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Abstract CuO films of 51 lm thickness have been fab-

ricated from nanocrystalline powder, which has been syn-

thesized by a sol–gel auto-combustion method at different

pH values of the precursor solution. Studies reveal that the

pH value of the precursor solution strongly affects the

decomposition rate of the metal–citrate complex formed by

precursors (cupric nitrate and citric acid). Structural char-

acterization of the powder samples shows a considerable

change in agglomeration behavior, crystallite size and

strain with variation in pH value of the precursor solution.

Studies show that high pH reaction conditions results in the

production of highly porous CuO nanoparticles with lowest

crystallite size of 27 nm. Thick films of the synthesized

material show an extremely high response of 0.941 to few

parts per million level of ammonia at room temperature as

well as possesses good stability for a long period of time.

The adsorption of ammonia on the sensor surface obeys

Elovich equation and the reaction kinetics followed is of

first order. The lowest potential barrier of 0.50 MX and

highest rate constant of 0.0136 s-1 have been found for

ammonia adsorption on the sensor surface in case of film

fabricated from CuO powder synthesized at high pH value

of precursor.

Introduction

Metal oxide nanostructures have drawn considerable

attention in recent years because of their improved cata-

lytic, optical and gas sensor properties, etc. [1, 2]. Different

morphological nanostructures have different electronic,

optical, and magnetic properties. Consequently, a large

number of studies have been devoted to study metal oxide

nanocrystalline powder and films due to their versatile

application in different areas [3, 4]. Among the most

studied transition metal oxide, CuO is a black solid acting

as a semiconductor with direct band gap of 1.36 eV, which

makes it a promising material to be used in device appli-

cations such as catalytic [2], lithium ion batteries, gas

sensing [3] and in solar cells [5], etc. Recent studies on

CuO have proved a remarkable effect of crystallite size,

and agglomeration on device performance. As a sensor,

CuO is proved to be highly efficient for detecting reducing

and oxidizing gases at parts per million levels.

Variety of synthesis techniques like thermal evaporation

[6], sol–gel spin coating [7], chemical [8], electrodeposition

[9], vacuum annealing [10], polymer precursor [11], spray

pyrolysis [12, 13], vacuum evaporation [14] and hydro-

thermal [15], etc. have been widely used for the preparation

of nanocrystalline CuO powder and films. However, despite

the excellent progress that has been made in the preparation

of variety of nanomaterials using aforementioned tech-

niques, there are several drawbacks. These techniques

required sophisticated instruments, highly controlled reac-

tion parameters, comparatively long reaction times and poor

yield, and moreover, the purity of final product. The

chemical precipitation and sol–gel methods have drawn

considerable attention in the synthesis of metal oxide

nanoparticles due to their simple processing route and as no

sophisticated instrument is required [16, 17].
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Moreover, the sol–gel auto-combustion synthesis seems

to be an interesting and powerful method for the synthesis

of metal oxide nanoparticles and has attracted considerable

attention due to production of single–phase ceramics at

relatively low temperatures, better compositional homo-

geneity, huge porosity, and purity of the synthesized

powder [18–20]. The auto-combustion technique involves

an exothermic chemical reaction which takes place

between a fuel (e.g., citric acid, urea, glycine or glycol,

etc.) and an oxidizer (e.g., metal nitrates) [21]. The large

quantity of gases generated during the combustion process

rapidly cools the product leading to nucleation of crystal-

lites without any substantial growth [22, 23]. The nature,

quantity of the fuel, and pH of the starting solution are

important factors in preventing selective precipitation, and

phase separation during the evaporation of solvents. All

these factors must be carefully optimized to get best single

phase nanostructures to be used in different electrical and

optical device applications [24–26].

The effect of the fuel to oxidant ratio on the powder

characteristics has been reported earlier [27, 28]. Using

the concept of propellant chemistry, the calculation of

oxidation and reduction valances for stoichiometric metal

nitrate and citric acid solution are described in detail by

Huang [29]. In our case this ratio was found to be 1:0.55

and in our previous report shows that this ratio results the

combustion process in uncontrolled manner, and product

formed is highly agglomerated copper oxide powder [28].

One way of controlling the combustion reaction is to

make it sluggish by using a fuel rich precursor. Hence

MN:CA ratio 1:1 has been proved to be a suitable and

important parameter affecting the CuO powder charac-

teristics. However, only a few efforts have been made to

investigate the effect of the pH in combustion route to

study the properties of metal oxide nanoparticles. The gel

combustion process has been extensively employed in the

last few years for the synthesis of nanoparticles of a

number of metal oxides, such as SnO2, NiO, yttria-sta-

bilized zirconia and ferrites. On the other hand, a limited

number of studies have been dedicated to the study of the

gel combustion route to synthesize both pure and doped

copper oxide nanopowders.

In this communication, a solution-based combustion

synthesis technique has been exploited to fabricate thick

films from nanocrystalline CuO powder. The effect varia-

tion in pH of precursor solution on the structural, mor-

phological and electrical properties of CuO powder is

investigated. The fabricated thick films were subsequently

tested for electrical and gas sensing properties. Based upon

the result, the kinetics of films toward 50 ppm ammonia

gas is explored.

Experimental section

Cupric Nitrate (Cu(NO3)2�3H2O) and citric acid monohy-

drate (C6H8O7�H2O) were used as starting materials. To

make 0.5 M aqueous solution of cupric nitrate was pre-

pared by dissolving 6.04 g of salt in 100 mL of deionized

water. A calculated quantity of citric acid was added

keeping molar ratios of metal nitrate to citric acid

(MN:CA) 1:1. Liquid ammonia was then added to adjust

the final pH of the solution to 2, 7, and 10. The pH of the

solution was measured by microprocessor-based (Naina

make NIG 334) pH meter. The solution was continually

stirred using a magnetic stirrer for 4 h and followed by

thermal dehydration in an oven at temperature of

80 ± 5 �C. The viscous liquid so obtained was heated on a

preheated hot plate. The material undergoes foaming and

large quantities of gases were evolved. The spontaneous

ignition occurred, causing enormous swelling of the gel

and producing a blackish, foamy, voluminous decomposed

mass. The detailed combustion mechanism has been

reported earlier [28].

Thermal treatment

The decomposed gel samples so obtained for pH 2, 7, and

10 were subjected to post thermal treatment at 400 �C for

4 h in muffle furnace (Macro Scientific) with heating rate

of 10 �C/min. The thermal analysis shows that no signifi-

cant weight change has been observed beyond 400 �C in

samples prepared with different pH value. This shows the

thermal stabilization of the samples [28]. Because of these

observations, the best temperature of calcination is chosen

to be 400 �C. The calcined samples were allowed to cool in

muffle furnace till the room temperature has been attained.

The calcination results in the production of fine nano-

crystalline CuO powder without any impurity. The calcined

powder samples were named as P2, P7, and P10 according

to the pH value 2, 7, and 10, respectively, of the precursor

solution.

Thick film fabrication

A known quantity of calcined CuO powder was thoroughly

ground in an agate pestle mortor to ensure sufficient uni-

form fine particles. The fine powder so obtained was used

in making thixotropic paste by mixing CuO powder with an

organic solvent diethnolamine, which acts as binder. The

ratio of inorganic to organic part was kept equal to 75:25 in

all cases. The fluidity of the paste depends upon the extent

of the organic part, which goes in its formulation. This

particular ratio for the paste formation was found to be
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thixotropic in nature and gives good adhesion to substrate.

A uniform layer of the thixotropic paste was then deposited

on ultrasonically cleaned glass slides. The films were then

subjected to spun on a spin coater (Macmillan) under

4,000 rpm for 5 min to allow the uniform distribution of

the paste. The films were further dried at 400 �C in the

muffle furnace for 1 h to burn out the organic binder. The

thickness of the films were monitored using depth profiler

(Dektek 3030 XT) and was found to be around

51 ± 0.5 lm. The reproducibility in the thickness of the

films was possible by maintaining proper rheology and

thixotropy of the paste.

Thermal analysis

The thermal analysis of the dried gel samples (approxi-

mately equal in weight) was carried out using Perkin Elmer

(Pyris diamond) thermal analyzer. Air was used as a purged

gas in the analysis. The scan rate and air flow rate of

10 �C/min and 50 mL/min, respectively, were taken with

alumina powder as a reference material.

X-Ray diffraction analysis

The phase identification of the decomposed gel and the

calcined powder samples was performed by X-ray dif-

fraction (XRD) on a X’Pert Panlytical diffractometer using

Cu Ka radiation (k = 1.5405 Å, 30 mA, 40 kV) in 2h
range from 30� to 80�.

FESEM and TEM analysis

The surface topography of CuO powder sample was stud-

ied by scanning electron micrographs taken using JEOL

JSM-6700F with a beam voltage of 30 kV. TEM images

were taken using transmission electron microscope system

(HRTEM, model FEI Technai 30) operated at 300 kV.

Electrical characterization

The electrical conductivity measurements on the films were

carried out using two probe technique by heating it on a

specially designed heater. The temperature of the film

samples were measured using a K-type (chromel–alumel)

thermocouple obtained from Omega Engineering Inc.

(USA).

Gas adsorption kinetics

The films were tested for their sensitivity toward ammonia

gas at room temperature. The sensitivity has been

calculated by measuring the corresponding change in film

resistance in presence of air and NH3 gas atmosphere at

room temperature (300 K) in measuring cell of volume

500 cm3, using Keithley 6517A electrometer having in

built source of constant voltage power supply.

Results and discussion

Thermal analysis

Figure 1a–c shows the TGA/DTA plots of the dried metal–

citrate complex obtained at different pH values. The ther-

mal decomposition of the dried precursor collected prior to

pyrophoric decomposition can be clearly seen in the TGA/

DTA plots. The mechanism of combustion reaction can be

formulated in terms of equation as follows:

9Cu NO3ð Þ2þ 5C6H8O7 ¼ 9CuO þ 30 CO2 þ 9N2

þ 20H2O ð1Þ
A gradual weight loss of 10–15% in TGA plots occurs in

the temperature range 100–200 �C, which is due to the

removal of residual water in the dried gel. The exothermic

behavior of auto-ignition can be clearly seen in the tem-

perature range 195–240 �C, for which concurrent weight

loss of about 50–95% occurred in all the dried gel samples.

The maximum weight loss (TGA plot) occurs in a very

narrow temperature range corresponds to auto-ignition of

the dried gel. The weight loss of 69.27% has been observed

in case of dried gel obtained with pH 7. Comparatively

lesser weight loss for the dried gel precursor having pH

value 2 and 10 has been found approximately 48.95 and

47.38%, respectively.

DTA plots shows that the combustion rate was influ-

enced significantly with the change in pH value of the

precursor solution. The onset of decomposition and the full

width at half maximum (FWHM) of main exothermic peak

are also found to be varying with pH. With increase in pH

value of the precursor solution from 2 to 10, the rate of

combustion for the corresponding dried gel increases, as

evident from the decrease in FWHM of exothermic peaks.

The corresponding weight loss has been observed to be

decreased from 95 to 77.65%. For pH 2, the exothermic

peak centered around 240 �C, with FWHM of 14.70 �C has

been observed. For sample obtained with pH value 7 and

10, the peak shifts to 206 and 228 �C, having FWHM of

9.46 and 8.63 �C, respectively. The intensity of the peak

increases drastically, whereas the FWHM decreases with

increase in pH of the precursor solution. This result is in

accordance with the observation reported by Vajargah [26].

Authors have suggested that rise in pH would lead to an

increase in NO3
- ion content in the reaction mixture, and

hence increases the decomposition rate, as the nitrate ions
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provide an in situ oxidizing environment for the decom-

position of organic compound. It is found that main exo-

thermic peak appeared in DTA plot is weakened and

broadened with the decrease in pH from 10 to 2. This

results in reduced exothermicity and prolonged time of

auto-ignition reaction.

The second exothermic peak of weaker intensity

appeared in DTA plot for pH 7 and 10 samples at tem-

perature around 323 and 338 �C, respectively, show the

burning of unreactive organic matter induced by citric acid

and nearly 1–4% weight loss has been observed in the

reaction and leaves the system as COx (x = 1, 2) gases.

Huang [29] have also reported the emission of similar

gases in the temperature range 220–420 �C for the syn-

thesis of BaFe12O19. Investigations reveal that the increase

in pH value in the reaction mixture results an enhancement

in the exothermicity of the reaction, and thus play a pivotal

role as a catalyst.

The TGA plot shows that no significant weight change

has been observed beyond 400 �C in samples prepared with

different pH value, which ensures that no carbon is present

above this temperature and all the oxidation and reduction

reactions and phase transformation take place below this

temperature. This shows the thermal stabilization of the

samples [28]. Because of these observations, the best

temperature of calcination is chosen to be 400 �C.

X-ray diffraction analysis

X-ray diffractogram of the decomposed gel samples

obtained at different pH value are illustrated in Fig. 2. The

diffractogram shows the powder obtained is polycrystalline

in nature and the peak corresponding to Cu2O and CuO

phases have been appeared in decomposed gel powders.

Diffractogram shows an intense diffraction peaks corre-

sponding to (002) and (111) atomic planes of CuO phase

located at 2h value 35.5 and 38.7�, respectively, in all

decomposed gel powders. A peak having lower intensity of

(111) atomic plane of Cu2O at 2h value of 36.4� of com-

paratively smaller intensity has been appeared in diffrac-

togram. In addition, the reflections from (111) and (200)

atomic planes of Cu at 2h value 43.30 and 50.40�,

respectively, can also seen in the XRD pattern. The

appearance of Cu peaks in the diffractogram might be due

to insufficient time as the combustion process ends up in

few minutes. Thus, complete oxidation of Cu does not

takes place. The combustion process CuO was found to be

the major content in decomposed gel powders. It can be

observed that the intensity of Cu2O peak goes on

decreasing with increase in pH value. This might be due to

increase in local temperature, which enhances the oxida-

tion rate of Cu2O to CuO phase. This observation is in

accordance with thermal analysis, and with the observation

reported by Peng [22] in the synthesis of alumina powder.

The percentage composition of Cu2O and CuO in the

decomposed gel has been calculated with the help of

intensity of prominent diffraction peaks corresponding to

these phases by using the formula given below

CuO ð%Þ ¼ ICuOð200Þ þ ICuOð111Þ
ICuOð200Þ þ ICuOð111Þ þ ICu2Oð110Þ � 100

Cu2O ð%Þ ¼ ICu2Oð110Þ
ICuOð200Þ þ ICuOð111Þ þ ICu2Oð110Þ � 100

ð2Þ

where Ix(hkl) is the intensity of the corresponding to (hkl)

plane of x phase in the material. The ratio of CuO:Cu2O

percentage composition in the decomposed gel sample

obtained with pH 2 is calculated to be 67.89:32.11. This
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Fig. 1 TG–DTA curves of dried gel samples collected prior to

decomposition at pH a 2, b 7, and c 10
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ratio changes to 84.01:15.99 and 84.43:15.57 for decom-

posed gel obtained with pH 7 and 10, respectively. Thus, it

has been observed that the content of Cu2O has been

decreased whereas CuO has been increased in the decom-

posed gel samples with increase in pH. This observation is

in conformity with the thermal analysis that proves that

increase in pH would provide an oxidizing environment to

combustion process.

The crystallite size in decomposed gel samples was

calculated for most prominent (002) diffraction peak of

CuO phase by using the Scherrer’s formula [30],

D ¼ 0:9k
b cos h

ð3Þ

where k = 1.5405 Å for Cu Ka radiations, b is the FWHM

of the diffraction peaks in radians, and h is the Bragg angle.

The crystallite size has been found to be 27.82, 31.49, and

23.04 nm for decomposed gel obtained from pH 2, 7, and

10, respectively.

The XRD diffractograms of the decomposed gel powder

calcined at 400 �C are shown in Fig. 3. The all prominent

reflections on the pattern can be indexed for monoclinic

CuO phase. The peak positions are in agreement to those

reported by International Center for Diffraction Data

(ICDD) card 41-254. The high intensity, prominent peaks

of (002) and (111) atomic planes of CuO shows the grain

growth, as this is most stable phase in the decomposed gel.

In addition, the other low intensity peaks of (110), (-220),

(020), (202), (-113), (-311), (310), (220), (311), and

(004) atomic planes of CuO has been also noticed. Inter-

estingly, no other peak corresponding to any of the source

material, Cu and Cu2O has been noticed. It is believed that

[31] the presence of the Cu2O phase in the decomposed gel

acts like catalyst site for the formation of CuO. The con-

version of the Cu2O into CuO results from the diffusion of

oxygen atoms and can be represented by the reaction

2Cu2O þ O2 ¼ 4CuO ð4Þ

Figure 4 shows the XRD diffractogram of the CuO thick

film. It is interesting to note that all the characteristic peaks

of CuO as described above have been appeared and no

extra peak corresponding to the organic binder has been

observed. This indicates that the binder has no influence on

the crystallinity of CuO.

The crystallite size for P2, P7, and P10 samples has been

found to be 29.36, 63.40, and 27.73 nm, respectively. This

observation obtained from the XRD analysis is in conjunc-

tion with thermal analysis. The crystallite size has been

found to be enhanced in P7 sample as compared to P2 and

further a reduction in size has been found for P10 sample.

The variation in the size might also be dependent upon how

the combustion reaction takes place. As evident from the

DTA analysis of P7 sample, the existence of a compara-

tively weak exothermic peak of 22 lV, suggesting lesser

quantity of gas evolution in the reaction as compared to in

P2 and P10 samples. Hence the decomposed gel so obtained

for P7 sample is highly agglomerated and significant

reduction in pore structure leads to merging of grains at a

much faster rate in the applied post thermal treatment under

identical condition in comparison to P2 and P10 samples.

For P10 sample comparatively strong exothermic peak

generates more porous network which hinder the merging of
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Fig. 2 XRD spectrum of the decomposed gel sample at pH value a 2,

b 7, and c 10
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grains in post thermal treatment. Thus increase in pH of the

precursor solution suggesting a decrease in crystallite size.

Xu [32] have been observed a similar effect of pH on the

characteristics of BaFe12O19 powder prepared by similar

technique. They have reported that increase in pH resulted in

the decrease in crystallite size. The FWHM can be inter-

preted in terms of lattice strain by the following Hall–

Wlliamson equation [33] expressed as:

b cos h
k
¼ 1

D
þ e sin h

k
ð5Þ

where b is the FWHM of the peak, h the Bragg angle, k the

wavelength, D is the effective crystallite size, and e is the

effective strain. The e values were calculated from the least

square fit to b cos h
k vs. sin h

k plots for the prominent peaks

having comparatively higher intensity for the decomposed

gel and calcined CuO samples as shown in Fig. 5. The

average crystallite size was calculated from the intercept of

plots and values has been found to be about 20, 38.61, and

12.82 nm for P2, P7, and P10 samples, respectively. The

slight discrepancy in crystallite size, calculated using two

ways might be because of, the Scherrer’s formula considers

most prominent peak, and Hall equation gives the average

from all the significant peaks located at different 2h value.

The plot of Hall equation for the decomposed gel obtained

from precursor having pH 2 and 7 showing positive slope,

thus indicates the presence of tensile strain in lattice.

Further, P2 and P7 samples also similar type of strain, and

the magnitude strain decreases with calcination. Interest-

ingly, in case of the decomposed gel and corresponding

P10 sample, negative slope attributed to the presence of

compressive strain. The decrement in strain with calcina-

tion is conformity with the increase in crystallite size. The

strain is manifestation of dislocation network, and the

decrease of strain indicates a decrease in concentration of

lattice imperfections. The crystallite size and improvement

in crystallinity with calcination also support the

observation.

To study the effect of the strain on the CuO powder the

lattice parameters (a = b = c, a = c = 90� = b for

monoclinic structure) and the volume of unit cell have been

calculated using the relations

1

d2
¼ 1

sin2 b

h2

a2
þ k2 sin2 b

b2
þ l2

c2
� 2hl cos b

ac

� �
ð6Þ

V ¼ abc sin b ð7Þ

where d is the interplanar spacing, h, k, l are Miller indices

of the crystal planes, a, b, c, b are the lattice parameters,

and V is the volume of the unit cell. The values of the

lattice parameters with estimated error are recorded in

Table 1 and found to be in good agreement with those

reported by ICDD card. The lattice parameters show a

decreasing trend in magnitude with increase in pH. The

calculated value of lattice parameters a, b, and c reduces to

4.673 from 4.691, 3.423 from 3.428, and 5.109 from

5.112 Å, respectively, with increase in pH from 2 to 10.

The value of b (degree) decreases to 99.098 from 99.251. A

comparison of the calculated lattice parameters with one

those reported for bulk CuO in literature, have been found

to be lower in magnitude. This implies that lattice structure

in CuO sample synthesized by auto-combustion method

have more defects. The amount of defects has been found
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to be enhanced with increase in pH and might also be

responsible in improving the gas sensing properties of the

material. The variation in pH of the precursor solution

causes the unit cell volume is found to decrease with

increase in pH value. Results reported earlier by Ramgir

[34] confirms the observation that, increase in cell volume

gives rise to tensile strain while reduction in the com-

pressive strain. This suggests that the size-dependent

strains in the particles are governed by the pH value of the

precursors.

FESEM and TEM analysis

The FESEM images for P2, P7, and P10 samples are shown

in Fig. 6. The porous feature of the agglomerates may be

attributed to the liberation of large quantity of gas in the

reaction. The particles appear to bound together into

agglomerates of different shapes and sizes. The morphol-

ogy of the decomposed gel calcined at 400 �C changes to

aggregates of nanoparticles (Fig. 6a, b). The particle size in

P10 sample lie in the range 20–30 nm, while in P7 sample,

it is comparatively large around 125 nm.

TEM images for P2, P7, and P10 samples are shown in

Fig. 7. The TEM images of samples also show the porous

and loosely agglomerated CuO particles. The TEM images

show that particle possesses no definite shape in P2 and P7

samples. P10 samples tend to possess nearly spherical

morphology. The morphology the P7 sample shows bigger

aggregates, consisting primary particles with size distri-

bution of 20–80 nm (centered at 50 nm). For the P10

sample TEM images (Fig. 7b) exhibited a sharp particle

size distribution with an average particle diameter of

22–25 nm. This value is very close to that of crystallite size

(27.73 nm) calculated from XRD pattern for the same

sample, implying the obtained CuO powder have good

crystallinity, and low agglomeration. The inconsistency in

crystallite size measurement in from XRD and TEM is not

known exactly. The possible reason in case of P7 sample is

the appearance of hard agglomerates which were difficult

to resolve separately in TEM measurements.

The variation in the shape and size of the CuO nano-

particles is in fact the consequence of the reaction condi-

tions during the powder preparation. The particle size and

the agglomeration in the material depend mainly on the

way the combustion propagates and the amount of disin-

tegration occurs. The higher reaction temperature associ-

ated with sample having pH 7 appears to calcine the

formed particle and consequently, the particles grow as the

reaction propagates even during the post thermal treatment

applied to remove the organics. Similar results have been

discussed during the synthesis of LiMn2O4 and Ni-YSZ

cermet electrodes using combustion synthesis technique by

Kovacheva [35] and Marjan [36]. The decrease in

agglomeration as observed in FESEM images of P10

sample may be assigned to the large quantity of the gas

evolved with an increase in pH.

Mechanism of the reaction

The sol–gel route is a chain process where the quality of

the final product depends upon the intermediate steps. The

most important and significant steps towards the formation

of gel are the pre-hydrolysis, hydrolysis and polyconden-

sation. The rate of all these determine the gel structure and

Table 1 Shows the values of the lattice parameters, strain and crystallite size calculated from X-ray diffraction plot, crystallite size from TEM

measurement, activation energy, response, initial adsorption rate, potential barrier, and ‘k’ sensor response rate constant for the samples calcined

at 400 �C with different pH value

Property pH 2 pH 7 pH 10

a (Å) 4.691 (0.0025) 4.682 (0.0006) 4.673 (0.0012)

b (Å) 3.428 (0.0008) 3.424 (0.0020) 3.423 (0.0023)

c (Å) 5.112 (0.0046) 5.114 (0.0042) 5.109 (0.0052)

b (Degree) 99.251 (0.0001) 99.111 (0.0015) 99.098 (0.0016)

V cell volume (Å3) 81.148 (0.0869) 80.949 (0.0822) 80.693 (0.1005)

Strain (e) (tensile) 0.0018 (tensile) 0.0010 (tensile) -0.0117 (compressive)

D crystallite size (nm) XRD (Scherrer’s formula) 29.36 63.40 27.73

Crystallite size (nm) TEM 30 50 25

Ea activation energy (eV) 0.471 0.222 0.507

S Response -0.673 -0.820 -0.941

a0 (initial adsorption rate) 9 10-8 0.3 0.2 9.0

a (MX) 0.93 1.00 0.50

ln(Ce - Ct) vs. t (R2) -0.0078X - 11.073 (0.9018) -0.0093X - 12.513 (0.9669) -0.0136X - 11.99 (0.9397)

k (sensor response rate constant) s-1 0.0078 0.0093 0.0136

a Minus sign with the response means that the sensor’s resistance decreases during the gas hit
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Fig. 6 FESEM images of CuO embedded in a P2, b P7, and c P10

samples, respectively, on 5.0 lm scale

Fig. 7 TEM images of CuO embedded in a P2, b P7, and c P10

samples, respectively, on 20 nm scale
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its properties. The reaction, taking place during ionization

of citric acid at different pH values [37], is as follows:

H3Cit ¼ H2Cit� þ Hþ $ pH \3 ð8Þ

H2Cit� ¼ HCit2� þ 2Hþ $ 3\ pH \6:5 ð9Þ

HCit2� ¼ Cit3� þ 3Hþ $ pH [ 6:5 ð10Þ

These reactions show that when the pH is acidic, citric

ionization is very low, so the role of complexation by the

citric acid becomes weak. Also, when the pH is increased

to 7 (neutral), citric anions are as Cit3-, so the role of

complexation by the citric acid is the highest in slightly

alkaline medium because the number of bonding between

citrate anions and metallic cations has been increased.

Therefore, a more homogenized gel will be prepared. The

higher amount of H? ions in low pH conditions results in

the formation of hydronium ions (H3O?), which inhibits

the hydrolysis, and condensation process. On the other

hand, the hydrolysis, and polycondensation rates towards

the formation of gel were faster in the case for the pre-

cursor sol having higher pH, thus results in highly branched

metal–oxygen polymeric network. The polymeric network

obtained at high pH when burnt in the auto-combustion

reaction results in the formation of highly porous CuO

powder. From the thermal analysis, and XRD results, it

also seems that the effect of ammonia was not only to

adjust the pH value but also to form NH4NO3, which can

liberate gases NOx and O2 in the combustion process. The

large amount of gases liberation in higher pH condition is

conferred from the sharpness of the exothermic peak. Peng

[22] has also reported similar observation on the effect of

acidity on the synthesis of alumina powder.

Electrical characterization

The electrical resistance of the films was measured as

function of temperature (300–473 K). The P7 film resistance

has been found to be 1.71 MX at room temperature, whereas

it is 3.37 and 3.41 MX for P2 and P10 films, respectively.

The decrease in film resistance with temperature is quite

likely as large number of oxygen molecules are chemisorbed

at the grain boundary and on the surface of the film. The

principal chemisorption species in CuO is O2
-1 at room

temperature [38]. With the rise in temperature, the rate of

chemisorption of O2
-1 increases on the sample surface, which

results in the decrement of surface resistance of films. The

dependence of conductivity on temperature can be repre-

sented by the Arrhenius equation [39]

r ¼ r0 exp �DEa

kT

� �
ð11Þ

where DEa is the activation energy that corresponds to the

energy difference between valence band and conduction

band, r0 is a temperature independent factor, and k is the

Boltzman’s constant, and T absolute temperature. Figure 8

depicts the lnr vs. 1000/T plots for films along with the

correlation coefficient (R2). The linear nature of the plots is

indicated by the high R2 value, implies that the thermionic

emission plays a major role in the carrier transport [40].

The activation energies (recorded in the Table 1) of the

samples have been obtained from the slope of plots. The

variation in activation energy with pH can be understood

from the decrease in crystallite size, as confirmed by XRD,

and TEM analysis. The pre-exponential factor, which often

reflects the charge carrier concentration is maximum 0.101

for P7 sample and decreases to 0.021 and 0.002 for P2 and

P10 sample, respectively. Thus, the electrical conductivity

decreases in P2 and P10 samples as indicted from the

enhancement in the activation energy. The decrease in

crystallite size enhances the scattering of carriers at grain

boundaries, thus results a decrease in the mobility as sug-

gested by Bouderbala [41]. The porous nature of the CuO

nanocrystallites might also be responsible for the increases

in resistance, hence activation energy. Similar reports have

also been there literature, as the effect of porosity on the

electrical conductivity in case of Fe-based samples studied

by Perez-Ramos [42].

Gas adsorption kinetics

The response of CuO thick films to 50 ppm ammonia gas at

room temperature are shown in the Fig. 9. A decrease in
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Fig. 8 Ln(r) vs. 1000/T plot for the CuO films of a P2, b P7, and

c P10 samples
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surface resistance of the film has been observed with the

introduction of ammonia in the testing cell. This may be

assigned to the redox reaction of ammonia with the

adsorbed oxygen species O2
-. Evidently, CuO thick films

have been found to show good sensing performance, with

high sensitivity. Gas response (S) for a sensor is calculated

using the formula given below and is defined as the ratio of

change in the resistance on exposure to gas to the resistance

in air.

S ¼
Rg � Ra

�� ��
Ra

ð12Þ

where Rg and Ra are CuO thick film resistance, measured in

ammonia and air atmosphere, respectively. The time taken

for the sensor to attain 90% of the maximum change in

resistance on exposure to the target gas is the response

time. The time taken by the sensor to get back 90% of the

original resistance is the recovery time. The response of the

sensor has been found to be for 0.820 and 0.941 for P7, and

P10 tested samples. The higher response in case of P10

sensor may be attributed to the small crystallite size and

huge porosity in the material as suggested by Jimenez [43].

The recovery for P2 and P7 films has been about 53 and

58%, respectively, in 500 s. Interestingly, the increase in

P10 films, it reaches to 92% in the same time. The detailed

sensing mechanism of CuO-based ammonia sensors has

been discussed in our previous report [44].

The adsorption of gas on the surface of a solid without

desorption of products, leads to decrease in reaction rate.

The increase in surface coverage reduces the active sites

for the redox reaction to take place hence rate of the

reaction decreases [45]. One of the most useful models for

describing such activated chemical adsorption is Elovich

equation [46], which is given by:

dq

dt
¼ a0e�aq ð13Þ

where q is the quantity of gas adsorbed during time t, a, and

a0 are the constants during any one experiment. The kinetic

law of chemisorption was established in depth by

Zedowitsch [47]. To simplify Elovich’s equation, Chien

and Clayton [48] assumed that a0at� 1 and applying the

boundary conditions of q = 0 at t = 0 and q = q at t = t,

then following equation

q ¼ 1

a
lnðt þ t0Þ �

1

a
lnðt0Þ ð14Þ

reduces to

q ¼ 1

a
lnða0aÞ þ 1

a
lnðtÞ ð15Þ

Thus, the constants can be using slope and intercept

from the plot of q against ln(t). In the Elovich equation,

constant a0 is regarded as the initial adsorption rate, and it

depends on the activation energy [49]. Constant a is related

to a measure of the extent to which the surface has been

screened by potential barrier for successive adsorption.

Ammonia adsorption leads to a charge transfer between film

and gas molecules. However, this process is limited by a

potential barrier formed from the dipole layer created by the

redistribution of charge between the NH3 molecule and CuO

film. The potential barrier increases with successive

adsorption which induces surface heterogeneity. In present

study, the change in conductance DC is proportional to the

amount of the adsorbed NH3 (q). The plot of DC vs. ln(t) is

linear after a time of 100 to 110 s for thick films samples as

evident in Fig. 10, thus indicating that the adsorption of

ammonia on the surface of CuO films is in accordance with

the Elovich equation. The values of the constants a0 and a
were obtained from the plot, and corresponding values are

recorded in the Table 1. The initial adsorption rate has been

found to be lowest for the P7 sample, whereas it was highest

for films made from the P10 sample. The value of a, which

represents the barrier for the successive adsorption is found

to be larger for P2 (0.93 MX) and P7 (1 MX) samples,

whereas it minimum of 0.50 MX for P10 sample.

The kinetics of the reaction between adsorbed ammonia

and available oxygen species on the film surface has been

determined from the plot of ln(Ce - Ct) vs. t and Ct vs.
Ct�C0

t for the first and second-order reaction, respectively,

using the method adopted by Tongpool [45] and
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Kamalpreet [50]. The conformity between the experimental

data and the model predicted values is expressed by cor-

relation coefficient (R2 values close or equal to 1). A rel-

atively high R2 value indicates that the model successfully

describes the kinetics of the gas adsorption. The regression

equations and R2 values for the first order reaction are

shown in Table 1. The highest R2 value for the first order in

all samples shows that the reaction between the ammonia

and adsorbed oxygen species on the surface of CuO films is

of first order. The non linear variation of Ct vs. ðCt � C0Þ=t

as shown in the inset of Fig. 11, which shows the failure of

second-order reaction mechanism. The sensor response rate

constant k for the first-order reaction has been determined

from the slope of the plot in Fig. 11 and is found to be

0.0078, 0.0093, and 0.0136 s-1 for P2, P7, and P10 sam-

ples, respectively. The rate constant for the P10 films has

been found to be highest thus indicating the fastest reaction

between ammonia and oxygen species in these cases. The

poor recovery in case of P2 and P7 sensors in comparison

to P10 makes it poor choice to be used it as an effective

room temperature operating sensor.

Though the gas sensor based on CuO thick film shows

comparatively better response toward NH3 at room tem-

perature as compared to the CuO sensor tested by Alexy

[51]. The list of most commonly used thick film-based

ammonia sensor is given in Table 2. It is interesting to

reveal that the ammonia gas sensor based on CuO show

much better response at room temperature in comparison to

n-type materials like ZnO and SnO2 at 100 �C [3]. Table 2

shows that the ammonia response of the room temperature

operated sensor has been discussed for greater than

300 ppm gas. Comparatively significant response toward

50 ppm ammonia of CuO makes it interesting. Several

sensors, which were fabricated and tested under identical

conditions, exhibited similar gas response. However, the

longer recovery time due to slow rate of desorption is the

main drawback. More detailed investigations have to be

performed in this regard. In future study, we will go on

searching the materials added to CuO to improve the

sensing performance.

Conclusions

In summary, a simple and economical technique has been

used to synthesize nanocrystalline CuO powder. It has been

shown that the structural properties of CuO powder can be

controlled by pH value in the reaction mixture. The thermal

decomposition at pH 10 results in the production of highly

active as well as porous nanoparticles of 27 nm in size. A
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systematic investigation of acidity on the morphology

shows that sol–gel auto-combustion technique have a

considerable potential for producing CuO nanocrystalline

powder having high surface area, maximum porosity, and

catalytic activity. The resultant CuO powder in the form of

thick film shows high sensitivity for ammonia gas at room

temperature, obeys the Elovich equation. First-order reac-

tion kinetics with highest sensor response rate constant in

case of CuO nanoparticles when obtained at pH 10 of the

precursor solution.
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