparation of catalytic ink and deposited on the graphitic carbon 

electrode (GCE) for the oxygen evolution reaction (OER) as a part 

of potential applications. To evaluate the OER performances of 

P/S-CoO, pristine CoO and benchmark Ir/C, a standard three-

electrode system was adopted as described in the experimental 

section. Figure 7a shows the polarisation curves of P/S-CoO, 

CoO and Ir/C electrocatalysts where an onset potential of ~1.48 

V (vs. RHE) was observed for P/S-CoO sample which is lower 

than both CoO (~1.55) and Ir/C (~1.5 V). This negatively shifted 

anodic onset potential indicates the intrinsically superior OER 

activity of P/S-CoO sample due to P/S co-doping. However, P/S-

CoO sample displayed two broad peaks before the OER process 

which were often observed over a broad potential window for 

similar type of cobalt based electrocatalysts and the dopants were 

reported to pronounce the oxidation extent of Co2+ to Co3+ 

species.[12,61,62] In addition, the overpotential required to reach the 

current density of 10 mA/cm2 was found to be only 293 mV for 

P/S-CoO, 63 and 57 mV lower than those of pristine CoO and Ir/C, 

respectively. More importantly, the synthesized catalyst (P/S-

CoO) displayed the current densities of 50 and 100 mA/cm2 at  

362 and 349 mV which are better than many cobalt based 

catalysts reported to date (Table S1 in the supporting information). 

In contrast, the pristine CoO requires an overpotential of ~470 mV 

to produce a current density of 50 mA/cm2, which is ~108 mV 

higher than that requires for P/S-CoO. The influence of 

overpotential on the steady-state current density was realised by 

Figure 7. (a) Polarisation curves, (b) Tafel plots, (c) Nyquist plots and (d) plots 

of current densities at 1.25 V vs. scan rates (20, 40, 80, 100 and 120 mV/s) of 

P/S-CoO, CoO and Ir/C in 1.0 M KOH electrolyte. 
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constructing the Tafel plots for the catalysts studied in this work. 

The resulting Tafel slope for P/S-CoO was calculated to be 45.6 

mV/dec (Figure 7b), demonstrating its superior OER kinetics 

compare to those obtained for CoO-800 (90.2 mV/dec) and Ir/C 

(55.4 mV/dec). At this point, it can merely be concluded that the 

P/S-CoO exhibits improved onset potential with better kinetic 

property. 

To realise the faster OER kinetics of P/S-CoO compare to other 

catalysts, the electrochemical impedance spectroscopic (EIS) 

technique was employed and the corresponding charge transfer 

resistances (Rct) were calculated. As shown in Figure 7c, lowest 

Rct value of (~2.0 ) was observed for P/S-CoO which is half of 

the value (~ 4.0 ) obtained for undoped CoO. This observation 

reflects superior kinetic behaviour (Figure 7b) of P/S-CoO 

catalyst compare to CoO. Based on the combined Tafel and 

Nyquist study, it is now well corroborated that the electrical 

conductivity has been improved via this co-doping strategy. 

Furthermore, the extent of electrocatalytically active sites 

associated with the double-layer capacitance (Cdl) was also 

analysed.[63] The calculated Cdl value of P/S-CoO was calculated 

to be 41.6 mF/cm2 which is almost four times higher than pristine 

CoO (10.7 mF/cm2), indicating the improvement of 

electrocatalytically active sites after P/S co-doping. It is 

noteworthy to mention that the P/S-CoO catalyst exhibits superior 

performance compare to the individual activity performance of the 

reported S-CoO[17] and P-CoO[12] electrocatalysts. 

 
Figure 8. Chronopotentiometric measurement of potentials at the current 

density of 10, 50 and 100 mA/cm2 of P/S-CoO in 1.0 M KOH electrolyte. 

Besides the electrocatalytic activity, the electrocatalysts’ stability 

is also critical to many energy conversion applications. The 

choronopotentiometric measurement of P/S-CoO shows a very 

stable potentials at differently set current densities (Figure 8). As 

evident, a slight potential drop at 10 mA/cm2 was witnessed at 

least 4 h (~10000 second) of continuous run, whereas a very 

stable potential was observed when the current density was set 

at 50 mA/cm2. However, a slightly increased trend of potential was 

logged at 100 mA/cm2. This observation implies a very stable 

electrocatalytic OER performance of P/S-CoO which can be 

beneficial for the devices requires higher operational current 

densities. Based on the electrocatalytic properties, it is now 

confirmed that the P/S co-doping results a significant OER activity 

enhancement compare to undoped counterpart. After a 

comprehensive discussion on the materials fabrication, synthesis 

mechanism and electrocatalytic OER application, we can now 

summarise that the co-doping strategy towards CoO can turn the 

pristine CoO into a suitable OER catalyst for further application. 

Conclusion 

In this work, we have introduced an inorganic-salt-assisted co-

doping approach to prepare phosphorus/sulphur (P/S) co-doped 

cobaltous oxide (P/S-CoO). The entire synthesis mechanism has 

been systematically investigated by the in situ detected gaseous 

products through the thermogravimetric technique coupled with 

mass spectrometry (TGA-DSC-MS). The result suggested that 

cobalt nitrate formed a complex with PPh3  at 90 °C and led to the 

formation of [Tricobalt bis(trioxoborate)] Co3(BO3)2 at 600°C which 

finally transformed to cubic CoO at 800 °C with co-doped P and 

S.  The proposed co-doped material (P/S-CoO) is also confirmed 

to possess superior electrical conductivity and higher catalytically 

active sites compare to those of pristine CoO. Besides the 

electrocatalytic activity, P/S-CoO exhibited excellent OER stability 

and a current density of 100 mA/cm2
 can be achieved with an 

overpotential of 345 mV. We believe, the synthesis technique 

introduced in this work, specially the illustration of sequential 

synthesis mechanism may contribute knowledge and 

understanding to the high temperature synthesis processes which 

can potentially unlock new synthesis strategies to prepare 

materials for different applications such as catalysis, capacitor or 

semiconductor through continuous investigation. 

Experimental Section 

Chemicals 

Cobalt nitrate (Co(NO)3∙6H2O), triphenyl phosphine (PPh3), and potassium 

sulphate (K2SO4) were purchased from Sigma-Aldrich, Australia. 

Reagents such as ethanol, and isopropanol (IPA) were also purchased 

from Sigma-Aldrich, Australia. DI water (Milli-Q) was used in the whole 

study. 

Synthesis of cobalt-triphenyl phosphine (Co-PPh3) complex 

The Co-PPh3 complex was synthesized according to wet chemistry 

method reported elsewhere with little modification.[64] Briefly, 4.0 g of cobalt 

nitrate and 8.0 g of PPh3 were dissolved in 50 mL DI water and 100 mL of 

IPA separately. After obtaining the uniform solutions, these two were 

mixed in a three necked round bottom flask and set on a heating mantle. 

One of the three necks was connected to the Schlenk Line without 

changing any feature of the two-mixing solution on the heating mantle. The 

vacuum was created using the Schlenk Line while an Ar environment was 

achieved inside the three necked bottle by connecting with an Ar gas line. 

However, the temperature was fixed to 90 oC and waited until the binary 

mixture was solubilised homogeneously. Half an hour later, the heater was 

turned off and let the reaction mixture attain room temperature. Afterwards, 

2.0 g of sodium borohydride (NaBH4) was added dropwise through a 

syringe from the top of the reflux line to the reaction mixture and the colour 

of the solution turned into dark green. The reaction was considered to be 

completed entirely when no gas bubble was found in the dark greenish 

solution. It was then filtered and washed with water several time. The 

precipitate was dried in the freeze dryer and collected in an airtight glass 

bottle.  
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Fabrication of P/S co-doped CoO 

The Co-PPh3 was considered as a precursor of the final product after the 

calcination within the temperature range of 600-800 oC. Before the 

calcination, solid precursor and K2SO4 salt were mixed at 1:10 mass ratio 

in the planetary ball milling machine maintaining a rotation speed of 350 

rpm for 15 h using 15 zirconium ball. It was important to note that no 

manual process was used in the mixing step which cannot be quantified. 

The mass of the solid mixture was measured to be 10 g for calcination 

purpose in an alumina boat and covered with another same sized boat. 

The purpose of this arrangement was to increase the retention time of the 

produced gas inside the isolated space of the two alumina boats to 

facilitate the doping process. The whole set was carefully positioned inside 

the tubular furnace and a continuous Ar flow (30 sccm) was maintained. 

To ensure the inert atmosphere inside the tubular furnace, Ar gas flow was 

continued at least 1 h before turning on the furnace. The heating ramp was 

20 oC/min and maintained at 600 oC and 800 oC for 8 h separately. After 

cooling under Ar, each sample was mix with copious amount of water to 

dissolve the salt and filtered with a nylon membrane (Pore size: 0.45 µm, 

Diameter: 47 mm). The sample was then freeze dried and collected in an 

airtight bottle for characterisation.    

Material Characterisation  

The size and shape of the samples were characterised using scanning 

electron microscopy (SEM, JEOL JSM-7100F) while the transmission 

electron microscopy (TEM, Hitachi HT-7700 and HF-5000) facilitated to 

carry out the morphology and lattice fringe observation. The elemental 

mapping was obtained by X-ray energy dispersive spectrometer (EDS) 

equipped (Oxford Instrument) with the HF-5000. The decomposition profile 

and temperature programmed gas evolution was monitored with a 

thermogravimetry-differential scanning calorimetry (DSC/TG, Netzsch 

STA 449F3) coupled with a mass spectroscopy (Agilent GC/MS-5977B). 

The X-ray diffraction (XRD, Bruker D8 Advance Eco) technique was used 

for the exploration of the crystal structure and the crystallisation of the 

samples. Further the elemental analysis was carried out using the X-ray 

photoelectron spectroscopy (XPS, Kratos Axis ULTRA with a 165 mm 

hemispherical electron energy analyser).  

Electrochemical measurement 

In a typical procedure, 4 mg of P/S-CoO, pristine CoO and 20% Ir/C were 

added to 1 mL of water/isopropanol (3:1, v/v) containing 15 µl Nafion 

aqueous solution (5%, Sigma-Aldrich) in three different cuvette and 

dispersed by sonication for 30 min to generate a homogeneous black ink. 

Ten microliters of the catalyst ink was drop-casted on a glassy carbon 

electrode (surface area: 0.196 cm2) and dried in air at room temperature 

to form a thin film working electrode.[65] A three-electrode electrochemical 

cell was employed to measure the OER performance. The cell contained 

the glassy carbon working electrode, a counter electrode made of graphite 

rod, and a saturated Hg/HgO (1.0 M NaOH) reference electrode. All 

potentials in this work are reported with respect to the reversible hydrogen 

electrode (RHE) scale based on the following equation, ERHE = EHg/HgO + 

0.059×pH + 0.098, here pH = 14.0 for 1.0 M KOH electrolyte. In addition, 

a correction of 95% iR-compensation was considered in the polarisation 

curve presented for oxygen evolution reaction. Cyclic voltammograms 

(CVs) tests were collected at a scan rate of 100 mV/s typically between 1.2 

and 1.6 V. Linear sweep voltammetry (LSV) curves were recorded at a 

scan rate of 5 mV/s typically between 0.8 and 1.6 V. Chronopotentiometric 

measurements were conducted by applying constant current (10.0, 50.0 

and 100.0 mA/cm2) for up to 10 h. Electrochemical impedance 

spectroscopy (EIS) were performed at 0.7 V. The EIS results were 

presented in the form of Nyquist plot to understand the charge transfer 

resistance. 
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