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Abstract
A new cold hydrogen plasma (CHP) technology for producing various metals and alloys 
from their oxides/ores has been recently introduced. CHP generates excited species, which 
lower the thermodynamic and kinetic barriers to reduction, making the reduction of metal 
oxides/ores easier and faster. Among the metal oxides, nickel (Ni) could be produced 
very quickly from nickel oxide (NiO), as reported in a recent publication (https://​doi.​org/​
10.​1007/​s11090-​021-​10194-3). The presence of excess or active oxygen was ascribed to 
the faster reduction. For the reduction of metal oxides, thermodynamics and kinetics are 
well-known reduction pathways. However, the influence of active oxygen on thermody-
namics and kinetics was never reported before. As a result, the purpose of the study was to 
investigate the effect of active oxygen on the thermodynamics and kinetics of NiO reduc-
tion. The active oxygen in NiO has been found to increase the thermodynamic potential 
by significantly lowering the Gibbs standard free energy by a significant amount. Further, 
it also decreases the NiO bond stability. The active oxygen also provides kinetic advan-
tage by creating more area for diffusion. These characteristics accelerate the NiO reduction 
to the point where a 7.5 × 10–6 kg pellet could be reduced in 1200 s using 600 W micro-
wave power and a hydrogen flow rate of 1.166 × 10–6 m3 s−1, opening the possibility of NiO 
reduction by CHP to be scaled up.

Keywords  Active oxygen · Thermodynamics · Reaction kinetics Nickel production · Cold 
hydrogen plasma · Gibbs standard free energy

Introduction

Recently, cold hydrogen plasma (CHP) could extract metals such as iron (Fe), copper (Cu), 
Cobalt (Co), Nickel (Ni) from their oxides/ores. Alloys like FeCo, CuCo, CuNi, etc., could 
also be produced from the reduction of mixtures of their oxides. Nickel being a strategi-
cally important metal, the production of Ni by CHP has been reported in the most recent 
publication (https://​doi.​org/​10.​1007/​s11090-​021-​10194-3). Ni is primarily extracted from 
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oxide ores [1–6], with variation in composition and mineralogy [7–10]. Because of these 
wide variations, a standard extraction flow sheet cannot be used for Ni; as a result, Ni is 
extracted from different ores using separate methods, by using pyrometallurgical, hydro-
metallurgical, or a combination of the two [11]. Intermediate products are formed during 
the processing routes. NiO is one of them. Several reductants have been used to extract Ni 
from NiO [6, 9, 12–29]. Hydrogen (H2) is the most favorable among these reductants due 
to its environmental friendliness, quicker reduction kinetics, and ability to generate pure Ni 
without other contaminants. [30–33]. Although H2 has many advantages, it has thermody-
namic restriction due to the smaller negative value of the Gibbs standard free energy (∆G ) 
of NiO—Ni reduction. Also, there are several kinetic constraints, such as induction period 
[34–37] and more than one order variation of activation energy [21, 38–42] ranging from 
10 to 137 kJ/mol. Furthermore, there are limitations in modelling this reduction reaction; 
around 20 kinetic models [21, 38–40, 43–50] have been developed, none have gained wide 
adoption. Various factors, such as temperature and pressure, which impact the rate of H2 
diffusion, have been ascribed for the wide variations of the above kinetic constraints. Sam-
ple size, shape, and composition are further parameters that affect lattice strain and thus 
the reduction kinetics. Richardson et al. [43] attributed additional factors such as porosity, 
powder size, water (H2O) molecules, etc. Although it is widely understood that NiO is a 
p-type non-stoichiometric oxide with excess/active oxygen, the influence of active oxygen 
on the rate of hydrogen reduction of NiO was not documented. However, recently, active 
oxygen has been reported to enhance the reduction of NiO significantly [51]. The author 
observed that NiO contains active oxygen, which helps CHP to reduce NiO → Ni faster. 
However, the percentage reduction exceeded 100% due to the extra oxygen, making kinetic 
laws challenging to apply.

Nevertheless, using the same CHP, rate laws could be successfully applied to extract 
several metals and alloys from their oxides [51–57] or oxide mixtures [57–60], respectively. 
From these experimental results, CHP is found to be successful in overcoming the thermo-
dynamic and kinetic restrictions of H2. There were no problems in estimating percentage 
reductions from weight loss of oxygen or applying the rate equations in these investiga-
tions. However, while reducing NiO, the percentage reduction consistently exceeded 100%. 
This problem could not be avoided, despite extensive efforts to avoid oxygen absorption. 
The application of rate laws became complicated by the presence of too much oxygen, 
prompting the current research. The following factors influenced the decision to conduct 
this study: (a) NiO → Ni reduction is a unit step in the Ni extraction flow sheet, (b) the 
estimated percentage reduction of NiO exceeded 100%, (c) a significant amount of active 
oxygen is present in NiO, (d) the active oxygen has been found to enhance the NiO → Ni 
reduction, (e) application of rate laws are difficult to apply in the presence of active oxygen, 
(f) the effect of active oxygen on NiO → Ni reduction has not been reported.

Experimental Details

The CHP’s experimental specifics, including the production of compressed pellets from 
metal oxide powders, the experimental set-up, and the experimental methodology, have 
been addressed in previous papers [51–53, 61]. The pellets used in this investigation were 
cylindrical (diameter: 20 × 10–3 m, height: 2 × 10–3 m to 6 × 10–3 m). They were put on a 
molybdenum pellet holder placed at the center of the microwave oven. Imagine heating 
food in one of our domestic microwave ovens to get a sense of the reduction chamber. The 
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reduction chamber is sealed after keeping the pellet inside the chamber. To eliminate any 
unwanted gaseous species, the chamber is evacuated to a pressure of 0.1 Pa. The H2 is then 
delivered into the reduction chamber at the experiment’s set flow rate. The microwave is 
turned on after the chamber pressure reaches 666 Pa. Microwaves at a frequency of 2.45 
X 109 s−1 are produced in the reduction chamber. The polarity of the H2 molecules inter-
acts with the microwave’s high-frequency electromagnetic field. As a result, H2 becomes 
excited, resulting in excited species that comprise the CHP. Microwave power and chamber 
pressure control the CHP. CHP interacts with the pellet, and reduction begins at the sur-
face of the pellet where CHP interacts. The heat produced during reduction at the CHP-
pellet reduction interface causes the reduction. The reactor receives no additional internal 
or external heating [54, 57–59, 62].

The powders of NiO and CuO used in the current investigation have already been 
reported earlier [51, 62]. Phase analysis was used to characterize the NiO powders using 
X’Pert PRO-PANalytical (Model Number—3040160) and JCPDS file no JCPDS-00-047-
1049. Similarly, CuO was characterized.

Temperature, pressure, H2 flow rate, microwave power, and other parameters were care-
fully monitored during the tests. After completing the experiment, the weight loss dur-
ing reduction was estimated using a computerized weighing balance with an accuracy of 
0.1 × 10–6  kg. To assess the active oxygen, wet chemical analysis (iodometry) and elec-
tron spectroscopy for chemical analysis (ESCA) or X-ray photoelectron spectroscopy 
(XPS) were utilized. The PHI ESCA model 5600 spectrometer was used to measure the 
XPS spectra of O(1 s) core level over an area of 800 × 10–6 m diameter using Al Kα X-ray, 
with an excitation power of 300 W and a pass energy of 150 eV. Shirley’s background was 
removed as the baseline from the O(1 s) spectra. A blend of Gaussian and Lorentzian func-
tions was used to fit the least-square curve, with a Gaussian percentage exceeding 80%.

Results and Discussion

Reduction studies of NiO and CuO pellets were carried out with small NiO pellets 
(~ 2.5 × 10–3 kg). The pellets were cylindrical with a diameter of 2 × 10–2 m. This size was 
also investigated in earlier studies [51, 54, 57–59, 62]. However, the size was increased 
up to ~ 7.5 × 10–3 kg. The results of the reduction studies are shown in Table 1. Only a few 
experimental results have been provided here because the percentage reductions exceeded 
100%. The experimental result of the same sized CuO pellet reduced under the same 

Table 1   Percentage reduction obtained from weight loss (oxygen loss)

Samples Power/W Flow 
rate/ × 10–6 
m3 s−1

Time/s Initial weight/ 
10–3 kg

Final weight/ 
10–3 kg

Percentage reduc-
tion/ weight loss

CuO[62] 750 2.500 1200 2.490 1.978 102
NiO 750 2.500 300 2.512 1.904 113
NiO 750 1.166 300 2.492 1.931 105
NiO 750 3.333 300 2.522 1.860 123
NiO 600 1.166 1200 7.642 6.086 95
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operating parameters is provided for comparison. The details of reduction of CuO by CHP, 
with nucleation growth kinetics, have already been reported elsewhere [62].

The percentage reductions were estimated from the ratio of weight loss (i.e., initial 
mass–instantaneous mass) to the stoichiometric amount of oxygen in CuO and NiO sam-
ples, as done in earlier investigations [52–54, 58, 59, 62]. The stoichiometric amount is 
the quantity of oxygen estimated from the chemical formula CuO and NiO. As shown 
in Table  1, under the same plasma operating parameters for ~ 2.5 × 10–3  kg pellet, CuO 
reduces completely to Cu in 1200 s. The estimated percentage of reduction is 102%. The 
extra 2% might be due to some measurement errors or due to moisture adsorption of CuO 
from the ambient atmosphere [63]. However, the other percentage reductions reported for 
the reduction of CuO never exceeded 100% [62]. In contrast, the percentage reduction 
obtained from NiO goes up to 123%. Like this, several percentages exceeded 100%, as 
shown in Table 1 and the earlier publication [51].

Due to the repeated results of more than 100% reduction obtained from the weight loss 
calculation in the earlier paper [51], the percentage reduction was also determined by quan-
titative XRD by Rietveld analysis, which yielded an appropriate percentage estimation. 
Nevertheless, the recurrent results of more than 100% reduction and difficulty in applying 
rate laws gave rise to the issue of active oxygen in NiO. The amount of active oxygen is 
mostly dependent on the processing method. This extra oxygen comes from two places: (a) 
chemisorbed oxygen on the surface (also known as surface active oxygen) and (b) active 
oxygen in the lattice (called lattice active oxygen) [64]. The total of these two has been 
called active oxygen. The majority of active oxygen comes from the surface active oxygen, 
which is easily removed compared to the lattice active oxygen [64].

Estimation of Active Oxygen in NiO

XRD Analysis

The XRD of raw materials NiO and CuO are shown in Fig. 1 and Fig. 2. The final reduc-
tion products are Ni and Cu, shown in Fig. 3 and Fig. 4, respectively.

The XRD of the raw NiO sample was carried out with a molybdenum target and identi-
cal XRD settings [51, 52, 54, 57–59, 62] over a 2θ range of 10—47° (Fig. 1). The NiO 

Fig. 1   XRD of the raw NiO 
used for the investigation [51]. 
Reproduced with permission 
from Springer



837Plasma Chemistry and Plasma Processing (2022) 42:833–853	

1 3

powder is pure, with no Ni or its oxides present. Similarly, XRD of CuO was also done 
with the same molybdenum target over a 2θ range of 10—40°   (Fig. 2). The CuO was 
also found to be pure with traces of Cu4O3 [80]. The XRD of NiO (Fig. 1) shows huge 

Fig. 2   XRD of the raw CuO 
used for the investigation [62]. 
Reproduced with permission 
from Springer

Fig. 3   XRD pattern of the reduc-
tion product (Nickel) at pellet 
size 2.512 × 10–3 kg, hydrogen 
flowrate 2.500 × 10–6 m3 s−1, 
microwave power 750 W

Fig. 4   XRD pattern of the reduc-
tion product (Copper) at pellet 
size 2.490 × 10–3 kg, hydrogen 
flow rate 2.500 × 10–6 m3 s−1, 
microwave power 750 W
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fluorescence in the XRD background, whereas XRD of CuO (Fig. 2) showed only mar-
ginal noise. The noise difference between the NiO and CuO is attributable to a variation 
in stoichiometry. CuO is stochiometric, whereas NiO is non-stoichiometric. The back-
ground noise in the XRD of NiO couldn’t be avoided even after changing the target mate-
rial to copper and carrying out the XRD at a long scan time (80 s) using a small step size 
(0.0170ˢ) [51]. The background noise was attributed to the considerable number of defects 
(i.e., surface active oxygen) that don’t produce XRD peaks that could rise significantly 
above background noise. Therefore, contributing only to noise in the XRD [51, 65, 66].

The peak broadening of NiO was attributed to lower crystallinity due to increased nickel 
vacancy creation/lattice active oxygen [67]. The lowering of 2θ values in the XRD pattern 
and a 2.5% increase in lattice parameter were observed [51]. The XRD analysis of peak 
broadening, the 2θ shift to lower angles, increase in lattice parameter, and lattice strain 
confirmed the presence of lattice active oxygen in raw NiO. XRD also gives evidence of 
the surface active oxygen presence due to the ample noise present in XRD. These facts 
together confirm the presence of active oxygen. A detailed analysis has been provided in an 
earlier publication [51]. The conventional iodometric investigation was repeated thrice to 
double-check the active oxygen, which was determined from the difference between total 
oxygen and stoichiometric oxygen [64, 68–70]. The active oxygen in NiO was estimated 
to be 10.47 wt%. The O/Ni ratio is found to be 1.718 ± 0.077, implying that sufficient non-
stochiometry exists in the NiO sample under study due to active oxygen [51]. To double-
check the distribution of the named ’active oxygen’ in lattice active oxygen and surface 
active oxygen, XPS was carried out.

X‑ray Photoelectron Spectroscopy

Figure 5 depicts the O(1 s) spectrum of the raw NiO. As evident from Fig. 5, NiO has two 
peaks at 529.6 eV and 531.6 eV binding energies. The binding energy of the first peak cor-
responds to the O (1 s) core level of O2− anions involved in the chemical bonding of NiO 
[71–73]. The binding energy of the second peak corresponds to the oxygen atoms adjacent 
to the Ni vacancies within the NiO crystal structure. Several researchers have attributed the 
second peak to the oxygen defects [72–77]. In XPS, the percentage atomic concentration of 

Fig. 5   XPS spectra from O(1 s) 
core level of NiO
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an element is estimated from the ratio of the peak area of that element to the overall area 
after background correction. When calculating the percentage atomic concentration, the 
respective peak areas are divided by their relative sensitivity factors (RSF). In the present 
case, both peaks correspond to the same element. Therefore, RSF being the same, the per-
centages of oxygen bonded to regular NiO crystal and defective oxygen have been calcu-
lated from the ratio of their respective areas to the total area. After subtracting the baseline 
from Fig. 5, the estimated areas of peak 1 [bonded O(1 s)] and peak 2 [defective O(1 s)] 
are 6540 and 7357, respectively; the atomic percentages of bonded O(1 s) and defective 
O(1 s), respectively, are 47 and 53 percent. This means that out of the total oxygen present 
in NiO, 47% are bonded to Ni, with the other 53% being defective. This gives rise to an O/
Ni ratio of 2.127. This O/Ni ratio is higher than the O/Ni ratio estimated from iodometry 
(i.e., 1.718) [51]. Taking the average of these two, the estimated value of the O/Ni ratio 
is 1.922. The average O/Ni ratio has been estimated because XPS estimates only the O/
Ni ratio of the surface with great accuracy and precision, whereas, iodometry determines 
the O/Ni ratio of the entire sample by volumetric chemical analysis by titration. Although 
iodometry determines the O/Ni ratio of the complete sample, which includes both surface 
and bulk oxygen, the precision and accuracy are likely to be lower than XPS, due to human 
errors. Therefore, the average ratio has been taken for thermodynamic calculations, as 
described later. The O/Ni ratio ˃ 1 has also been reported by several researchers [64, 67, 
69, 71, 78–82]. It is widely accepted that NiO is a p-type oxide with a strong proclivity 
for the production of Ni vacancies as charge carriers and extra oxygen interstitial atoms, 
resulting in a non-stoichiometric Ni1-xO crystal with the O/Ni ratio ˃ 1. Karsthof et al. [83] 
annealed NiO in the air at 973, 1373, and 1723 K, followed by heating in the vacuum at 
293 to 773 K. After the evacuation at 298 K, the O/Ni ratio was estimated to be 2.5. Even 
after evacuating at 773 K, they couldn’t eliminate the active oxygen. Dubey et al. [71] pre-
pared NiO by thermal decomposition of Ni(NO3)2.6H2O at a temperature below 973 K. For 
the sample prepared at 673 K, the active oxygen was 39.51%, giving rise to O/Ni ratio ˃ 1. 
Hala et al. [84] used DC reactive magnetron sputtering to make a thin layer of NiO, whose 
O/Ni ratio was found to be in the range of 1.40 to 1.41 as a function of discharge oxygen 
content. Non-stoichiometric NiO was synthesized and thermogravimetrically analyzed by 
Dubey et  al. [78]. They concluded that the stoichiometry of NiO changes with sintering 
temperature, and the active oxygen decreases with an increase in the sintering temperature. 
However, even sintering NiO samples at 1373 K couldn’t remove the active oxygen [63], 
indicating that NiO always contains active oxygen.

Effect of Active Oxygen on Thermodynamics

Thermodynamics and kinetics are the potential pathways for the reduction of NiO, just as 
they are for all chemical processes. Thermodynamic feasibility is determined by the Gibbs 
standard free energy, denoted by ∆G . The current study has been performed by CHP con-
sisting of H2, along with various excited species such as ro-vibrationally excited hydro-
gen molecules (H2*), atomic hydrogen (H), etc. The ∆G° values of these plasma species 
and reactions of interest are represented below. The ∆G° of CuO → Cu has been added for 
comparison.

(1)2H2 + O2 = 2H2O ΔG◦

1
= − 486.3 + 0.1024T (T in K)



840	 Plasma Chemistry and Plasma Processing (2022) 42:833–853

1 3

The Ellingham diagram for the above reactions is shown in Fig. 6.
The Ellingham diagram’s concept is that the metals laying below can reduce the top 

oxides. The greater is the difference in ∆G°, the more reduction is possible. As evident 
from Fig.  6, the H2 → H2O line lies beneath the Ni → NiO line, making the ∆G° differ-
ence almost negligible. This tiny difference of ∆G° does not make H2 a better reductant. 
However, the ∆G° of the H → H2O line is significantly lower. Apart from H, CHP also 
contains H2*, which lies between H2 and H, thus lowering the ∆G° value. These excited 
plasma species lower the ∆G° value, thereby increasing the ∆G° difference, confirming 
that CHP is a more potent reductant than H2. This lowering of ∆G° due to CHP has also 
been reported earlier [57, 59, 61, 89]. However, the difference in ∆G° between Ni → NiO 
and CHP → H2O is only around 38  kJ/mol. In contrast, the difference in ∆G° between 
Cu → CuO and CHP → H2O is around 210 kJ/mol, making the reduction of CuO by CHP 
more feasible than NiO, as per the thermodynamic estimates from the Ellingham diagram. 
But the presence of active oxygen gives the opposite results, as explaining later.

(2)NiO (activeoxygen) + CHP = Ni + H2O

(3)CHP + O2 = 2H2O ΔG◦

3
= − 517.1 + 0.0974T (T in K)

(4)2Ni + O2 = 2NiO ΔG◦

4
= − 479.4 + 0.1881T (T in K)

(5)2Cu + O2 = 2CuO ΔG◦

5
= − 307.9 + 0.1741T (T in K)

Fig. 6   Ellingham diagram for 
Cu–CuO, NI–NiO, H2–H2O, 
CHP–H2O, and H–H2O [61, 
85–88]
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From the above Eqs. (1) – (5), the ∆G° of the reduction reactions for NiO with H2, H, 
and CHP, and reduction of CuO with CHP are framed, which are represented by the fol-
lowing reactions:

The reaction for CHP is

The reduction of CuO by CHP has been added for comparison, which is represented as:

The ∆G° versus T of the above reactions are shown in Fig. 7.
As evident from Fig.  7, ∆G° for the reduction of NiO by CHP (Eq.  8) is only 

around − 18.8 kJ/mol at low temperature; therefore, CHP is not a potent reductant at low 
temperature. However, ∆G° for CuO → Cu is around − 104.6 kJ/mol, which is significantly 
low compared to NiO → Ni. On the other hand, the presence of active oxygen in NiO, has 
been documented [51]. As a result, it’s critical to examine if active oxygen has any effect 
on thermodynamics.

The influence of active oxygen on thermodynamics can be explained by the basic 
thermodynamic equation of reduction of NiO by CHP, which is given by Eq. 8. Equa-
tion 8 is composed of two half-reactions: (i) NiO = Ni + ½O2 and (ii) CHP + ½O2 = H2O, 
which are derived from the stochiometric Eq. 4 and Eq. 3, respectively. Equation 4 is 
for a stoichiometric NiO with O/Ni ratio = 1; therefore, 1  mol of NiO produces 16 X 

(6)NiO + H2 = Ni + H2O ΔG◦

6
= − 3.6 − 0.0429T (T in K)

(7)NiO + 2H = Ni + H2O ΔG◦

7
= − 446.7 − 0.0705T (T in K)

(8)NiO + CHP = Ni + H2O ΔG◦

8
= − 18.8 − 0.0453T (T in K)

(9)CuO + CHP = Cu + H2O ΔG◦

9
= − 104.6 − 0.0383T (T in K)

Fig. 7   The ∆G° versus T plot of 
the reduction of NiO by H2 and 
CHP, and CuO reduction by CHP 
[61, 85–88]
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10–3 kg of oxygen. This amount of oxygen is taken by CHP, giving rise to the estimated 
∆G° value of Eq. 8. However, the O/Ni ratio of the NiO under current investigation is 
1.922. This non-stoichiometric NiO produces higher oxygen (i.e., 25.68 X 10–3 kg) than 
the 16 X 10–3 kg oxygen produced from the stoichiometric NiO from Eq. 4. As there is a 
continuous flow of H2 and there is no starvation of H2 species in CHP, this extra oxygen 
(12.96 wt%) is consumed by CHP (Eq. 3). Therefore, the ∆G° value of Eq. 3 changes 
accordingly. After incorporating the ∆G° of contribution from the active oxygen, the 
modified Eq. 8 can be written as:

Comparing the ∆G° values Eq. 8 and Eq. 10, active oxygen addition decreases the 
G° value by 135.2 kJ/mol. This decrease in ∆G° is so significant that it surpasses the 
significant ∆G° value of CuO reduction by CHP, as evident from Fig. 7. The significant 
decrease in ∆G° due to active oxygen can be explained in another way. The ∆G° used 
in Fig. 7 is a function of T and equilibrium constant (K), mathematically expressed as 
∆G° = -RTlnK, where K = pH2O/pH2. With the increase in the active oxygen, there is an 
increase in the formation of H2O, which leads to an increase in pH2O, thereby increas-
ing the K, which makes ∆G° more negative. This could be the reason for easier and 
faster NiO ~ Ni reduction than CuO ~ Cu. NiO ~ Ni reduction takes only 300 s, whereas 
CuO ~ Cu takes 1200  s. An important inference comes from these results, that while 
using the CHP for the production of Ni from NiO, the active oxygen plays an important 
role.

Further, putting K = pH2O/pH2 in the ∆G° expression and simplifying, the B-G equi-
librium diagram was worked out [52, 54, 62], shown in Fig. 8.

Figure 8 shows the equilibrium partial pressure of H2 required for NiO → Ni reduction 
at various temperatures. The B-G diagram provides very important inferences. Firstly, 
there is a decrease of equilibrium partial pressure of H2 required for NiO → Ni reduction 
with a decrease in temperature. The decrease is only marginal. However, the drop is much 
sharper for active oxygen, fevering the reduction of NiO at lower temperatures.

Furthermore, in the presence of CHP, the decline becomes further sharper, thereby 
supporting the feasibility of reduction of active oxygen-containing NiO at low 

(10)
NiO (activeoxygen) + CHP = Ni + H2O ΔG◦

10
= − 154 − 0.0081T (T in K)

Fig. 8   Bauer–Glaessner diagram 
of variation in hydrogen partial 
pressure with temperature [61, 
85–88]
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temperature by CHP. Therefore, both active oxygen and CHP support the reduction at 
low temperatures. As NiO always contains active oxygen, the NiO → Ni reduction pro-
cess by CHP becomes important for industrial application.

However, the heart of the matter in the current investigation, are the changes in the enthalpy 
of formation and entropy due to the non-stoichiometry of the Ni1-xO. As a result, estimations 
of the dependency of the enthalpy of formation and entropy on x in Ni1-xO are critical, there-
fore, evaluated here.

Equation (4) can be written as:

The ∆G  for this reaction is:

The reaction for active oxygen can be expressed as:

The ∆G  for Eq. (13) can be estimated [85] by:

When Eqs. (11) and (13) are combined, the equation for formation of Ni1-xO is written as:

∆G  for this reaction can be obtained by combining ∆G° of Eqs. (12) and (14):

From Eq. (16), the dependance of enthalpy of formation (∆Hf ) and ∆S , on x of Ni1-xO 
has been estimated, which as shown in Fig. 9.

(11)(1 − x)Ni + (1 − x)∕2O2 = Ni1−xO1−x

(12)ΔG◦

11
= (1 − x)(−239.7) + (1 − x)0.0940T (T in K)

(13)x∕2O2 = xO1

(14)ΔG◦

13
= x(251.6 − 0.652T)

(15)(1 − x)Ni + 1∕2O2 = Ni1−xO

(16)ΔG◦

15
= (− 239.7 + 491.3x) − (− 0.940 + 0.1592x)T

Fig. 9   Dependance of enthalpy of formation (∆Hf ) and entropy (∆S ) on x in Ni1-xO



844	 Plasma Chemistry and Plasma Processing (2022) 42:833–853

1 3

As clearly evident from Fig. 9, both ∆Hf  and ∆S  increase with increase in x, thermo-
dynamically decreasing the stability of Ni1-xO, Once the Ni–O bond stability decreases, 
less energy required to break the bond, making the reduction easier.

As described above, the Ellingham Diagram (Fig.  6), ∆G° versus T diagram of the 
reduction reactions (Fig. 7), and B-G Diagram (Fig. 8) show that the presence of active 
oxygen substantially promotes the reduction of NiO by CHP. This is further supported by 
the fact that active oxygen reduces the bond stability of Ni1-xO, making reduction easier.

Effect of Active Oxygen on the Kinetics

According to the above thermodynamic analysis, the presence of active oxygen strongly 
favors the reduction of NiO → Ni by H2 or CHP. Furthermore, when the non-stoichiometry 
afforded by active oxygen increases, the thermodynamic stability of Ni1-xO declines. Both 
these findings motivated the investigation of the kinetics of Ni1-xO reduction. The kinetics 
studies of stoichiometric oxides by CHP using the same experimental setup, have already 
been reported [53, 54, 57–59, 62]. In all these earlier studies, the reaction was interrupted 
and the samples weighed, and various models could be successfully fitted to the experi-
mental data. For example, Johnson and Mehl, Avrami, and Erofeev equation [58, 59, 62], 
moving-interface [54], Arrhenius equation [53], and other rate equations. In these kinetic 
investigations, the percentage reduction (i.e., degree of conversion), was calculated using 
the same manner as previously described. The same methodology has also been used in 
the current investigation of non-stoichiometric Ni1-xO. However, in case of Ni1-xO, the per-
centage reduction exceeded 100%, as shown in Table  1. Several attempts were made to 
overcome this issue by utilizing the results of divergence from stoichiometry, as obtained 
from iodometry and XPS investigations. Various rate equations were explored, but none of 
them could fit the experimental data. This is because active oxygen levels are not uniform 
throughout the sample, as evidenced by XPS and instant pressure increase at the beginning 
of reduction. XPS results showed 100% active oxygen at the surface [47% bonded O(1 s) 
and 53% defective O(1 s)]. whereas only 47% of active oxygen [i.e., lattice active oxygen 
or bonded O(1 s)] remains at the bulk. Therefore, the active oxygen available at the surface 
is higher than the active oxygen at the bulk. This was also observed by Deren and Stoch 
[64], after a thorough analysis of the results of the earlier researchers. They also reported 
that NiO is always associated with surface active oxygen due to the chemisorption of oxy-
gen at the surface, which can be easily removed compared to lattice active oxygen. This is 
the reason of the increase in pressure at the beginning of reduction, as illustrated in Fig. 10. 
This increase in pressure is due to the evolution of H2O vapor carrying the exothermic 
reaction heat produced (Eq. 3) when the CHP reacts rapidly with the weakly bound active 
oxygen at the surface. The surface active oxygen could also be the reason that none of the 
earlier researchers could report the role of active oxygen in kinetic analysis of the reduction 
of NiO by H2 or CHP.

However, active oxygen in NiO has been shown to affect the activation energy of carbon 
monoxide oxidation over multiple nickel oxide catalysts in varied conditions [90]. Nev-
ertheless, Richardson et  al. [91] discussed that their prepared NiO crystallites contained 
active oxygen, which was removed from the sample by passing the reducing gas H2 over 
it. The removal of active oxygen created vacancies. The same thing was noticed by Rod-
riguez et al. [35] and Kim et al. [67], during the induction period. However, none of the 
researchers looked into the influence of active oxygen on the kinetics of the reduction of 
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NiO. Therefore, the current research attempted to investigate the role of active oxygen in 
the NiO → Ni reduction kinetics.

It is important to mention here that CHP is nothing more than an excited state of H2 
gas. The excitation is provided by an electromagnetic wave, in this case, a microwave. The 
NiO pellet is covered by the microwave CHP that forms locally. The reduction begins at 
the CHP-NiO interface, which resembles a gas–solid reaction in many ways. Therefore, 
it is reasonable to take the reduction kinetics of gas–solid reactions as a reference. The 
kinetics of reduction in gas–solid reactions are well-known and have been discussed else-
where [92–96]. Sohn [96] addressed the elementary steps that provide the foundation for 
gas–solid reactions. The concepts of gas–solid reactions have been applied to the current 
investigation. The corresponding elementary steps in the CHP-NiO reduction are:

1.	 External mass transfer of H2 to form CHP at the CHP-pellet interface,
2.	 Mass transfer of CHP species through the Ni product layer to the CHP-NiO reduction 

interface,
3.	 Reduction reaction at the CHP-NiO interface (including the absorption of CHP species 

and desorption of water vapor),
4.	 Outward diffusion of the reduction product H2O vapor from the Ni-NiO interface to 

CHP-Ni interface,
5.	 Diffusion of the product H2O vapor from the CHP-pellet interface to the bulk.

These kinetic steps could be successfully applied for the application of rate laws in 
the earlier investigations [53, 54, 57–59, 62]. Furthermore, the difficulty in applying rate 
laws in the current investigation is due to active oxygen, which gives rise to the problem 
of higher reduction than actual [51], making the estimated percentage reduction also 
exceeds 100%, therefore, making the application of rate laws problematic. NiO → Ni 
reduction is also linked to a number of other difficulties, including the induction period, 
wide variation of activation energies, and a lack of concordance with any kinetic model, 
as mentioned earlier. One of the key causes of the problems mentioned above could 
be the active oxygen, which has not been reported yet. To evaluate the effect of active 

Fig. 10   Variation of pressure for CuO and NiO at hydrogen flow rate 2.5 × 10–6 m3 s−1 and 750 W
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oxygen, a comparison with a stoichiometric oxide is necessary, with all reduction 
kinetic parameters being kept virtually similar. CuO is selected because the reduction of 
NiO is quite comparable to CuO. Both showed delayed reduction due to the incubation 
period, followed by auto-catalytic reduction [35, 36, 43, 38, 62, 97, 98]. However, CuO 
is stochiometric and thermodynamically less stable than NiO (as shown in Fig. 6). As 
a result, if CuO and NiO are reduced using the same kinetics parameters, CuO should 
be easier to reduce than NiO. Therefore, a comparative study has been carried out, to 
examine whether there is any effect of active oxygen on kinetics.

The kinetic steps outlined above were attempted to be applied to the reduction stud-
ies of CuO and NiO. Concerning the kinetic steps, the external mass transfer (kinetic 
step 1) is the same for both CuO and NiO because both were reduced at 2.500 X 10–6 
m3 s−1 H2 flowrate and microwave power of 750 W. The kinetic step 5 is controlled by 
pumping out the gas out of the chamber. When reduction processes are not taking place 
inside the reduction chamber, the microwave-assisted plasma reactor employed for this 
study is designed so that only a specific set pressure is reached inside the experimental 
chamber for a particular flow rate. Therefore, kinetic step-5 is same for NiO and CuO. 
This is accomplished by pumping the gas out of the empty chamber to maintain constant 
pressure. This has been shown as the dotted line in Fig. 10. However, when a reduction 
reaction takes place, H2O vapor is produced as a reaction product. Due to the reduc-
tion, one activated H2 molecule is replaced by one H2O molecule, with no increase in 
the overall gaseous species present. However, the pressure increases due to the reduc-
tion heat (Eq.  3) produced at the reduction interface. The increase of pressure gener-
ated by the heating of the produced H2O vapor adds up to the specified value of the 
attained pressure for that particular flow rate, thereby increasing the chamber pressure. 
The increase in chamber pressure for NiO and CuO is shown in Fig. 10. This pressure 
rise has also been observed during reductions of other metal oxides and their mixtures 
[53, 54, 57–59, 62]. The elementary steps 2 and 4 have been taken care of by making 
the surface flat and making the pellet thickness small and the diameter to thickness ratio 
large. Steps 2 and 4 (inward and outward diffusion) are also corroborated by a similar 
decrease of molar volume, i.e., 41% decrease in molar volume during NiO → Ni reduc-
tion and 43% decrease in molar volume during CuO → Cu reduction [62].

However, CuO is stoichiometric and doesn’t contain surface oxygen. In contrast, surface 
active oxygen is always present in NiO [64]. Deren and Stoch [64] reported that NiO is 
always associated with surface active oxygen due to the chemisorption of oxygen at the 
surface, which can be easily removed compared to lattice active oxygen. In the current 
investigation, the O/Ni ratio = 1.922, therefore, likely to enhance the diffusion by removing 
the extra oxygen and creating more rooms for diffusion. Unlike CuO, the removal of sur-
face active oxygen in NiO would create the diffusion paths for plasma species, increasing 
the diffusion of plasma species to the reduction interface.

Step 3 has been controlled for both CuO and NiO pellets by maintaining the same 
plasma parameters (microwave power of 750 W and H2 flow rate of 2.500 × 10–6 m3 s−1) 
throughout the experiments [53, 54, 57–59, 62]. The comparison of kinetic steps are pro-
vided in Table 2.

As discussed, and summarized in Table  2, active oxygen gives porosity, increasing the 
inward diffusion of CHP species (i.e., step-2) and outward diffusion of reaction product H2O 
vapor (i.e., step-4). It also enhances the thermodynamic feasibility (i.e., step-3) by lowering 
the ∆G   and producing more reaction heat. Also, as the quantity of surface active oxygen 
is high and they are loosely bound, the removal of surface active oxygen is easier. All these 
factors contribute to the enhancement of NiO → Ni reduction. This results in more reaction 
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heat, which heats the reduction product H2O vapor, thereby increasing the chamber pressure. 
A detailed comparison of the pressure has been made in Fig. 10.

It is well known that the gas–solid reaction starts at the interface. The gas absorption at 
the interface is considered one of the elementary rate-controlling steps in gas–solid reactions 
[92, 95, 96, 99]. In the current investigation, CHP first interacts with the top surface of the 
NiO pellet at the CHP-NiO interface. If surface active oxygen is available at the surface and 
absorption of excited species in the CHP-NiO interface is not rate-controlling, the reduction 
should start immediately. If the reduction of CHP-NiO starts immediately, then the hot reduc-
tion product H2O vapor would be produced, leading to increased pressure. As mentioned ear-
lier, only a particular pressure is attained inside the experimental chamber for a particular flow 
rate in the empty chamber. But when some reduction reaction is taking place, there is the 
evolution of reaction heat and product H2O vapor. As explained earlier, this pressure due to 
the produced hot H2O vapor adds up to the particular set value of the attained pressure for that 
particular flow rate, increasing the chamber pressure. This increase in pressure has already 
been reported during the reduction of other metal oxides and their mixtures [53, 54, 57–59, 
62].

The chamber pressure for NiO and CuO are shown in Fig. 10.
As evident from Fig. 10, the chamber pressure for CuO increases slowly, whereas the pres-

sure for NiO rises instantly. Time taken for attaining the maximum chamber pressure is around 
100 s for NiO, whereas CuO takes approximately 800 s. The maximum chamber pressure for 
NiO is 3.300 × 103 Pa, compared to 2.475 × 103 Pa for CuO. NiO achieves more pressure in 
lesser time, indicating that NiO is reduced very fast compared to CuO, even though the reduc-
tion of CuO → Cu by H2 is thermodynamically more feasible than the reduction of NiO → Ni. 
The more apparent reduction of NiO is confirmed from the experimental results (Table 1). 
As shown in Table 1, CuO takes 1200 s for a complete reduction compared to 300 s for NiO. 
Such a vast difference in time for the complete reduction, faster reduction rate, and increased 
pressure have enormous practical implications..

The rise in pressure comes within a few seconds of the beginning of reduction due to the 
instant absorption of excited species at the CHP-NiO interface and reaction of CHP with the 
surface active oxygen, leading to the formation of H2O vapor. The increase in pressure may be 
primarily due to surface active oxygen (Eq. 3) because the pressure rise is instant. However, 
the contribution of the lattice active oxygen can’t be ruled out. Nevertheless, the instant evolu-
tion of hot water vapor, hence, faster reduction, is due to active oxygen.

The current investigation yielded an outstanding result; namely, active oxygen increases 
both the thermodynamic and kinetic potentials, thereby speeding up the reaction, which is 
helpful for NiO reduction. This fact is also important for other extraction processes, but it has 
not yet been highlighted. The use of CHP and active oxygen, both of which enhance diffusion, 
will greatly help diffusion-controlled extraction operations. Because CHP can reduce most of 
the metal oxides [53, 54, 57, 62] and oxide mixtures [57–59], and oxide ores primarily contain 
oxides; these recent findings of the massive enhancement of thermodynamics and kinetics of 
NiO reduction by active oxygen and CHP, will open up many new research avenues in the 
future, including strategically examining the effect of active oxygen in most oxide ores extrac-
tion processes, including oxide ores of Ni.
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Conclusions

The following conclusions can be taken from the current study of nickel oxide reduction by 
cold hydrogen plasma:

1.	 Active oxygen is present in nickel oxide, thereby making it non-stoichiometric.
2.	 Active oxygen consists of surface active oxygen and lattice active oxygen.
3.	 Active oxygen decreases the stability of NiO.
4.	 Active oxygen lowers the Gibbs standard free energy of NiO → Ni reduction, thereby 

making reduction more feasible.
5.	 The presence of excited plasma species in CHP further decreases the Gibbs standard 

free energy of NiO → Ni reduction. Thus, making CHP a more potent reductant for the 
reduction of NiO containing active oxygen.

6.	 The equilibrium partial pressure of molecular hydrogen required for NiO → Ni reduction 
decreases only marginally with decreasing temperature. The active oxygen decreases 
the equilibrium partial pressure significantly with decreasing temperature. CHP reduces 
it further, confirming the feasibility of CHP reduction of NiO → Ni reduction at low 
temperatures.

7.	 The presence of active oxygen increases the porosity, thereby supporting the diffusion. 
The reduction starts instantly, and the reduction becomes faster.

8.	 These factors help speed up reduction to the point that a 7.5 × 10–6 kg pellet can be 
reduced in 1200 s utilizing 600 W microwave power and a hydrogen flow rate of 
1.166 × 10–6 m3 s−1, thus opening up the up scalability for NiO reduction by CHP.

9.	 As CHP can reduce most of the metal oxides, and the oxide ores mainly contain oxides, 
this current finding of the enormous enhancement of reduction by active oxygen would 
explore many research areas in the future, strategically examining the effect of the 
presence of active oxygen in most of the metal extraction processes from oxide ores, 
especially, oxide ores of Nickel,
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