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Summary: The aim of this study is to investigate the impact of an anionic precursor [N, gas and
triethyleneamine (TEA) as nitrogen dopant source] to prepare anionic doped ZnO thin films surface
morphologies, via a novel route - hydrothermal solution deposition at low temperature. The effect of
dopant concentration under both with and without pH control was studied. The less populated doped
ZnO crystal nearly had the same band gap as compared to undoped ZnO thin films. The
photocatalytic activity of selected doped ZnO thin films were studied for the degrdation of 10 mg L
Methylene Blue under UV irradiation of 254nm. Based on the 1%t order reaction rate constant results
the morphology N2:S2-MS has shown highest degradation followed by N:S1-MS. Overall, the
photocatalytic activity order is N2:52-MS > N:S1-MS > N:S2-CG > N:S1-CG. In general, a
significant variation in surface morphologies, crystal size and population, porosity and orientation
were observed. This tailored-made variation enabled the doped ZnO thin films to successfully

degrade the waste methylene blue effluents.

Keywords: Anionic doped zinc oxide thin film, Surface morphology, Crystal lattice, Degradation,

Photocatalysis.
Introduction

Zinc oxide (ZnO) has been used in a variety
of form to demonstrate its diverse and
multifunctional ability encompassed from wide range
of application such as Photocatalyst [1-6],
photoluminescence [7], optical activity properties [8]
because of its high photosensitivity, wide band gap
has a wide band gap [9-12], abundance availability,
nontoxic and low cost [13, 14]. Suspended
photocatalysts typically show a higher photocatalytic
activity compared to supported catalysts because of
an efficient mass transfer and better reactor design.
The major disadvantage, however, is that suspended
catalytic systems are extremely complicated to
engineer since it is often difficult and expensive to
separate the powdered catalyst from the product
and/or waste streams. If this is not done, the catalyst
goes to waste, unnecessarily increasing the waste
disposal quantity and expense. Consequently, the
recovery of the powdered catalyst usually did not
remain economically viable [15, 16]. On the other
hand, supported photocatalysts have had few issues
of recovery at the end of the photocatalytic reaction,
so long as the photocatalytic material remains intact
and active throughout its lifetime (making lifetime
mechanical strength and integrity, and photocatalytic
activity with reuse two of the most important factors

in evaluating supported/immobilised photocatalysts).
In author’s previous studies [1, 3, 17] it was found
that supported photocatalyst did not remain re-usable
and stable depending upon the morphology. Surface
defects, caused by Mars van Krevelen type reaction
mechanism as concluded by [1] is some of the main
reasons for this slackness. Therefore, the main
objective of this study is to prepare and compare
anionic doped nanostructured ZnO thin films with the
undoped ZnO thin films and to study the impact of
dopant on surface morphology and photocatalytically
induced surface defects. Overall, the effect of the
extent of dopant (both dopant precursor type and its
concentration) on structure, morphology, band gap,
crystallinity and pH of the reaction mixture used to
obtain anionic doped ZnO thin films is discussed in
detail.

Experimental

Materials

The following chemicals were obtained
from Sigma Aldrich: zinc nitrate hexahydrate
(Zn(NOs3)2.6H,0) 98%, polyethyleneimine (PEI)
50wt % solution in de-ionised water, nitrogen (Nzg),
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triethyleneamine (TEA) 98.5%, 10% diluted
ammonia solution (69%), 4% diluted nitric acid (70%
purity), hexamethylenetetramine (HMT) synthesis
grade and microscope glass slides (7105 WT).
Deionised water (Millipore Milli Q A10) was used in
all work.

Methods

Preparation of Nitrogen-Doped Nano Structure Zinc
Oxide Thin Films (N:ZnO).

Nitrogen-doped nanostructure ZnO (N:ZnO)
thin films were prepared using two different dopant
sources: N2 gas and TEA.

N:ZnO thin films preparation using dopant N, gas
Freshly

prepared nitrogen-saturated

solutions of the reactants Zn(NO);.6H,O and HMT,
each having a molar composition of 0.025molL?,
were mixed in a sealable glass jar containing a
vertically suspended glass substrate (either clean
glass slides -henceforth referred to as ‘clean glass
film growth’ or CG or glass slides with an under-

Fig. L:
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layer of magnetron sputtered ZnO prepared via
method as described by Ali et al [1, 6] - henceforth
referred to as ‘magnetron sputtered template growth
or MS; with an approximate substrate top surface
area of 2x1 cm?) on a custom-made Teflon support
under an extensive supply of N2 gas (to keep the N
saturation intact) using an N gas sparger as shown in
Fig. 1. The pH of the solutions was adjusted to a
value of 5 or 7.5 by using diluted nitric acid (15%) or
diluted ammonium hydroxide solution (28%). The
sealed jar was then put into an oven at 95°C for 4
hours, after which the glass substrates were
withdrawn from the solution, rinsed with deionised
water and dried at 100°C [18] in the oven. The
summary of this shown in Table 1. The films
obtained from the new  solution  N:S1
[Zn(NO3)2.6H,O + HMT+ (saturated with N, gas)
and pH 5 on magnetron sputtered template growth
and clean glass substrate] were called N:S1-MS and
N:S1-CG. Similarly, the films obtained from the new
solution N:S2 [Zn(NOs), 6H,O + HMT + PEI+
(saturated with N, gas) and pH 7.5 on magnetron
sputtered template growth and clean glass substrate]
were called N:S2-MS and N:S2-CG respectively.

Preparation of N:ZnO by using Nz gas as nitrogen dopant source: (A) N saturated Zn(NO)3.6H,0;

(B) N2 saturated HMT; (C) Mixing of N, saturated Zn(NO)3.6H,O and HMT under extensive supply

of N; (D) Magnified view of sealable glass jar
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Table-1: Nitrogen-doped nanostructure ZnO thin films (N:ZnO) preparation conditions by using N. gas as

nitrogen dopant source.

N:S1-MS N:S1-CG

N:S2-MS N:S2-CG

pH 5 5

75 75

Solution composition Zn(NO3)2 + HMT + N2gas  Zn(NOz)2 + HMT + N2 gas Zn(NOs), + HMT + PEI + N2 gas Zn(NOs)z + HMT + PEI + N2 gas

Table-2: Nitrogen doped nanostructured ZnO thin film (N:ZnO) preparation conditions by using TEA as

Nitrogen dopant source.

Source of N2 : Triethylamine (TEA)

Composition of Reaction Mixture Substrate Morphology

Batch 1: N’:S1=SA:SB:SC =1.2:1:1 Template: MS and CG N1:S1-MS
SA: 0.025 mol L-1TEA 37.5% 15% HNOs to maintain pH 5.0 N1:S1-CG
SB:0.025 mol L*Zn(NO3)2.6H20 31.5%
SC: 0.025 mol L*HMT 31.5%
pH=5

Batch 2: N’:S2 = SA:SB:SC =1.2:1:1 Template: MS N2:S2-MS
SA: 0.025 mol L-1TEA 37.5% 0.3mL PEI
SB:0.025 mol L*Zn(NO3)2.6H20 31.5% 28% NaOH to maintain pH 7.5
SC: 0.025 mol L*HMT 31.5%
pH=75

Batch 3: N'":S1 = SA:SB:SC = 0.4:1:1 Template: MS N3:S1-MS
SA: 0.025 mol L-1TEA 16.67% 15% HNOs to maintain pH 5.0
SB:0.025 mol L*Zn(NOs)2.6H20 41.67%
SC: 0.025 mol L*HMT 41.67%
pH=5

Batch 4: N'":S2 = SA:SB:SC = 0.4:1:1 Template: MS and CG N4:S52-MS
SA: 0.025 mol L-1TEA 16.67% 0.3mL PEI N4:S2-CG
SB:0.025 mol L*Zn(NO3)2.6H20 41.67% 28% NaOH to maintain pH 7.5
SC: 0.025 mol L*HMT 41.67%
pH=75

Batch 5: N'"":S2 = SA:SB:SC = 1.2:1:1 Template: MS and CG N5:S2-MS
SA: 0.025 mol L-1TEA 37.5% 0.3mL PEI N5:S2-CG
SB:0.025 mol L1Zn(NO3)2.6H20 31.5%
SC: 0.025 mol L*HMT 31.5%
Without pH Control

Batch 6: N'"":S2 = SA:SB:SC = 0.4:1:1 Template: MS N6:S2-MS
SA: 0.025 mol L-1TEA 16.67% 0.3mL PEI
SB:0.025 mol L1Zn(NO3)2.6H20 41.67%
SC: 0.025 mol L*HMT 41.67%

Without pH Control

N:ZnO thin films preparation using TEA as nitrogen
source

Table-2 summarised the six batches of N:ZnO
thin films obtained by using TEA as a nitrogen source.
Freshly prepared stock solutions of SA (TEA), (SB)
Zn(NO)3.6H,0 and SC (HMT), each 0.025molL™, were
mixed in either ratio 1.2:1:1 or 0.4:1:1, in a sealable
glass jar containing vertically suspended glass substrate
(CG and MS) on a custom-made Teflon support. The
pH of the solutions was adjusted to a value of 5 or 7.5
by using diluted nitric acid (15%) or diluted ammonium
hydroxide solution (28%). The sealed jar was then put
into an oven at 95°C for 4 hours, after which the glass
substrates were withdrawn from the solution, rinsed,
wiped on the underside with deionised water, and dried
at room temperature. The films obtained from different
batches 1-2 (Table 2) on magnetron sputtered template
growth were called N1:S2-MS, N2:S2-MS respectively;
batches 3-4 (Table 2) on magnetron sputtered template
growth and clean glass slides were called N3:S2-MS ,
N4:S2-MS, N3:S2-CG and N4:S2-CG respectively;

batch 5 (Table 2) on magnetron sputtered template
growth, and clean glass slides, were called N5:S1-MS
and N5:S1-CG respectively; and those from batch 6
(Table 2) on magnetron sputtered template growth were
called N6:S1-MS.

Characterisation of ZnO films

The surface and cross-sectional morphologies
of ZnO thin films (both undoped and doped) were
characterised by scanning electron microscopy (SEM)
using a Philips XL-30s operating at 5kV. This
characterisation involved measuring the thin film
thickness, the effect of reaction on morphology, and
attrition/stress on the surface caused by UV irradiation.
Both top surface and cross-sections were imaged. Cross-
sectioning was carried out by cutting the thin film
sample into two parts using wire cutters whilst holding it
with pliers. Polaron SC 7640 Sputter Coater was used to
give a very thin, minimal Pt coating (600 seconds)
suitable for SEM viewing. The crystallinity and the
phases present in both undoped and doped nanostructure
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ZnO thin films were characterised by using an X-ray
diffractometer (XRD) with Cu-Ko radiation (Bruker
D8). Undoped and doped nanostructure ZnO thin films
were glued horizontally to the base of the sample holder
in such a way that the top surface of ZnO thin films
faced upward. Angle of incident (26) range were
adjusted to 30-65 and 30-70 for undoped and doped
ZnO thin films respectively. Bruker AXS: EVA
software was used to study the change in crystallinity
and number of phases before and after reaction.

Results and Discussions
Impact of Dopant on Surface Morphologies

The nature and type of morphology,
summarised in author’s previous studies [1, 6], also as
shown in Fig. 2, plays an important role in
photocatalytic activity and reaction mechanism.
Therefore and in order to preserve this parameter,
anionic dopant (nitrogen) [19-23] were used to obtain a
morphology as close as possible to undoped ZnO thin
films. Dopant usually reduces the band gap (hence metal
oxide is expected to be more active at low UV energy or
at higher UV irradiation wavelength) [24] and the
delocalisation of the d-states in the band gap of metal
oxide, which helps in reducing the recombination
chances of UV-induced electron-hole pairs [25]. The
extent of dopant, both type and concentration, on both
surface morphology and band gap, is summarised in the
following sections.

2 um
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Nitrogen-doped Zinc Oxide (N:ZnO) Nanostructured
Thin Films

The effect of each source of nitrogen (nitrogen
gas (Nz) and Triethylamine (TEA) on surface
morphology, crystallinity, band gap and associated
surface defects along with the lack or presence of
nitrogen incorporation, are summarised in the following
sections.

N:ZnQ thin film morphologies obtained by using N, gas
as nitrogen source

A top surface view of the SEM image of the
nitrogen-doped morphology, obtained from the mixture
of solutions (N:S1) on a magnetron sputtered coated
Zn0O glass template, (N1:S1-MS) is shown in Fig. 3A.
The morphology (N:S1-MS) was nearly same as
undoped S1-MS. No significant differences in crystal
structure, size and smoothness were noticed except in
the population and the orientation of crystals. However,
no clear indication of N incorporation was depicted by
EDX analysis (Fig.3B). Most of the crystals are
positioned at a greater inclination than that for undoped
nanostructured ZnO thin films (Fig. 2A). The band gap
was approximately the same as for the undoped: another
indication of inefficient dopant incorporation in the ZnO
crystal

Fig. 2. Undoped ZnO thin films surface morphologies obtained in author’s previous studies [6].
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AccV SpotMagn Det WD |———— | 2um
%500 kv 20 20000x TLD 52 S1MS N2 DOPED UNREACTED

Element | Wt % At % K-Ratio | Z A F

N K 7.65 16.11 0.016] 1.1109| 0.1885| 1.0009
OK 27.46 50.61| 0.0635 1.1018| 0.2097| 1.0007
SiK 13.97] 14.67 0.0547] 1.0544| 0.3712 1
PtM 14.54 2.2 0.083 0.7614|  0.7496| 1
ZnK 36.37 16.41f 0.3333] 0.9181] 0.9979 1
Total 100 100

Fig. 3:

analysis at position P1(ZnO single crystal).

Morphology (N:S1-CG; Fig. 4A), obtained
on a clean glass slide from a mixture of solutions
(N:S1), shows a clear difference in the surface
morphology, compared to undoped nanostructured
ZnO thin films (Fig. 2B). Both crystal structure and
smoothness were severely affected. EDX analysis
(Fig. 4B) did not show any solid evidence of the
presence, (and hence the incorporation) of nitrogen
that might be due to the lack of interaction of
nitrogen source species with Zn0O, in the ZnO crystal.

Morphologies obtained from a mixture of
solutions N:S2, on MS and CG substrate, are shown
in Figs. 5-6; morphology N:S2-MS showed a
significant variation in the surface structure (Fig. 5A)
compared to undoped S2-MS (Fig. 2C). A huge
proportion of large crystal similar to undoped S2-CG
was seen on the top of the MS layer with little growth
and reduced porosity. Morphology N:S2-CG (Fig. 6)
was almost similar to undoped nanostructured ZnO
thin films S2-CG. No evidence of N incorporation
into morphologies N:S2-MS and N:S2-CG, similar to
N:S1-MS and N:S1-CG, was noticed (Fig. 5B and
Fig. 6B).

The doped morphologies (N:ZnO), obtained
by using N, gas as a nitrogen dopant source, were

doi.org/10.52568/000683/JCSP/42.05.2020 717

EDAX analysis
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(A): SEM image (top view) of nitrogen-doped nanostructured ZnO thin films N1:S1-MS; (B) :EDX

affected not only in terms of surface morphologies;
as well as EDX analysis did not show any solid
evidence of the presence of nitrogen in the ZnO
lattice or lattice interstices and these cannot therefore
be considered to be as nitrogen doped morphologies,
although the presence nitrogen gas (nitrogen
saturated mixture of solutions N:S1 and N:S2) had
imparted a significant effect on surface
morphologies. In general, the bubbling/mixing of
nitrogen gas technique, to achieve a nitrogen
saturated reaction mixture, is not an efficient way to
enable nitrogen to produce N:ZnO thin films.
Therefore, another soluble source of nitrogen, such as
TEA, was attempted to obtain N:ZnO nanostructured
thin films.

N:ZnO thin films morphologies obtained by using
TEA as an N source

Six attempts were made to prepare N:ZnO
thin films by using TEA as a nitrogen dopant source
at two different concentrations (high and low
concentrations of TEA; 37% or 16.7% respectively)
with and without pH control. The effect of TEA as a
nitrogen source on surface morphology s
summarised in the following sections.
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EDAX analysis

B
Element | Wt % At % K-Ratio A F
N K 5.22 13.69 0.011| 1.1462| 0.1833] 1.0009
OK 19.89 45.67] 0.0495| 1.1367| 0.2185| 1.0011 Pt
SiK 3.63] 4.74] 0.0111 1.0871| 0.2824 1 si
PtM 11.11 2.09| 0.0598| 0.7871] 0.6839 1
ZnK 60.15) 33.8] 0.5708[ 0.9507| 0.9982 1
Total 100] 100| \ . : , ;
2.00 400 6.00 .00 10.00

Fig. 4. A: SEM image (top view) of N:S1-CG; B:EDX analysis at position P1(ZnO single crystal).

4

/{ EDAX analysis

Zn

Element | Wt % At % K-Ratio | Z A F

N K 5.77 1498 0.0125 1.1458] 0.1883| 1.0009
O K 20.53 46.67| 0.0517] 1.1363] 0.2214| 1.0012
SiK 1.2 1.56] 0.0036] 1.0867| 0.2744 1
PtM 9.6 1.79] 0.0519] 0.7866| 0.6866) 1
ZnK 62.9) 35| 0.5971] 0.9496] 0.9997 1
Total 100 100

Fig. 5: A:

z.00 4.00 6.00 8.00 10.00

SEM image (top view) of N:S2-MS; B: EDX analysis at position P1(complex ZnO single crystal).
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Element | Wt% | At% K-Ratio | Z A F

N K 6.2 1585 0.0132 1.145 0.186| 1.0008
0K 20.93] 46.87| 0.0505] 1.1355| 0.2124]  1.001
SiK 3.53 451 00114 1.086| 0.296 1
PtM 14.42 2.65 0.0808| 0.7867| 0.7126 1
ZnK 54.92] 30.11] 0.5204] 0.9512| 0.9961 1
Total 100 100

Fig.6:

Morphologies obtained at high concentration of TEA
with pH control

Figs. 7-9 shows three  different
morphologies, N1:S1-MS, N1:S1-CG and N2:S2-
MS, obtained from a high concentration of TEA
(37.5%), on MS or CG glass substrate by using two
different mixtures of solutions N":S1 and N":S2, with
pH control 5 or 7.5. N:ZnO morphologies obtained
by using TEA as an N, dopant source also showed
huge variations in morphologies compared to
undoped ZnO thin films (see Fig.2). Morphology
N1:S1-MS (Fig. 7A) obtained, at pH 5, had both
solid and X-shaped, and horizontally aligned, hollow
crystal structures. Again, no solid evidence of
nitrogen incorporation as dopant was found (see Fig.
7B: EDX analysis at position P1 (X-shaped hollow
crystal) and Fig. 7C: EDX analysis at position P2
(crystal growth near to MS layer).

Morphology N1:S1-CG (Fig. 8A) obtained
on the CG substrate from the reaction mixture of
solution N":S1, at pH 5, had also shown a significant
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EDAX analysis

Zn

200 400 6.00 §.00 10.00

A: SEM image (top view) of N:S2-CG; B: EDX analysis at position P1(complex ZnO single crystal).

variation in crystal orientation, size and population,
compared to undoped S1-CG thin films (see Fig. 2B).
Although the presence of TEA left a huge impact on
surface morphologies, no evidence of the presence of
nitrogen was revealed by EDX analysis (Figs. 8B-C)
at the two different positions on surface P1 and P2

The top surface and cross-sectional views of
the morphology N2:S2-MS (Figs. 9A and 10A),
obtained on MS substrate by using solution N":S2 at
pH 7.5, differ greatly in crystal structure, crystal
smoothness, crystal size and orientation compared to
undoped S2-MS (see Fig. 2C) obtained under similar
conditions, except for the presence of TEA.
Horizontally oriented cusps of ZnO were seen that
could be caused by the interaction of TEA with other
reacting species like Zn(NO)s.6H,O, HMT and PEI.
No evidence of the incorporation of nitrogen as a
doped element was noticed, similar to N1:S1-MS and
N1:S1-CG, as shown by EDX analysis (Figs 9B-C
and 10B-C).
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EDAX Analysis at Position P1

Element | Wt % At % K-Ratio | Z A F
N K 7.75) 14.97, 0.015] 1.0877 0.178 1.001
oK 27.75]  46.92] 0.0645] 1.0788] 0.2153] 1.0009
SiK 10.96]  19.22] 0.0745 1.0329] 0.3615] 1.0001
CaK 1.75) 118] 0.0148] 1.0071] 0.8339] 1.0043
ZnK 42.79]  17.71] 0.3836] 0.8892] 1.0081 1
Total 100 100|
-
)
| |
[ | I G N
MV Wl e 1 .
! " ’ " ! ! . Il’ll oV
EDAX Analysis at Position P2
T Element [Wt% [At% | K-Ratio [Z A F
N K 7.75] 14.97 0.015] 1.0877 0.178 1.001
oK 27.75]  46.92] 0.0645] 1.0788] 0.2153| 1.0009
SiK 19.96] 1922 0.0745] 1.0329] 0.3615] 1.0001
CaK 1.75 118] 00148] 1.0071] 0.8339] 1.0043
ZnK 4279  17.71] 0.3836] 0.8892] 1.0081 1]
Total 100 100| |

720

||| e nw e

Fig.7:  A: SEM image (top view) of N1:S1-MS; B: EDX analysis at position P1 (X-shaped ZnO crystal); C:
EDX analysis at position P2 (layer upon magnetron sputtered coating and small ZnO crystal) at high

concentration of TEA with pH control.

EDAX Analysis at Position P1

Element [Wt% [At% | K-Ratio [Z A F
N K 9.73] 1712 00225| 1.0782] 0.2145| 10012
oK 36.21]  55.72[ 00917] 1.0694] 0.2366] 1.0008
SIK 13.62] 11.94] 00499 1.0242[ 0.3576] 1
ZnK 40.43]  15.23] 0.3603] 0.8801] 1.0126 1
Total 100 100
\ oS
‘AccV  SpotMagn Det WD p——— 2m |
500KV 20 20000x TLD 4.9 I [y zn
I A
ol LA f\
e " o v an iy o R
EDAX Analysis at Position P2
Element | Wt % At % K-Ratio | Z A F
@
"z q Si VK 11.99]  16.36] 0.0253] 1.0253] 0.2054] 1.0013
| OK 47.01]  56.13[ 0.1063[ 1.0171[ 0.2222[ 1.0004
SiK 40.02[  27.22[ 0.2804] 0.9749] 0.7187] 1
ZnK 0.97] 0.28] 0.0082[ 0.8284] 1.0154] 1
Total 100 100
3
Ao
{
Ny |
g™ Mrta, ~
" T P [ o

Fig. 8: (A): SEM image (top view) of N1:S1-CG; B:EDX analysis at position P1(regular ZnO crystal);
C:EDX analysis at position P2(layer upon magnetron sputtered coating ) at high concentration of TEA

with pH control.
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Zn
EDAX Analysis at Position P1
‘ Element | Wt % At % K-Ratio | Z A F
NK 11.33 22.6] 00263 1.1021] 02105 1.0011]
oK 27.48]  47.96] 0.0666] 1.0031] 0.2214] 1.0011
SiK 5.84 5.8 00183 10464 03002 1
ZnK 55.35]  23.64] 0.5054] 0.9033] 1.0109 1
| Total 100) 100
\
.0 | oW 2N B
7 b H [
o 1 N si
. ...‘. i ShatMagn  Det WD BT T w T ™ > TR
TS0 KV 2] 20000 TLD 49
EDAX Analysis at Position P3 EDAX Analysis at Position P2
Element |Wt% |At% | K-Ratio | Z A [Element [Wt% | At% | K-Ratio | Z A F
si [NK 16.78] 27.04] 0.0318] 10546] 0.1797] 10008 N NK 9.86] 18.77] 00191 10842] 0.1782] 1.0009)
. [ox 25.38]  35.82] 0.0476] 10461 0.1794] 1.000§] I oK 2424 404] 0.0530] 10753 0.2064] 1.0009
‘\ SiK 8742| S0.09] 01937] 100211 0.5165 1 SIK 2577] _24.46] 00994 10297 0.3748 1
ZnK 20.43 706 0177] 0857] 1011 1 ZnK 40.13]  16.37] 0.3586] 0.8857]  1.009 1
D |‘ Total 100 100 ‘ Total 100 100
S
I
zn !
‘l | | 10| M ™
N O | | n o I i
Nl ! I Zn ! | n
LAWAPA I Lo A

Fig. 9: A: SEM image (top view) of N2:S2-MS; B: EDX analysis at position P1(cluster of ZnO crystal); C:
EDX analysis at position P2(ZnO single crystal); D: EDX analysis of at position P3 (layer upon
magnetron sputtered coating).

Spot Magn  Det WD e

20 B0000x TLD 5.0

500 nm

EDAX Analysis at Position P1

Element | Wt % At % K-Ratio | Z A F
N K 8.38) 15.2[  0.0179 1,08 0.1977] 1.0011]
oK 32.89 52.22) 0.0817 1.0712 0.2316] 1.0008
SiK 18.92 17.11] 0.0712] 1.0258 0.3667/ 1]
ZnK 39.8] 15.47 0.3549| 0.8818| 1.0111 1]
Total 100[ 100|
Si
2z Zn
\
: /
EDAX Analysis at Position P2
Element | Wt % At % K-Ratio | Z A F
N K 8.94 16.91] 0.0209| 1.0923| 0.2142] 1.0012
oK 33.36]  55.28] 0.0868] 1.0834 0.24] 1.001
SIiK 8.19) 7.73] _0.0271] 1.0373] 0.3192] 1]
ZnK 49.51) 20.08 0.4477] 0.8938 1.0117| 1]
Total 100, 100,
o)
. @ oz
Si /\
DAY

Lo 20

Fig. 10: A: SEM image (cross-sectional) of N2:S2-MS; B: EDX analysis at position P1 (cluster of ZnO
crystal); C: EDX analysis at position P2(complex ZnO single crystal).
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Morphologies obtained at low concentration of TEA
with pH control

A marked variation in surface morphologies of
N:ZnO thin films could be a result of higher
concentration of the TEA. In order to investigate and
to optimise nitrogen incorporation [26] as a dopant as
well as the concentration of TEA, and to have lower
impact of dopant on surface morphologies, a lower
concentration of TEA (16.7%) was used. Figs. 11-13
show the morphologies obtained at low TEA
concentration with pH 5 or 7.5. Little effect of the
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TEA concentration was noticed. Nearly similar
patterns of morphologies N4:S2-MS (Fig. 11A) and
N4:S2-CG (Fig. 12A) i.e. complex, hollow and
fragile crystals, was obtained at a lower concentration
of TEA, except for morphology N3:S1-MS (Fig.
10A), which had shown a lower level of crystal
population and incomplete growth of crystals. Little
presence of nitrogen incorporation in the crystal
lattice could be measured (see Figs. 10B-C, 11B-C
and Figs. 12B-C; EDX analysis at two different
position P1: crystal surface and P2: layer on MS or
CG substrate).

EDAX Analysis at Position P1

Element [Wt% | At% | K-Ratio [Z A [F
NK 1071 1500 00224] 10313 0.2028] 1.0013
oK 4583 56.54 0.1066] 1023 02273 10004
SiK 38.06] _ 26.74] 0.2439 _0.9805] 06536 1]
ZnK 5.41 163]  00458] 08342 10148 1
Total 100 100] [
| :
N S N
160 1'4! 320 a0 480 560 640 20 .00 keV
EDAX Analysis at Position P3 \‘ EDAX Analysis at Position P2
i *  [Eement [Wt% [At% |K-Ratio |Z A F
\ [
‘ NK 819 1505 00169 10809] 01913 10011
0K 3108 50| 00758 10721 0.2272[ 10009
Element [Wt% At% | KRato [Z A 3 SiK 21.12] 1935 0.0802] 10266] 0.3698 1
ZnK 3962 156] 03533 08826 10105 1]
N K 11.99] 1636 0.0253] 10253 0.2054] 1.0013 Total 100 100
0K 4701 5613 0063 10171 02222[ 10004
SiK 4002]  27.22] 02804 09749 07187 1 y
ZnK 097 o028 00082 08284 10154 1
‘ Total 100) 100) |
0
W 2
\ D | C i
N “ A J A f \} \ / |
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Fig. 11: A: SEM image (top view) of N3:S1-MS; B: EDX analysis at position P1 (cluster of small ZnO
crystals); C: EDX analysis at position P2 (large ZnO crystal); D: EDX analysis at position (layer upon
magnetron sputtered coating) at low concentration of TEA with pH control.
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EDAX Analysis at Position P1

Element | Wt % At % K-Ratio | Z A F

N K 9.41 14.47| 0.0164 1.0433 0.1665) 1.001
oK 38.1 51.31 0.0779 1.0349 0.1975, 1.0005
SiK 36.5 28 0.2136 0.9917| 0.59 1.0004|
CaK 4.56 2.45 0.0379 0.9636 0.8602 1.0012]
ZnK 11.43) 3.77 0.0976, 0.8461 1.0091 1]
Total 100 100

Si

N
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EDAX Analysis at Position P2

Si |I
‘ Element | Wt % At % K-Ratio | Z A F
‘ N K 16.78| 27.04 0.0318] 1.0546 0.1797 1.0008
oK 25.38 35.82 0.0476 1.0461 0.1794 1.0006
Zn | SiK 37.42 30.09 0.1937] 1.0021 0.5165 1
"‘ ZnK 20.43 7.06 0.177 0.857 1.011) 1
| Total 100 100

Fig. 12: A: SEM image (top view) of N4:S2-MS; B: EDX analysis at position P1(cluster of ZnO crystal); C:
EDX analysis at position P2(layer upon magnetron sputtered coating).

EDAX Analysis at Position P1

Element | Wt % At % K-Ratio | Z A F

N K 6.98 13.23] 0.0134 1.0836 0.1767 1.001

oK 29.29 48.58 0.0689 1.0747 0.2187 1.0009

SiK 22| 20.78 0.0851 1.0291 0.3759 1.0001

CaK 1.82] 1.2] 0.0153 1.003; 0.8346 1.0041

ZnK 39.92 16.21) 0.3563 0.8852 1.0082 1
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EDAX Analysis at Position P2

\‘ Element [Wt% | At% K-Ratio | Z A F

N K 777 1469 00159 10889 01883 _ 1.001]
oK 3221 5331 00755 1.08] _0.2168] 1.0007]
SiK 17.41]  16.42] 00713  1.034] 0.3959] 1.0001
PtM 7.51] 102] 00418 0744 07471 1
Cak 1.34 0.88] 00109] 10088 0.8027] 1.0081
ZnK 33.76]  13.68] 0.3028] 0.8936]  1.0037 1
Total 100 100)

Fig. 13: A: SEM image (top view) of N4:S2-CG; B: EDX analysis at position P1(ZnO jointed crystal); C:
EDX analysis at position P2 (layer upon magnetron sputtered coating) at low concentration of TEA
with pH control.
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Morphologies obtained at high and low concentrations
of TEA without pH control

A change in TEA concentration did not reveal
any significant improvement in the nitrogen
incorporation as dopant into the ZnQ crystal lattice. The
only other parameter that might control the surface
morphology is the pH of the reaction mixture. To study
and investigate the role of pH, a set of nitrogen-doped
structures/morphologies (N5:S2-MS, N5:S2-CG and
N6:S2-MS) were also prepared under both high and low
concentration of TEA without maintaining pH (results
obtained are shown in Figs. 14-16). A significant effect
of pH was noticed on the crystals formed (fairly large
compact structures), although none of the nitrogen-
doped morphologies were suitable, from the point of
view of either nitrogen incorporation (see Figs. 14B-C,
15B-C and 16B-C), or surface morphology, as shown in
Figs. 14A, 15A and 16A.

Photocatalytic Activity

To check the photocatalytic activity of doped
zinc oxide thin films, four catalyst sample N:S1-MS,
N:S1-CG, N2:S2-MS and N:S2-CG were opted among
all prepared nitrogen doped zinc oxide thin films. The
photocatalytic activity was measured for the degrdation
of 10 mg L* Methylene Blue under UV irradiation of
254nm. The 1% order reaction rate constant results on
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liquid volume basis ( Kpp: ), catalyst mass basis (kapp:
m3kgs?) and a UV exposed surface area (S) basis
(k" "app: m® m2 s1) four selected doped N:S1-MS, N:S1-
CG, N2:S2-MS and N:S2-CG photocatalyst is shown in
Table 1. Among all the selected sample, the morphology
N2:S2-MS has shown highest degradation followed by
N:S1-MS. In general, the photocatalytic activity order is
N2:52-MS > N:S1-MS > N:S2-CG > N:S1-CG. Based
on available relevant literature under exact
photocatalytic activity test conditions and N:ZnO thin
films preparation method, no study is reported. For
instance, Shinde et al [27] concluded that nitrogen
doped zinc oxide thin films (prepared by chemical spray
pyrolysis — a different method to the method reported in
the submitted manuscript) showed higher Toulene
degradation ability as to undoped ZnO thin films. The
similar results as in our case, but we study degradation
of Methylene blue by using N:ZnO thin film prepared
by novel route — hydrothermal solution deposition.
Similarly, Vasile et al [28] concluded that nitrogen
doped zinc oxide thin films prepared by high power
impulse magnetron sputtering has higher water splitting
capability as to the undoped zinc oxide thin film.
Therefore, we strongly believe that the opted catalysts
preparation approach/technique is capable to tailor the
morphology for a wide range of waste effluents
treatment.

EDAX Analysis at Position P1

Element [ Wt % At % K-Ratio | Z A F
o
N K 10.41 14.72 0.0186 1.0288| 0.1732! 1.0011
O K 44.32 54.9 0.0904 1.0206 0.1997! 1.0004
SiK 39.16] 27.63 0.2725 0.9782 0.711] 1.0005
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EDAX Analysis at Position P2

Element | Wt % At % K-Ratio | Z A F
N K 8.24 14.68 0.0159! 1.0732 0.1792 1.001
O K 31.59 49.29 0.0724 1.0645 0.2152 1.0008|
SiK 24.84 22.08 0.1042! 1.0194 0.4114, 1.0002]
CaK 1.86 1.16 0.0156! 0.9929 0.8422 1.0035
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Fig. 14: A: SEM image (top view) of N5:S2-MS; B: EDX analysis at position P1(cluster of ZnO crystal);
C:EDX analysis at position P2(layer upon magnetron sputtered coating) at high concentration of TEA

without pH control.
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Z"/i EDAX Analysis at Position P1

Element | Wt % At % K-Ratio | Z A F
. N K 6.89) 12.96| 0.0136 1.0822 0.182 1.001]
Si oK 29.26 48.16 0.0712) 1.0734 0.2264 1.0009
SiK 24.6) 23.07| 0.0949 1.0279 0.3754 1
ZnK 39.25) 15.81 0.3502 0.8838 1.0095 1
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EDAX Analysis at Position P2
Si

Element | Wt % At % K-Ratio | Z A F

NK 11.04] 15.12| 0.0229 1.0254 0.202 1.0013
OK 47.16 56.57| 0.1082 1.0172] 0.2255 1.0004
SiK 41.13 28.11 0.2909 0.975) 0.7254 1
ZnK 0.67 0.2 0.0056 0.8285 1.0151 1
Total 100 100

Fig. 15: A: SEM image (top view) of N5:S2-CG; B:EDX analysis at position P1(edged ZnO crystal); C:EDX
analysis at position P2(layer upon magnetron sputtered coating) at high concentration of TEA without
pH control.

EDAX Analysis at Position P1

Zn

Element | Wt % At % K-Ratio | Z A F
N K 6.93) 14.16] 0.0152 1.1023 0.1986 1.0011
O K 29.13| 52.08 0.0762 1.0933 0.2391 1.0011
SiK 9.96| 10.14 0.0319 1.0465 0.3057, 1
ZnK 53.97| 23.62 0.4924 0.9033 1.0099 1
Total 100 100
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EDAX Analysis at Position P2

si [Element [Wt% [At% | K-Ratio | Z A F
N K 6.93 1416 00152 1.1023] 0.1986] 1.0011
oK 29.13]  52.08] 0.0762] 1.0933] 0.2301] 1.0011]
SiK 9.96]  10.14] 0.0319] 1.0465] 0.3057| 1
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Fig. 16: A: SEM image (top view) of N6:S2-MS; B:EDX analysis at position P1(cluster of ZnO crystal);
C:EDX analysis at position P2(flowery layer upon magnetron sputtered coating) at low concentration
of TEA without pH control.
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Table-3: Summary of 1% order reaction rate constant on liquid volume basis ( kapp: ), catalyst mass basis
(k’app: m3kgs™) and a UV exposed surface area (S) basis (k" 'app: m® m2 s) for the photocatalysed degrdation

of 10 mg L"* Methylene Blue under UV irradiation of 254nm.

Selected doped photocatalyst

Estimated UV exposed surface area S (m?)

First order rate constants (UV irradiation of 254nm)
K app (s)

k’ app (m3kg'1s'1) k’’ app (m3 m2 S'l)

N:S1-MS 3.79 x10* 1.075 x10? 1.018 0.56 x10°
N:S1-CG 2.99 x10* 2.295 x10° 0.232 1.29 x10*
N2:S2-MS 1.87 x10°3 2.935 %102 2.781 1.54 x10°
N:S2-CG 3.85 x10* 3.0 x10°% 0.284 1.58 x10*
Conclusions mechanism at both 254nm and 340 nm,

The doped morphologies (N:ZnO), obtained
by using N2 gas and/or TEA as a nitrogen dopant
source, were of varied nature in terms of crystal size,
porosity and orientation. The EDX analysis showed
the presence of nitrogen in the ZnO lattice or lattice
interstices. In general, the bubbling/mixing of
nitrogen gas and/or the stoichiometric ratio of TEA,
is an efficient way to incorporate nitrogen to produce
N:ZnO thin films. Both the concentration of each
dopant and pH of the reaction mixture played
significant roles in changing the surface
morphologies, a clear indication that the presence of
TEA in the reaction mixture has a marked effect on
the affinity of various reaction species such as
Zn(NO3).6H,0, HMT and/or PEI. The photocatalytic
activity of selected doped ZnO thin films were also
studied for the degrdation of 10 mg L™ Methylene
Blue under UV irradiation of 254nm. Based on the 1%
order reaction rate constant results the morphology
N2:S2-MS has shown highest degradation followed
by N:S1-MS. Overall, the photocatalytic activity
order is N2:S2-MS > N:S1-MS > N:S2-CG > N:S1-
CG. Because of varied nature in surface
morphologies, the use of TEA/N, gas as anionic
dopant has a potential to acquire/achieved tailored-
made surface morphologies for a wide range of
industrial applications/processes.
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