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ABSTRACT 

ZnO	doped	with	Pt	 or	Au	 (Pt/Au-ZnO)	 exhibits	 strong	gas	 response	 at	
room	 temperature,	making	 it	 a	 promising	 gas	 sensing	material.	 Since	
carbon	monoxide	(CO)	is	one	of	the	most	hazardous	gases	in	both	daily	
work	and	life	operations,	it's	critical	to	develop	gas	sensors	with	excellent	
stability,	sensitivity,	and	selectivity	for	CO	gas.	The	aim	of	this	study	is	to	
investigate	the	structural	and	electronic	properties	of	crystal	ZnO	using	
CASTEP	calculation,	and	also	to	elucidate	the	effect	of	Pt/Au	on	ZnO	as	
CO	detection	with	validated	 functional	exchange	correlation	GGA-PBE	
that	 implemented	in	CASTEP	computer	code.	For	each	doped	material,	
the	 composition	was	 changed	with	 100%	of	Pt/Au	and	 0%	of	O,	 80%	
of	Pt/Au	and	20%	of	O,	60%	of	Pt/Au	and	40%	of	O,	40%	of	Pt/Au	and	
60%	of	O,	and	20%	of	Pt/Au	and	80%	of	O.	The	geometrical	optimization	
and	energy	were	calculated	by	GGA-PBE.	It	is	believed	that	noble	metal	
surface	modification	of	metal	oxide	is	the	most	practical	and	efficient	way	
to	enhance	gas	sensing.	Because	of	 their	strong	catalytic	activity,	noble	
metal nanoparticles have been demonstrated in multiple studies to enhance 
ZnO's	sensing	capabilities.	Furthermore,	by	doping	noble	metals	which	are	
Pt	and	Au	with	ZnO,	it	provides	the	insight	of	developing	gas	sensors	for	
CO	detection	by	determining	the	formation	energy	and	understanding	the	
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energy	band	structure	and	the	density	of	states.		
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INTRODUCTION 

Carbon	monoxide	(CO),	one	of	the	most	dangerous	gases	in	daily	life	as	
well	as	company	operations,	is	colourless,	doorless,	and	highly	hazardous.	
It	typically	results	from	incomplete	fuel	combustion	at	home	and	in	exhaust	
emissions	from	vehicles	[1].	Carbon	monoxide	is	also	one	of	the	mixtures	
contained	 in	wildfire	smoke.	 In	addition	 to	posing	a	number	of	 risks	 to	
human	health	 and	 economic	 difficulties,	wildfire	 smoke	 and	 pollutants	
can	 spread	 far	 from	 the	 actual	 site	 of	 the	 fire	where	 pregnant	women	
and	middle-aged	and	older	people	with	acute	or	chronic	respiratory	and	
cardiovascular	disorders	are	the	populations	most	at	risk	from	exposure	to	
wildfire	smoke.	In	recent	years,	the	CO	has	produced	a	large	number	of	
intoxication	victims	worldwide.	For	instance,	the	General	Directorate	of	
Civil	Protection	in	Algeria	reported	134	deaths	and	over	2	928	victims	of	
intoxication	in	the	course	of	2017.	3	354	intoxication	victims	were	made	
by	the	CO	in	France	in	2017	[2].

It	 is	 important	 to	 develop	 gas	 sensors	 with	 excellent	 carbon	
monoxide	(CO)	gas	selectivity,	sensitivity,	and	stability	[3].	This	is	because	
environmental	pollution	and	workplace	safety	are	both	major	problems.	
Since	 its	 inception	 in	 1962,	 the	metal	 oxide	 semiconductor	 (MOS)	gas	
sensor	has	undergone	a	great	deal	of	development.	It	is	one	of	the	gas	sensors	
that	 is	most	frequently	used	nowadays	on	a	global	scale.	In	comparison	
to	other	gas	sensors,	MOS	gas	sensors	are	more	sensitive,	less	expensive,	
respond	quicker,	and	last	longer.	A	common	material	for	high-sensitivity	CO	
detection	is	ZnO,	a	typical	n-type	MOS	semiconductor	[1].	The	development	
of	affordable,	trustworthy,	and	efficient	poisonous	gas	sensors	has	recently	
sparked	a	lot	of	interest	on	a	variety	of	levels,	from	industrial	to	medical	
applications	[4].

The	most	effective	and	convenient	method	to	improve	gas	sensing	
is	thought	to	be	noble	metal	surface	modification	of	metal	oxide.	Noble	
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metal	nanoparticles	have	been	shown	in	numerous	studies	to	improve	ZnO's	
sensing	 capabilities	 due	 to	 their	 potent	 catalytic	 activity	 [5].	Due	 to	 its	
advanced	properties,	binary	metal	oxides	like	ZnO	have	been	exploited	as	
sensitive	materials	ever	since	the	resistive	gas	sensor	was	discovered	[6].	
Gas	sensors	made	of	ZnO	are	generating	a	lot	of	interest	since	they	nearly	
perfectly	meet	the	criteria	for	the	ideal	sensor	[7].

Understanding	chemical	reactivity,	the	structure-activity	relationship,	
and	interfacial	chemical	interactions	are	all	made	possible	by	first-principles	
calculations.	 First	 principles	 calculations,	 particularly	 via	 the	 density	
functional	 theory	 (DFT),	 have	been	widely	 used	 for	 the	 exploration	of	
interfacial	properties	in	recent	years	due	to	the	huge	expansion	of	high-
performance	computing	(HPC)	equipment,	computational	techniques,	and	
software	packages	[8].	It	is	well	known	that	density	functional	theory	(DFT)	
is	a	promising	and	practical	computational	approach	to	precisely	study	the	
electrical	 structure	 of	molecular	 systems	 [9].	Density	 functional	 theory	
approaches	are	the	most	popular	and	widely	used	theoretical	techniques	
for	 computing	 electronic	 structure	 [10].	 In	 this	 study,	 all	 theoretical	
calculations	are	based	on	first-principles	calculations	in	Materials	Studio	
and	the	CASTEP	module	completed	model	development,	optimization,	and	
parameter	calculation.	The	calculation	included	geometrical	optimization	
calculation	in	order	to	obtain	accurate	and	reliable	information	about	the	
structures	and	properties	of	Pt/Au-ZnO.	Furthermore,	 the	energy	is	also	
being	calculated	for	the	purpose	of	determining	the	band	gap,	density	of	
state,	and	formation	energy.	All	these	calculations	were	performed	in	every	
composition	of	Au-ZnO	and	Pt-ZnO	(100%,	80%,	60%,	40%,	20%).

METHODOLOGY

Structure Modelling of Pt/Au-ZnO

The	structure	of	ZnO	as	indicated	at	Figure	1(a)	was	directly	imported	
from	the	Material	Studio	CASTEP.	The	structure	of	ZnO	after	doped	with	
Pt/Au	was	indicated	at	Figure	1(b).
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Figure 1: (a) Structure of ZnO, (b) Structure of Pt/Au-ZnO

Calculation

First	principles	calculations	based	on	the	density	functional	 theory	
(DFT)	are	performed	using	Material	Studio	7.0	from	Accelrys	Software	
Inc.	In	this	research,	the	structural	and	electronic	properties	of	ZnO	and	
the	 effect	 of	 different	 concentrations	 Pt/Au	ZnO	 	 investigated	 using	 a	
fully	 implemented	 computational	method.	The	MS	Visualiser	was	used	
in	 structure	 building	 for	 pure	ZnO	 and	Pt/Au	 doped	ZnO.	To	 address	
the	exchange-correlation	effect,	the	methods	would	be	used:	generalised	
gradient	approximation	(GGA)	utilising	the	Perdew-Burke-Ernzerhof	(PBE)	
function	with	 pseudopotential	 plane	wave	method.	The	PBE	 functional	
is	well	known	for	its	ability	to	predict	structural	characteristics	and	total	
energy	with	a	reasonable	degree	of	precision	while	retaining	computational	
efficiency.	PBE	was	used	to	ensure	 that	we	could	run	large	calculations	
without	incurring	prohibitive	computational	expenses,	given	the	available	
computer	resources.	Convergence	tests	were	first	carried	out	first	with	the	
convergence	of	energy	change	per	atom	<5×10−6	eV,	residual	force	<0.01	
eV/Å,	stress	<0.02	GPa	and	displacement	of	atoms	<0.0005	Å	[11].	For	
geometrical	optimization,	the	structural	analysis	included	the	population	
analysis	 of	 Pt/Au	 doped	ZnO,	meanwhile	 for	 energy	 calculation,	 the	
structural	analysis	included	the	band	structure	and	density	of	states.	
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Calculation 

First principles calculations based on the density functional theory (DFT) are performed using 
Material Studio 7.0 from Accelrys Software Inc. In this research, the structural and electronic properties of 
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<0.0005 Å [11]. For geometrical optimization, the structural analysis included the population analysis of 
Pt/Au doped ZnO, meanwhile for energy calculation, the structural analysis included the band structure and 
density of states.  

Analysis 

The structure of the materials that already undergo both geometry Optimization and energy 
calculation was used in analysis to calculate the formation energy for every composition. In this part, the 
band structure was analysed to obtain the band gap. Moreover, the partial density of state was analysed to 
determine which orbitals were dominated in the highest valence band, and in the lowest conduction band. 

Results and Discussion 

Structural properties of Pt/Au-ZnO 

In this work, the structure selected for calculation was a ZnO crystal, which was composed of a 1 
x 1 x 1 supercell structure. Figure 1 (b) shows the structure of Pt/Au doped with ZnO with a different 
composition of Pt/Au which is 100% of Pt/Au and 0% of O, 80% of Pt/Au and 20% of O, 60% of Pt/Au 
and 40% of O, 40% of Pt/Au and 60% of O, and 20% of Pt/Au and 80% of O. This paper's theoretical 
computations were all first-principles calculations performed in Materials Studio (MS). The CASTEP 
module finished the computation of energy, optimization, and model building. The structure was optimised 
using the generalised gradient approximation developed by Perdew-Burke-Ernzerhof (GGA-PBE) from the 
approximated geometry optimization functional to obtain accurate and reliable information about the 
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Analysis

The	structure	of	 the	materials	 that	already	undergo	both	geometry	
Optimization	and	energy	calculation	was	used	in	analysis	to	calculate	the	
formation	energy	for	every	composition.	 In	 this	part,	 the	band	structure	
was	analysed	to	obtain	the	band	gap.	Moreover,	the	partial	density	of	state	
was	analysed	to	determine	which	orbitals	were	dominated	in	the	highest	
valence	band,	and	in	the	lowest	conduction	band.

RESULTS AND DISCUSSION

Structural properties of Pt/Au-ZnO

In	this	work,	the	structure	selected	for	calculation	was	a	ZnO	crystal,	
which	was	composed	of	a	1	x	1	x	1	supercell	structure.	Figure	1	(b)	shows	
the	structure	of	Pt/Au	doped	with	ZnO	with	a	different	composition	of	Pt/Au	
which	is	100%	of	Pt/Au	and	0%	of	O,	80%	of	Pt/Au	and	20%	of	O,	60%	of	
Pt/Au	and	40%	of	O,	40%	of	Pt/Au	and	60%	of	O,	and	20%	of	Pt/Au	and	
80%	of	O.	This	paper's	theoretical	computations	were	all	first-principles	
calculations	performed	in	Materials	Studio	(MS).	The	CASTEP	module	
finished	 the	 computation	 of	 energy,	 optimization,	 and	model	 building.	
The	structure	was	optimised	using	the	generalised	gradient	approximation	
developed	by	Perdew-Burke-Ernzerhof	(GGA-PBE)	from	the	approximated	
geometry	optimization	functional	to	obtain	accurate	and	reliable	information	
about	 the	 structure	 and	properties	of	 the	material.	After	performing	 the	
geometrical	 optimization	 calculation,	 the	 energy	has	 been	 calculated	 in	
order	to	determine	the	band	gap,	formation	energy,	and	the	density	of	state.	
Table	1	until	Table	5	summarises	the	energy	of	each	component	and	their	
number	of	atoms,	final	energy,	and	formation	energy	for	each	composition	
for	Au-ZnO.	For	Pt-ZnO,	the	energy	of	each	component	and	their	number	
of	 atoms,	final	 energy,	 and	 formation	 energy	 for	 each	 composition	 are	
summarised	in	Table	6	until	Table	10.

The	number	of	atoms	for	each	element	is	based	on	Figure	1(b)	where	
there	are	2	atoms	for	Zinc,	1	atom	for	Carbon,	3	atoms	for	Oxygen,	and	1	
atom	for	Platinum/Gold.	As	the	composition	changes,	the	number	of	atoms	
also	changes.	When	the	composition	was	0.8Au/Pt	and	0.2O	(Table	2,	Table	
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7),	the	number	of	atoms	for	Au/Pt	was	decreased	to	0.8	whereas	the	number	
of	atoms	for	O	was	increased	to	3.20.	sAs	the	value	of	the	composition	
decreases,	the	number	of	atoms	for	O	will	increase	whereas	the	number	of	
atoms	for	Pt/Au	will	decrease.	

From	these	tables,	it	can	be	seen	that	all	of	the	formation	energy	is	
negative	except	for	Au-ZnO	with	0.2Au	composition.	Negative	formation	
energy	means	that	the	displacement	process	is	exothermic,	while	on	the	
other	hand,	positive	formation	energy	means	that	the	displacement	process	is	
endothermic	[1].	For	positive	formation	energy	(endothermic),	energy	from	
their	environment	is	absorbed	by	endothermic	processes.	This	means	that	in	
order	for	doping	or	displacement	to	take	place,	energy	needs	to	be	provided	
to	the	system,	just	like	in	any	other	formation	process.	It	suggests	that	an	
external	energy	source	is	required	to	induce	the	dopant's	incorporation	into	
the	crystal	lattice	and	that	the	doped	material	is	less	stable	than	the	undoped	
material.	On	the	other	hand,	for	negative	formation	energy	(exothermic),	
energy	is	released	into	the	environment	during	exothermic	processes	[1].	
This	implies	that	energy	is	released	throughout	the	displacement	or	doping	
process,	whether	it	be	in	the	context	of	doping	or	another	formation	process.	
It	suggests	that	the	doped	material	is	more	stable	than	the	undoped	material	
and	 that	 heat	 is	 released	 during	 the	 spontaneous	 dopant	 incorporation	
into	 the	 crystal	 lattice.	Researchers	have	also	 recently	 researched	using	
Fe	as	a	doping	element.	In	this	way,	utilising	the	spin-coating	technique,	
researcher	created	a	gas	sensor	by	depositing	Fe-doped	ZnO	thin	films	over	
a	conducting	glass.	Compared	to	the	undoped	ZnO,	this	device	exhibited	
notably	 higher	CO	gas	 detection	 sensitivity,	 good	 gas	 responsiveness,	
and	better	 stability	 [12].	 In	 this	calculation,	 the	bulk	phases	were	 taken	
as	reference	systems	for	its	individual	components,	Au/Pt,	C,	Zn,	and	O.	
The	formation	energy	of	these	bulk	from	Au/Pt,	C,	Zn,	and	O	bulk	were	
calculated	using	the	formula	in	Eq.	(1):

where n	is	the	number	of	atoms	in	the	Au/Pt,	C,	Zn,	and	O	bulk	unit	cells,	
respectively.
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− 𝐸𝐸𝐸𝐸𝐶𝐶𝐶𝐶

𝑓𝑓𝑓𝑓
− 𝐸𝐸𝐸𝐸𝑂𝑂𝑂𝑂

𝑓𝑓𝑓𝑓
− 𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴/𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

𝑓𝑓𝑓𝑓
              (1) 

where 𝑛𝑛𝑛𝑛 is the number of atoms in the Au/Pt, C, Zn, and O bulk unit cells, respectively. 

Table 1. Au-ZnO with 1.0Au and 0.0 O composition 

Components Zinc, Zn Carbon, C Oxygen, O Gold, Au 

Energy, eV -1708.0392 -145.8231 -429.5309 -910.5826 

No. of atom 2 1 3 1 

Final energy, eV -5796.7097 

Formation energy, eV -3743.1074 
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Table 1: Au-ZnO with 1.0Au and 0.0O composition
Components Zinc, Zn Carbon, C Oxygen, O Gold, Au
Energy, eV -1708.0392 -145.8231 -429.5309 -910.5826
No. of atom 2 1 3 1

Final energy, eV -5796.7097
Formation energy, eV -3743.1074

Table 2: Au-ZnO with 0.8Au and 0.2O composition
Components Zinc, Zn Carbon, C Oxygen, 

O
Gold, Au

Energy, eV -1708.0392 -145.8231 -429.5309 -910.5826
No. of atom 2 1 3.2 0.8

Final energy, eV -5727.7933
Formation energy, eV -3455.4939

Table 3: Au-ZnO with 0.6Au and 0.4O composition
Components Zinc, Zn Carbon, C Oxygen, O Gold, Au
Energy, eV -1708.0392 -145.8231 -429.5309 -910.5826
No. of atom 2 1 3.4 0.6

Final energy, eV -5668.9213
Formation energy, eV -3025.1083

Table 4: Au-ZnO with 0.4Au and 0.6O composition
Components Zinc, Zn Carbon, C Oxygen, O Gold, Au
Energy, eV -1708.0392 -145.8231 -429.5309 -910.5826
No. of atom 2 1 3.6 0.4

Final energy, eV -5599.5353
Formation energy, eV -2203.9220

Table 5: Au-ZnO with 0.2Au and 0.8O composition
Components Zinc, Zn Carbon, C Oxygen, O Gold, Au
Energy, eV -1708.0392 -145.8231 -429.5309 -910.5826
No. of atom 2 1 3.8 0.2

Final energy, eV -5454.2109
Formation energy, eV 211.5793
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Table 6: Pt-ZnO with 1.0Pt and 0.0O composition
Components Zinc, Zn Carbon, C Oxygen, O Gold, Au
Energy, eV -1708.0392  -145.8231 -429.5309 -712.0013
No. of atom 2 1 3 1

Final energy, eV -5602.4743 
Formation energy, eV -3747.4534

Table 7: Pt-ZnO with 0.8APt and 0.2O composition
Components Zinc, Zn Carbon, C Oxygen, O Gold, Au
Energy, eV -1708.0392  -145.8231 -429.5309 -712.0013
No. of atom 2 1 3.2 0.8

Final energy, eV -5559.4643
Formation energy, eV -3535.3916

Table 8: Pt-ZnO with 0.6Pt and 0.4O composition
Components Zinc, Zn Carbon, C Oxygen, O Gold, Au
Energy, eV -1708.0392  -145.8231 -429.5309 -712.0013
No. of atom 2 1 3.4 0.6

Final energy, eV -5528.7775
Formation energy, eV -3215.9334

Table 9: Pt-ZnO with 0.4Pt and 0.6O composition
Components Zinc, Zn Carbon, C Oxygen, O Gold, Au
Energy, eV -1708.1199 -145.8263 -429.5634 -712.0093 
No. of atom 2 1 3.6 0.4

Final energy, eV -5489.7217
Formation energy, eV -2590.4890

 Table 10: Pt-ZnO with 0.2Pt and 0.8O composition   
Components Zinc, Zn Carbon, C Oxygen, O Gold, Au
Energy, eV -1708.1199 -145.8263 -429.5634 -712.0093 
No. of atom 2 1 3.8 0.2

Final energy, eV -5377.2422 
Formation energy, eV -704.2664
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Figure	2	and	Figure	3	shows	the	comparison	of	the	formation	energy	
between	each	composition	of	the	materials.	Based	on	these	figures,	it	can	
be	seen	that	the	Au/Pt-ZnO	(100%	composition)	are	the	lowest	formation	
energies	 among	 the	 other	 compositions.	 The	 smaller	 the	 formation	
energy	 is,	 the	more	 likely	 doping	 is	 to	 occur,	 and	 the	more	 stable	 the	
resulting	 structure	 is	 [1].	Moreover,	 by	 comparing	 Pt-ZnO	with	Au-
ZnO	at	100%	composition,	it	can	be	seen	that	Pt-ZnO	is	slightly	higher	
than	Au-ZnO	where	 the	 formation	energy	for	Pt-ZnO	is	 -3747.4534	eV																																																																		
and	-3743.1074	eV	for	Au-ZnO.
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Table 10. Pt-ZnO with 0.2Pt and 0.8O composition 

Components Zinc, Zn Carbon, C Oxygen, O Gold, Au 
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No. of atom 2 1 3.8 0.2 

Final energy, eV -5377.2422  

Formation energy, eV -704.2664 
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The stability of a specific crystal structure or chemical configuration is gauged by a material's 
formation energy. The formation energy of the dopant in doped materials used for sensors can reveal 
information about the chances of successful doping as well as how it affects the sensor's overall 
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lattice. Because of the potential for a more consistent and predictable impact of the dopant's presence on 
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the Fermi level. Table 11 and Table 12 shows the band gap calculated after performing the energy 
calculation using CASTEP. Furthermore, the morphological, chemical, and electrical properties of the 
material - specifically, the band gap - are essential for improving the sensitivity of sensors [13]. 
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The	stability	of	a	specific	crystal	structure	or	chemical	configuration	
is	gauged	by	a	material's	formation	energy.	The	formation	energy	of	the	
dopant	in	doped	materials	used	for	sensors	can	reveal	information	about	the	
chances	of	successful	doping	as	well	as	how	it	affects	the	sensor's	overall	
performance.	A	lower	formation	energy	suggests	a	higher	probability	of	
stable	 configuration	 incorporation	 of	 the	 dopant	 into	 the	 host	material.	
This	suggests	that	the	doped	material	is	more	likely	to	retain	its	structure	
over	time	and	is	energetically	beneficial.	Besides	that,	a	lower	formation	
energy	 for	 the	doped	configuration	 indicates	a	higher	probability	of	 the	
dopant	remaining	in	the	desired	location	within	the	material's	crystal	lattice.	
Because	of	the	potential	for	a	more	consistent	and	predictable	impact	of	the	
dopant's	presence	on	the	material's	characteristics,	this	stability	may	result	
in	 enhanced	 sensor	performance.	 In	 addition,	 a	 lower	 formation	energy	
suggests	that	the	dopant	is	less	likely	to	diffuse	or	create	vacancies	in	the	
material,	which	is	essential	for	preserving	the	sensitivity	and	dependability	
of	the	sensor.	Over	time,	the	performance	of	the	sensor	may	be	deteriorated	
by	unwanted	diffusion	or	vacancy	development.	

Energy band structure

In	Figure	4	and	Figure	5,	 the	calculated	electronic	band	structures	
of	 Pt	 and	Au	 doped	with	ZnO	 for	 each	 composition	 using	GGA-PBE	
functional	are	illustrated	for	the	energy	ranges	of	-10	to	10	eV,	respectively,	
along	the	direction	of	the	high	symmetry	Brillouin	zone	(G-F-Q-Z-G).	0	
eV	is	representing	the	Fermi	level.	Table	11	and	Table	12	shows	the	band	
gap	 calculated	 after	 performing	 the	 energy	 calculation	 using	CASTEP.	
Furthermore,	 the	morphological,	 chemical,	 and	 electrical	 properties	 of	
the	material	-	specifically,	the	band	gap	-	are	essential	for	improving	the	
sensitivity	of	sensors	[13].
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Figure 4: Energy band structure of (a) Au-ZnO(100%), (b) Au-ZnO(80%), 

(c) Au-ZnO(60%), (d) Au-ZnO(40%), (e) Au-ZnO(20%)
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Figure 4. Energy band structure of (a) Au-ZnO(100%), (b) Au-ZnO(80%), (c) Au-ZnO(60%), (d) 
Au-ZnO(40%), (e) Au-ZnO(20%) 
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Figure 5: Energy band structure of (a) Pt-ZnO(100%), (b) Pt-ZnO(80%), 
(c) Pt-ZnO(60%), (d) Pt-ZnO(40%), (e) Pt-ZnO(20%)
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Figure 5. Energy band structure of (a) Pt-ZnO(100%), (b) Pt-ZnO(80%), (c) Pt-ZnO(60%), (d) Pt-
ZnO(40%), (e) Pt-ZnO(20%) 
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From	Table	11	and	12,	it	can	be	seen	that	the	CASTEP	only	shows	the	
value	of	band	gap	for	1.0Au,	0.0O,	0.8Au,	0.2O,	0.6Au,	0.4O,	and	1.0Pt,	
0.0O.	Based	on	Figure	4	(a)	(b)	(c),	and	Figure	5	(a),	the	conduction	band	
and	valence	band	are	not	crossing	the	Fermi	level.	As	a	result,	the	software	
is	automatically	providing	the	band	gap	value	(small	gap	at	Fermi	level).	
However,	as	can	be	seen	in	Figures	4	(d)	(e)	and	Figure	5	(b)	(c)	(d)	(e),	the	
valence	bands	overlap	the	Fermi	level,	making	it	unable	for	the	software	
to	identify	a	gap	in	those	conduction	and	valence	bands.	The	valence	band	
is	the	highest	energy	band	that	is	fully	occupied	by	electrons	at	absolute	
zero	temperature.	Electrons	in	this	band	are	tightly	bound	to	atoms.	The	
next	higher	energy	band,	the	conduction	band,	is	empty	at	absolute	zero.	
This	 band	 allows	 electrons	 to	 freely	 travel	 and	 contribute	 to	 electrical	
conduction.	The	energy	level	at	which	there	is	a	0.5	chance	of	detecting	an	
electron	at	absolute	zero	is	known	as	the	Fermi	level.	It	is	a	measurement	
of	the	maximum	energy	state	that	electrons	can	occupy	at	zero	temperature.	
The	minimum	energy	of	the	conduction	band	and	the	highest	energy	of	the	
valence	band	coincide	at	the	same	momentum	(k-point)	in	the	Brillouin	zone	
of	a	material	having	a	direct	band	gap.	Without	changing	their	momentum,	
electrons	can	move	with	ease	from	the	valence	band	to	the	conduction	band.	
The	straight	band	gap	is	the	energy	difference	between	the	minimum	of	the	
conduction	band	and	the	maximum	of	the	valence	band.	These	transitions	
do	not	 directly	 involve	 the	Fermi	 level.	On	 the	 other	 hand,	 the	 highest	
energy	of	 the	valence	band	and	 the	minimum	energy	of	 the	conduction	
band	occur	at	separate	k-points	in	a	material	having	an	indirect	band	gap.	
Transitioning	electrons	between	 the	valence	and	conduction	bands	need	
momentum	changes,	which	 reduces	 the	efficiency	of	 the	operation.	The	
energy	level	where	transitions	from	the	valence	band	to	the	conduction	band	
are	most	likely	to	occur	is	represented	by	the	Fermi	level,	which	makes	it	
significant	in	indirect	transitions.	According	to	the	previous	research	about	
‘Adsorption	studies	on	air	pollutants	using	blue	phosphorene	nanosheet	
as	 a	 chemical	 sensor	 –	DFT	approach’,	 it	 states	 that,	 from	overall,	 the	
observation	strongly	suggests	that	the	main	blue	phosphorene	nanosheet	
sensor	(BPNS)	is	a	promising	sensor	of	NO	and	NO2,	even	in	the	presence	
of	dampness	as	the	energy	gap	of	1.999	eV	in	pure	BPNS	demonstrate	its	
structural	stability	[14].	Hence,	the	band	gap	for	both	materials	which	are	
Au-ZnO	and	Pt-ZnO	with	100%	of	Pt/Au	and	0%	for	O	composition	are	
good	to	be	considered	as	stable	for	the	sensor.
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Table 11: Calculated band gap for Pt-ZnO 
Materials Composition Band gap, eV
Au-ZnO 1.0Au, 0.0O 1.119

0.8Au, 0.2O 0.301
0.6Au, 0.4O 0.984
0.4Au, 0.6O 0
0.2Au, 0.8O 0

Table 12: Calculated band gap for Pt-ZnO 
Materials Composition Band gap, eV
Pt-ZnO 1.0Pt, 0.0O 0.132

0.8Pt, 0.2O 0

0.6Pt, 0.4O 0
0.4Pt, 0.6O 0
0.2Pt, 0.8O 0

Partial density of state (PDOS)

In	condensed	matter	physics	and	materials	science,	the	Partial	Density	
of	States	(PDOS)	idea	is	used	to	investigate	a	material’s	electrical	structure	
more	thoroughly.	The	Density	of	States	(DOS)	gives	details	on	the	energy-
wise	distribution	of	electronic	states	in	a	material.	By	separating	the	DOS	
into	contributions	from	certain	atomic	orbitals	or	orbital	groups,	the	PDOS	
goes	one	step	farther	in	this	regard.	In	this	part,	as	Pt/Au-ZnO	with	100%	
composition	has	the	lowest	formation	energy	among	the	others	composition,	
hence,	only	their	PDOS	would	be	analysed.	

Figure	6	shows	the	PDOS	for	Au-ZnO	and	its	component	elements,	
which	also	illustrates	the	distribution	of	electronic	states	at	different	levels	
of	energy.	Every	sub-figure	is	focusing	on	a	certain	element:	Figure	6(a)	
shows	the	PDOS	of	Au-ZnO,	highlighting	the	contributions	from	Au	and	
ZnO.	Figure	6(b)	presents	the	PDOS	of	gold,	highlighting	its	6s	and	5d	
orbitals.	Figure	6(c)	shows	the	PDOS	os	zinc,	showcasing	its	4s	and	3d	
orbitals.	Figure	6(d)	presents	the	PDOS	of	oxygen,	showcasing	its	2s	and	
2p	orbitals.	While	PDOS	of	carbon	is	shown	in	Figure	6(e),	indicating	the	
presence	of	2s	and	2p	orbitals.	
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Figure 6: Partial Density of States (PDOS) of (a) Au-ZnO, (b) Au, 
(c) Zn, (d) O, (e) C
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In condensed matter physics and materials science, the Partial Density of States (PDOS) idea is 
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details on the energy-wise distribution of electronic states in a material. By separating the DOS into 
contributions from certain atomic orbitals or orbital groups, the PDOS goes one step farther in this regard. 
In this part, as Pt/Au-ZnO with 100% composition has the lowest formation energy among the others 
composition, hence, only their PDOS would be analysed.  

Figure 6 shows the PDOS for Au-ZnO and its component elements, which also illustrates the 
distribution of electronic states at different levels of energy. Every sub-figure is focusing on a certain 
element: Figure 6(a) shows the PDOS of Au-ZnO, highlighting the contributions from Au and ZnO. Figure 
6(b) presents the PDOS of gold, highlighting its 6s and 5d orbitals. Figure 6(c) shows the PDOS os zinc, 
showcasing its 4s and 3d orbitals. Figure 6(d) presents the PDOS of oxygen, showcasing its 2s and 2p 
orbitals. While PDOS of carbon is shown in Figure 6(e), indicating the presence of 2s and 2p orbitals.  
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Figure 6. Partial Density of States (PDOS) of (a) Au-ZnO, (b) Au, (c) Zn, (d) O, (e) C 

Similarly, the PDOS for Pt-ZnO and each of its components is shown in Figure 7: Figure 7(a) shows the 
PDOS of Pt-ZnO, highlighting the contributions from Pt and ZnO. Figure 7(b) presents the PDOS of 
platinum, highlighting its 6s and 5d orbitals. Figure 7(c) shows the PDOS os zinc, showcasing its 4s and 3d 
orbitals. Figure 7(d) presents the PDOS of oxygen, showcasing its 2s and 2p orbitals. While PDOS of 
carbon is shown in Figure 7(e), indicating the presence of 2s and 2p orbitals. 
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Similarly,	the	PDOS	for	Pt-ZnO	and	each	of	its	components	is	shown	
in	Figure	 7:	 Figure	 7(a)	 shows	 the	PDOS	of	Pt-ZnO,	 highlighting	 the	
contributions	from	Pt	and	ZnO.	Figure	7(b)	presents	the	PDOS	of	platinum,	
highlighting	its	6s	and	5d	orbitals.	Figure	7(c)	shows	the	PDOS	os	zinc,	
showcasing	its	4s	and	3d	orbitals.	Figure	7(d)	presents	the	PDOS	of	oxygen,	
showcasing	its	2s	and	2p	orbitals.	While	PDOS	of	carbon	is	shown	in	Figure	
7(e),	indicating	the	presence	of	2s	and	2p	orbitals.
     

Figure 7: Partial Density of States (PDOS) of (a) Pt-ZnO, (b) Pt, (c) Zn, (d) O, (e) C
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Figure 7. Partial Density of States (PDOS) of (a) Pt-ZnO, (b) Pt, (c) Zn, (d) O, (e) C 
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According	to	Figure	6,	the	electron	Zn	3d10	orbital	is	dominating	in	
the	highest	valence	band	of	Au-ZnO.	This	means	that	the	states	responsible	
for	the	highest	energy	electrons	in	the	valence	band	largely	emerge	from	
the	Zn	3d10	orbitals.	The	Zn	2s2	and	O	2p4	states	contribute	to	the	lowest	
conduction	band.	On	the	other	hand,	according	to	Figure	7,	the	electron	Zn	
3d10	orbital	contributes	to	the	highest	valence	band	of	Pt-ZnO.	In	addition,	
the	Zn	4s2	and	0	2p4	states	contribute	to	the	lowest	conduction	band.	

The	impact	of	doping	on	the	material's	electronic	structure,	which	in	
turn	affects	its	sensing	properties,	is	the	link	between	the	Partial	Density	of	
States	(PDOS)	of	doped	materials	and	their	use	in	sensors.	Doping	is	the	
deliberate	addition	of	impurities	to	a	material	in	order	to	change	some	of	its	
characteristics.	The	electron	Zn	3d10	orbital	contributes	to	the	highest	valence	
band	implies	that	variations	in	Zn	3d10	state	occupancy	may	be	susceptible	
to	outside	influences.	This	sensitivity	can	be	used	in	sensing	applications	
where	changes	in	the	electrical	structure	of	the	sensor	indicate	changes	in	
its	surroundings.	Various	orbitals	contribute	to	different	bands;	examples	
are	Zn	3d10,	Zn	4s2,	and	O	2p4.	Due	to	the	particular	orbitals	involved,	this	
may	produce	a	sensor	that	is	specialised	to	particular	kinds	of	interactions	
or	analytes.	Particular	gases	or	chemical	species	may	have	a	greater	effect	
on	Zn	3d10	dominated	states,	for	example.	The	knowledge	regarding	the	Zn	
4s2	and	O	2p4	states	in	the	lowest	conduction	band	is	vital	for	determining	
the	material's	conductivity.	These	orbitals'	accompanying	changes	in	the	
conduction	band	states	may	be	a	sign	of	interactions	with	analytes.	This	is	
important	for	sensors	whose	detection	depends	on	variations	in	conductivity.

CONCLUSION

Based	on	the	first	principles	calculation	using	density	functional	 theory,	
the	adsorption	and	sensing	mechanism	of	CO	gas	in	Au-ZnO	and	Pt-ZnO	
were	analysed	from	this	work.	This	work	helped	and	allowed	researchers	to	
understand	how	changing	the	composition	of	doped	materials	affected	the	
formation	energy	and	band	gap.	This	study	demonstrates	that	the	adsorption	
of	CO	on	Au-ZnO	(100%	Pt/Au	composition)	with	formation	energy	of	
-3743.1074	 eV,	 and	Pt-ZnO	 (100%	Pt/Au	 composition)	with	 formation	
energy	of	-3747.4534	eV	results	in	higher	adsorption	energy	and	stronger	
adsorption	properties	compared	to	other	composition.	By	comparing	Au-
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ZnO	(100%	Pt/Au	composition)	with	Pt-ZnO	(100%	Pt/Au	composition),	
it	can	be	concluded	that	Pt-ZnO	(100%	Pt/Au	composition)	is	preferable	
as	its	formation	energy	is	lower	than	Au-ZnO	(100%	Pt/Au	composition).	
Moreover,	the	band	gap	for	Pt-ZnO	(100%	Pt/Au	composition)	which	is	
0.132	eV	makes	it	a	good	candidate	for	gas	sensor	in	terms	of	improving	the	
detection	of	CO.	On	top	of	that,	the	electrical	structure	of	materials	is	greatly	
influenced	by	 intentional	doping,	as	seen	 in	 the	PDOS	analysis.	Due	 to	
doping-induced	fluctuations	and	Zn	3d10's	dominance	in	the	highest	valence	
band,	the	material	is	extremely	sensitive	to	outside	effects.	This	sensitivity	
makes	sense	for	sensing	applications	since	it	makes	it	possible	to	identify	
environmental	 changes.	Understanding	 specific	orbitals,	 such	 as	Zn	4s2 
and	O	2p4,	permits	the	customization	of	sensors	for	specialised	interactions	
or	 analytes.	 For	 sensors	 that	 depend	on	fluctuations	 in	 conductivity	 for	
detection,	knowledge	of	the	material's	conductivity	especially	in	the	lowest	
conduction	band	is	crucial.	This	PDOS	study	adds	important	information	
to	the	design	and	optimization	of	sensors,	providing	customised	solutions	
for	 particular	 sensing	needs.	Overall,	 this	 study	 indicates	 that	Au	or	Pt	
doped	ZnO,	especially	Pt-ZnO	with	100%	Pt/Au	composition,	could	be	a	
promising	candidate	for	CO	gas	sensing.
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