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g of formaldehyde using ZnO
nanostructures with surface-adsorbed oxygen†

Sherif Abdulkader Tawfik‡, b Hang Tran‡b and Michelle J. S. Spencer *ab

Detection of pollutant gases, such as formaldehyde (HCHO), in our homes and surrounding environment is

of high importance for our health and safety. The effect of surface defects and specifically pre-adsorbed

oxygen on the gas sensing reaction of HCHO with ZnO nanostructures is largely unknown. Using density

functional theory, nonequilibrium Green's function method and ab initio molecular dynamics (AIMD)

simulations, we show that the presence of surface oxygen has two key roles in the sensitivity of ZnO

towards HCHO: (1) it leads to the presence of charge trap states, which vanish upon the adsorption of

HCHO, and (2) it facilitates the dissociative chemisorption of HCHO on the surface. Our ground state

and AIMD calculations show that multiple reaction products are produced, which eventually lead to

cleaning the surface from the adsorbed species, and hence enhancing the recyclability of the surface.

We not only confirm the reaction proposed by experiment, but show that the presence of surface

oxygen facilitates other surface reactions as well. Our work provides insights into the gas–surface

reaction mechanism of ZnO-nanostructure based gas sensors, not provided before by experiment.
1. Introduction

Zinc oxide (ZnO) is one of the most widely used metal oxides in
sensing devices to detect gaseous pollutants such as formalde-
hyde (HCHO), which is readily present around us. ZnO has
traditionally been used as a thin lm in sensing devices, which
operates by measuring a change in conductivity due to the
interaction between the gas and the surface of the sensor
material. This change in conductivity can subsequently be used
as an indication of the presence or absence of the gaseous
pollutant. The development of ZnO and its nanostructures as gas
sensors has become of great interest due to its cheap synthesis
methods, response time, high structural and electrochemical
stability, high mobility of conduction electrons, and non-
toxicity.1–3 In particular, ZnO is able to form highly complex
shapes such as nanonails, nanobelts, nanoribbons, nanorods,
nanowires, nanotubes and ower-shaped nanostructures.4–8 The
electronic properties, and hence the gas sensing properties, of
ZnO are known to be strongly inuenced by the surface
morphology and the overall structure of the nanostructure,
which means that ZnO offers a platform for experimentalists to
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fabricate highly tuneable sensing surfaces by varying the nano-
structure growth parameters and the surface postprocessing.

One of the most common, yet less examined, surface modi-
cations of ZnO is the presence of oxygen species, including O,
2O and O2 on the ZnO surface. These oxygen species act as
electron acceptors by capturing electrons from the conduction
band of the ZnO.9,10 However, the impact of the surface oxygen
on the chemistry of the ZnO surface as a sensor remains largely
unclear.

It is known that the formation of the different pre-adsorbed,
or ionosorbed, O species is dependent on temperature.9

O2(ads) + e� / O�
2(ads), (<373 K) (1)

O2
� + e� / 2O�

(ads), (373�573 K) (2)

O� + e� / O2�
(ads), (>573 K) (3)

During gas sensing, the trapped electrons are returned to the
conduction band upon adsorption of the gas of interest and/or
by desorption of the adsorbed O, which subsequently decreases
the sensor resistance. The following reaction has been proposed
for the adsorption of HCHO at an adsorbed O site between 373
and 573 K:9–11

HCHO + 2O�
(ads) / CO2 + H2O + 2e� (4)

The release of electrons back to the conduction band causes
a decrease in the sensor resistivity due to a decrease in thick-
ness of the depletion layer, allowing the gas to be detected. In
order to gain an insight into the reaction mechanisms, and how
© 2022 The Author(s). Published by the Royal Society of Chemistry
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they depend on the surface morphology of ZnO, quantum
mechanical simulations of the HCHO reaction with the adsor-
bed O species is required.

In this work, we combine density functional theory (DFT)
with nonequilibrium Green's function (NEGF) to examine the
effects of surface-adsorbed oxygen on the sensing of HCHO on
ZnO. We focus on two ZnO morphologies: ZnO nanowires
(NWs) and facetted-nanotubes (FNTs). The stable surface
orientations, binding energies, vibrational frequencies, charge
transfer and electronic structure of the HCHO-surface system
are calculated. Ab initio molecular dynamics (AIMD) simula-
tions are used to study the surface reaction at elevated
temperatures on the nanostructures and to determine the
dissociation species formed during the reaction as suggested by
experiment. The ndings provide crucial details that will help to
better understand the gas sensing mechanism and experi-
mental development of these materials for sensors.

2. Computational methodology

We perform DFT calculations using three different soware
packages: the Vienna Ab initio Simulation Package (VASP),12–14

the QUANTUM ESPRESSO code15 and the SIESTA code.16 In the
VASP calculations, the plane wave pseudopotential approach
was adopted with a cut-off energy of 400 eV. A generalised
gradient approximation (GGA) with the Perdew, Burke and
Ernzerhof (PBE)17 functional was used, and the PAW pseudo-
potentials as supplied by VASP were implemented. van der
Waals forces were calculated using Grimme's D3 method.18 The
VASP method is used to be consistent with our previous DFT
work on gas adsorption on ZnO surfaces and nanostructures
and so comparisons can be made for different gases. A 1� 1� 8
mesh was used to perform k-point sampling under the Mon-
khorst–Pack scheme19 for single-unit cell systems (as described
in the next section), while a 1� 1� 2 mesh was used to perform
k-point sampling for the 3-unit cells systems. In the QUANTUM
ESPRESSO calculations, the behavior of the core electrons is
Fig. 1 Cross-section and side view of the (a) pristine ZnO facetted-nanotu
(FNTAO

), (c) pristine ZnO nanowire (NW), (d) ZnO nanowire with pre-adso
with a radius of �3.7 nm. (f) The slab model of the ZnO (10�10) surface. T

© 2022 The Author(s). Published by the Royal Society of Chemistry
approximated using the projector-augmented wave pseudopo-
tentials.2 The valence electronic wave functions are expanded in
a plane-wave basis set with a kinetic energy cut-off of 40 Ry, and
the k-point sampling, the exchange correlation and the vdW
correction are the same as that used in the VASP calculation.
The SIESTA calculation is also performed within the PBE
functional.20 While both VASP and QUANTUM ESPRESSO are
plane-wave basis methods, the basis set in SIESTA comprises
numerical atomic orbitals, and approximates the atomic
potential in terms of Troullier–Martins21 norm-conserving
pseudopotentials. The auxiliary basis uses a real-space mesh
with a kinetic energy cut-off of 500 Ry, and the basis functions
are radially conned using an energy shi of 0.005 Ry (see ref.
16 for details). In the relaxation calculations of VASP and
SIESTA, we allow full atomic relaxation until the forces on the
atoms are less than 0.01 eV A�1, while in QUANTUM ESPRESSO,
the force tolerance is 5 � 10�3 Ry au�1.

Calculations of the ZnO facetted-nanotube and nanowire
structures were carried out using the supercell model with
periodic boundary conditions (PBCs). The desired nano-
structure morphologies were cleaved from a bulk wurtzite ZnO
structure with lattice constants of a ¼ 3.268 Å and c ¼ 5.233 Å,
and an internal parameter of u ¼ 0.3826, as determined previ-
ously.22,23 The pre-adsorbed O (AO) system was created by
adsorbing an O atom on the surface of the nanostructures;
several sites were modelled and the most stable one was used
for adsorption of HCHO.22 Fig. 1(a and c) displays the stoi-
chiometric facetted-nanotube and nanowire structures reported
previously,22 respectively, and Fig. 1(b and d) displays the O pre-
adsorbed ZnO-AO structures, FNTAO

and NWAO
, respectively.

The single unit-cell of the stoichiometric facetted-nanotube
contains 48 Zn and 48 O atoms, and has a diameter of �16.63
Å (measured as d(Os–Os) or 16.03 Å from d(Zns–Zns)). The stoi-
chiometric nanowire contains 24 Zn and 24 O atoms, and has
a diameter of 9.82 Å (measured as d(Os–Os) or 9.31 Å from
d(Zns–Zns)).
be (FNT), (b) ZnO facetted-nanotubewith pre-adsorbedO per unit cell
rbed O per unit cell (NWAO

), and (e) the pristine ZnO nanowire model
he atoms shaded with a grey rectangle are frozen in the calculation.

Nanoscale Adv., 2022, 4, 546–561 | 547
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For the slab model, we construct the ZnO (10�10) surface
based on a 4-layer thick slab that is 3 � 2 supercells wide, as
shown in Fig. 1(f). The structure is then optimized using a 2 � 2
� 1 k-point sampling, where the positions of the atoms in the
bottom layer (highlighted in a grey rectangle) are frozen while
the rest of the atoms are free to move.

It is important to note that the modelled nanostructures are
in fact smaller than the experimentally grown structures. The
ZnO nanowire, for example, is modelled with a diameter of 9.88
Å (0.99 nm) but has been experimentally grown to as small as
6.5 nm.4 This decrease in size is necessary to reduce the
computational cost of the DFT calculations, while still
providing nanostructures with different morphologies as well as
the structural details seen experimentally. In order to examine
the stability of our FNT and NW structures, we compared the
cohesive energy of the structures relative to that of the ZnO
nanowire presented in Fig. 1(e), which has a diameter of
�3.7 nm using the SIESTA code (432 atoms). The reason we
used SIESTA for this particular calculation is that it is more
computationally scalable than the other two codes, and there-
fore more efficient for systems with a large number of atoms.
We note here that VASP, instead of SIESTA, was used for the
remaining calculations because of its superior accuracy in
calculating the gas adsorption energies, and because the D3
method is implemented and well-tested in VASP.

As the use of PBCs was employed, vacuum spacers of at least
12 Å for the facetted-nanotube and 15 Å for the nanowire were
inserted in the x- and y-directions to ensure the atoms did not
interact with each other in adjacent cells. Cells were replicated
in the z-direction to emulate the length of the nanostructure.
For the ZnO(10�10) slab, a vacuum of 15 Å was added in the z-
direction.

Using VASP, the HCHO molecule was optimised in a 15 � 15
� 15 Å sized cell, with optimised O–C and C–H bond lengths
calculated of 1.22 Å and 1.12 Å, respectively. The optimised
bond angles were 122� (:OCH) and 116� (:HCH). The HCOOH
molecule was also optimised using similar settings because it
was one of the reaction products. The calculated O–C bond
lengths are 1.36 Å and 1.21 Å, while the C–H bond length is 1.11
Å, the O–H bond length is 0.98 Å, which all agree well with the
experimental values (within 2%).24

Multiple initial orientations of the gas were modelled on
each nanostructure by adsorbing one HCHO molecule on the
facetted-nanotube or nanowire at an initial distance of�2.5–2.7
Å away from the surface.

Vibrational frequency calculations were performed by diag-
onalising a nite difference construction of the Hessian matrix
with displacements of 0.015 Å, allowing only the adsorbate
molecules to relax while atoms in the ZnO nanostructure were
xed. All real vibrational frequencies obtained from these
calculations enabled conrmation that the adsorbate was
indeed at a minimum energy position on the potential energy
surface, and hence a stable structure.

The binding energy (BE) of the HCHO adsorbed on the
surface of the nanostructure was calculated using the following
formula,
548 | Nanoscale Adv., 2022, 4, 546–561
BE ¼ [Eads/ZnO-AO
� (Eads + EZnO-AO

)] (5)

where ‘Eads/ZnO-AO
’ is the total energy of the adsorbed gas/ZnO-AO

nanostructure system, ‘Eads’ is the total energy of the unad-
sorbed gas molecule, and ‘EZnO-AO

’ is the total energy of the ZnO-
AO nanostructure, and the gas molecule is either HCHO or
HCOOH.

Bader partial charges on individual atoms were calculated
using the method described by Henkelman et al.25 These partial
charges were used to determine the charge transfer (Dq), and
thus whether the adsorbate behaves as a charge donor or
acceptor. FFT grid accuracies of (1�), (2�) and (3�) were tested
to determine the accuracy required to achieve converged
results. The partial charges were found to be converged to
�0.01e using the more dense FFT grid (3�). The charge transfer
was then calculated for each system using the following
formula,

Dq ¼ Sqads (6)

where ‘qads’ is the charge of the individual atoms in the adsor-
bate. Positive values of D indicate that the adsorbate acts as
a charge donor, while negative values suggest the adsorbate acts
as a charge acceptor.

In order to obtain the pathway for the HCHO reaction taking
place on the ZnO-AO FNT surface, a constrained optimization
calculation was performed using the Quantum Espresso code.15

The constrained optimization approach, in which a bond rep-
resenting the reaction coordinate is held xed during the
relaxation calculation, while the rest of the atoms are free to
move, can yield an estimation for the energy barrier which is
reasonably accurate,26 compared to the more rigorous methods
such as the nudged elastic band method.27

The transport calculations are performed using the
nonequilibrium Green's function (NEGF) method as imple-
mented in the TRANSIESTA code.28 A double-z basis set size is
used for all of the atoms in the system. The current I through
the scattering region, as a function of the bias voltage Vbias
across the device can be estimated using the Landauer–Buttiker
formula,29

I ¼ 2e

h

ðN
�N

TðE;VbiasÞ½fLðE � mLÞ � fRðE � mRÞ�dE (7)

where L and R denote le and right electrodes, respectively,
T(E,Vbias) is the transmission function, which is a function of
the energy (E) and Vbias, the voltage applied across the elec-
trodes. fL/R is the Fermi–Dirac distribution function and mL/R is
the electrochemical potential. T(E,Vbias) is expressed as the trace
of the square of the transmission amplitude t, and it takes the
form,

T(E,Vbias) ¼ Tr[t†t] ¼ Tr[GLGGRG
†] (8)

where GL/R is the imaginary part of the self-energy, and G is the
Green's function of the scattering region.

AIMD calculations were performed using the VASP code. The
Verlet algorithm was employed to integrate the equations of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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motion, with the temperature being controlled by the Nosé
thermostat.30 Simulations were carried out for HCHO reacting
with the surface of the facetted-nanotube and nanowire in
a nonequilibrium orientation (with HCHO initially positioned
�2.5–2.7 Å from the surface, i.e. not adsorbed), as well as for the
most stable optimised structures at 300, 520 and/or 700 K.
These three temperatures were chosen to investigate the surface
reaction at approximately room temperature and at the optimal
operating temperatures noted for detection of HCHO with ZnO
nanosensors in experimental works (see ref. 31 and references
therein). A time step of 0.5 fs was used and all atoms were
allowed to relax.
Fig. 2 Optimised structures of HCHO adsorbed on the ZnO facetted-nan
(top) and side (bottom right) views of the nanostructure.

© 2022 The Author(s). Published by the Royal Society of Chemistry
3 Results and discussion
3.1 ZnO nanostructures with surface-adsorbed oxygen (ZnO-
AO)

The cohesive energy of the stoichiometric ZnO FNT and NW
structures and the larger NW structure (displayed in Fig. 1(a, c
and e) respectively), per atom were calculated to be�2.75 eV per
atom, �2.74 eV per atom, and �2.96 eV per atom, respectively.
These values are all very close to the value reported in the
literature for bulk ZnO, which is 3.250 Å.32 Therefore, all
structures examined in the present work are thermodynamically
stable and could potentially be synthesised.
otube (FNT) with a pre-adsorbed O (FNTAO
), showing the cross-section

Nanoscale Adv., 2022, 4, 546–561 | 549
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Table 1 Calculated properties of HCHO adsorbed on the ZnO facetted-nanotube (FNT) with a pre-adsorbed Oa

Structure BE (eV) d(Oa–Zns) (Å) d(O*–Zns) (Å) d(C–Oa) (Å) :COaZn (�) Dq (e)

HCHO — — — 1.21 — —
HCOOH — — — 1.21 — —
FNTO — — 1.91, 1.98 — — —
FN AO-1 �6.16 2.51 2.12 1.27 95 1.10
FNTAO-2 �5.85 — 1.94 1.25 125 1.15
FNTAO-3 �5.84 — 1.95 1.25 — 1.14
FNTAO-4 �5.42 — 1.96 1.22 — 1.13
FNTAO-5 �4.96 2.32 2.02 1.26 119 1.09
FNTAO-6 �4.85 (�0.62*) 2.9 — 1.34 — 1.12 (�0.06*)
FNTAO-7 �1.15 2.15 2.02 1.23 — 0.04
FNTAO-8 �0.51 2.42 1.98 1.22 112 0.04

a Parameters: binding energy (BE); distance between the O of HCHO and Zn (d(Oa–Zn)); distance between pre-adsorbed O and Zns (d(O*–Zn));
distance between Ca and Oa of HCHO (d(Oa–C)); bond angle between OC and Zn (:COaZn); antisymmetric C–H stretch (v(C–H)); symmetric
C–H stretch (v(C–H)); C]O stretch (v(C–H)); charge transfer (Dq); band gap (Eg). *This adsorption energy was calculated for a system where the
HCOOH is adsorbed on the pristine ZnO FNT surface.

Table 2 Calculated properties of HCHO adsorbed on the ZnO nanowire (NW) with a pre-adsorbed Oa

Structure BE (eV) d(Oa–Zns) (Å) d(O*–Zns) (Å) d(O*–Os) (Å) d(Ca–Oa) (Å) :CaOaZns (�) Dq (e)

HCHO — — — — 1.22 — —
HCOOH — — — — 1.21 — —
ZnO NWO — — 1.89 1.50 — — —
NWAO-1 �5.57 (�1.56*) 1.95 — — 1.28 125 1.14
NWAO-2 �4.71 2.03 2.08 — 1.26 127 1.15
NWAO-3 �1.58 1.91 — 1.56 1.36 123 �0.04
NWAO-4 �1.49 2.16 — 1.51 1.39 — �0.05
NWAO-5 �1.40 1.92 1.91 1.51 1.34 125 �0.17
NWAO-6 �1.36 1.92 2.04 1.5 1.32 111 �0.14
NWAO-7 �0.94 1.97 2.18 1.51 1.35 99 �0.1
NWAO-8 �0.43 — — 1.51 1.22 — �0.04

a Parameters: binding energy (BE); distance between the O atom of HCHO and a surface Zn atom (d(Oa–Zns)); distance between the pre-adsorbed O
atom and surface Zn atom (d(O*–Zns)); distance between the pre-adsorbed O atom and a surface O atom (d(O*–Os)); distance between the C and O
atoms of HCHO (d(Oa–Ca)); bond angle between the O, Ca and Zns atoms (:CaOaZns); antisymmetric C–H stretch (v(C–H)); symmetric C–H stretch
(v(C–H)); C]O stretch (v(C–H)); charge transfer (Dq); band gap (Eg). *This adsorption energy was calculated for a system where the HCOOH is
adsorbed to the pristine ZnO NW surface.
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The preferred oxygen binding site on the facetted nanotube
and nanowire is shown in Fig. 1(b and d), respectively. The
adsorption energy of O on the facetted nanotube (FNTAO

) and
nanowire (NWAO

) are �2.02 eV and �2.25 eV, respectively. For
FNTAO

, the O atom covalently binds to two Zn atoms, forming
a bridge defect site with two Zn–O bond lengths of 1.91 Å and
1.98 Å. For NWAO

, the O atom binds differently, forming a bridge
conguration between a Zn and an O atom along the c-axis of
the stoichiometric crystal. The O–O and Zn–O bond lengths are
1.50 Å and 1.89 Å, respectively. The adsorption energy values
and bond lengths indicate the O atom is chemisorbed to the
surface forming covalent bonds.
3.2 HCHO/ZnO-AO facetted-nanotube

Six unique structures were found for HCHO adsorbed on the
facetted-nanotube surface containing pre-adsorbed O (FNTAO)
(see Fig. 2 and Table 1). HCHO spontaneously adsorbs
550 | Nanoscale Adv., 2022, 4, 546–561
dissociatively onto the surface in structures FNTAO-1, FNTAO-2,
FNTAO-3, FNTAO-4 and FNTAO-5, to produce adsorbed CHO and H
species, according to the following equations, where O* repre-
sents the pre-adsorbed O atom and Os a surface O atom:

HCHOðgÞ þO*
ðadsÞ þOs/CHOO � þHOs (9a)

HCHOðgÞ þO�
ðadsÞ þOs/CHOOs þHO* (9b)

In structures FNTAO-1, FNTAO-2, FNTAO-3, FNTAO-4, the H atom
is bonded to Os (eqn (9a)), whereas in FNTAO-5 it is bonded to O*
(eqn (9b)). For structures FNTAO-2 and FNTAO-3 the surface
species are stabilised by the formation of a H-bond between the
adsorbed H atom and the surface O or O* atom.

A similar dissociation reaction was also shown by Xu et al.33

for adsorption of H2O on the stoichiometric ZnO nanowire
surface (where adsorbed OH and H species were formed). While
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The spin-polarized band structure of (a) ZnO FNTAO
and (b) ZnO FNTAO-1, and the atom-resolved partial density of states (PDOS) of (c) ZnO

FNTAO
and (d) ZnO FNTAO-1.
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large structural changes of the adsorbate molecule are clearly
observed for this reaction, the C–Oa bond length and O–C–H
bond angle are similar to those in the gas phase HCHO mole-
cule. The O*–Zn bond lengths only show a small increase of up
to �0.11 Å compared to the unadsorbed nanostructure,
showing little structural change. The difference between struc-
tures FNTAO1-4 are due to the relative orientation of the disso-
ciated species on the surface. For structure FNTAO-5, HCHO
forms two bonds to the surface of the facetted-nanotube,
namely an Oa–Zn and a C–Os bond (where Os is a surface O
atom which is different from the pre-adsorbed O atom). This is
similar to the doubly bonded structure found on the stoichio-
metric facetted-nanotube34 and by Li et al.35 for HCHO adsorbed
on a TiO2(101) surface doped with platinum (Pt), where the
HCHO adsorbed in a bridge-type site on the surface but did not
bond with the Pt. The calculated bond lengths and angles of this
structure are similar to the values calculated for the doubly
coordinated structures found in our stoichiometric study.34 This
is as expected due to their similar structural deformation
© 2022 The Author(s). Published by the Royal Society of Chemistry
required to form the ‘bridge’-type site bonding: (Zn–Oa)–(C–Os).
The bond lengths of Oa–Zn and C–Os were calculated to be 2.32
Å and 1.26 Å respectively. Hence, the gas will still be detected if
it collides with the surface in different orientations.

For structure FNTAO-6, a rearrangement occurs during the
surface reaction, such that the HCHO removes the pre-adsorbed
O atom to form a formic acid (HCOOH) molecule that is
adsorbed associatively to the surface through hydrogen
bonding between one of the H atoms and a surface O atom. This
illustrates the ability of the reducing gas to essentially ‘clean’
the surface of the facetted-nanotube and restore the stoichio-
metric surface, which can be expressed as:

HCHOðgÞ þO*
ðadsÞ/HCOO �HðgÞ (10)

For structure FNTAO-7, the HCHO dissociates into a CH2 and
an O species; the CH2 binds to the pre-adsorbed O atom and the
O to two surface Zn atoms according to the following reaction:

HCHOðgÞ þO*
ðadsÞ þ 2Zns/HCHO�

ðadsÞ þ 2ZnsOa (11)
Nanoscale Adv., 2022, 4, 546–561 | 551
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For FNTAO-8, the HCHO molecule weakly physisorbs associa-
tively to the surface forming a H–O* bond of 2.22 Å and a Zn–Oa

bond of 2.42 Å as follows:

HCHOðgÞ þO�
ðadsÞ/HCHOðadsÞ þO�

ðadsÞ

For structures FNTAO-2, FNTAO-3 and FNTAO-7, the surface
species are stabilised by the formation of a H-bond between the
adsorbed H atom and the surface O or O* atom.

Vibrational frequency values for the HCHO/FNTAO
struc-

tures are presented in Table 2. The C–H stretch occurs at
�2900 cm�1 for all structures which corresponds to the typical
aldehyde C–H stretch (2830–2695 cm�1), which can be
explained by the adsorbed CHO group. The small difference is
due to the aldehyde group being adsorbed on the nano-
structure surface which shis the C–H stretch to a higher value.
These shis mean that it should be possible to detect the
presence of dissociated HCHO on the surface experimentally
using Fourier transform infrared spectroscopy (FTIR), high
resolution electron energy loss spectroscopy (HREELS) or
reection absorption infra-red spectroscopy (RAIRS), for
example.

The strong BE values calculated for structures FNTAO-1,
FNTAO-2, FNTAO-3, FNTAO-4, FNTAO-5 and FNTAO-6 (�6.16 eV,
�5.85 eV, �5.84 eV, �5.42 eV, �4.96 eV, and �4.85 eV,
respectively), suggests that if HCHCO reacted on the surface to
produce adsorbed CHO and OH, these species would likely to
remain adsorbed on the surface, blocking new adsorption sites
for other HCHO molecules to react, and thus be detected. The
reason for the high BE values here is the presence of the pre-
adsorbed O atom, which plays an essential part in the disso-
ciative chemisorption. This was in contrast to the pristine FNT
surface, which did not cause dissociation.36
Fig. 4 The evolution of the total energy as a function of the reaction coor
proportional to the Ca–O* distance, highlighted with an arrow.

552 | Nanoscale Adv., 2022, 4, 546–561
The binding energies for FNTAO-7 and FNTAO-8 are �1.15 eV
and �0.51 eV, respectively, indicating that HCHO weakly
chemisorbs to the surface, and is therefore more likely to desorb
and restore the surface for detection of further gas molecules.

For the FNTAO-1, FNTAO-2, FNTAO-3, FNTAO-4, FNTAO-5 and
FNTAO-6 structures, HCHO acts as a charge donor (see Table 2)
because of the dissociation of H and its subsequent bonding to
the surface. Further, the presence of adsorbed oxygen causes
the band gap to widen in FNTAO-1 (Fig. 3) aer HCHO adsorption
to 1.51 eV, compared to 1.43 eV (for the stoichiometric FNT) and
1.44 eV for the FNT with adsorbed oxygen (FNTAO

). The band
structure exhibits unoccupied spin-polarized localized defect
states within the band gap region that are induced by the
adsorption of the O atom, at energies of approx. +0.2 eV and
+0.5 eV. Aer adsorption of HCHO, these states are quenched by
the adsorbate, as a result of electrons being transferred from
HCHO to ll these unoccupied states, resulting in what would
be measured as a decrease in resistance experimentally.

We note that while the BE of the FNTAO-6 conguration is
large (�4.85 eV), this conguration is equivalent to phys-
isorption of a formic acid molecule, HCOOH, on the pristine
FNT surface, were the BE is calculated to be �0.62 eV. This
means that the HCOOH will only physisorb to the surface of the
pristine FNT and will not readily form a covalent interaction.
This result also implies that the HCHO gas might “extract” the
pre-adsorbed O atom from the surface of the nanostructure,
forming the HCOOH/FNT system, therefore allowing another
HCHO molecule to be adsorbed and detected. We examine the
feasibility of this occurring by applying a constrained optimi-
zation calculation. Here, we constrain the distance between the
Ca and the O* atoms highlighted as the black arrow in the inset
of Fig. 4. The gure displays the reaction energy barrier as the
Ca–O* bond distance is varied, from the initial state (FNTAO-8) to
dinate, from the initial state to the final state. The reaction coordinate is

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the nal state conguration (FNTAO-6), including the transition
states. The initial state, FNTAO-8, is 4.34 eV higher in energy than
the nal state, FNTAO-6. Two steps are identied during this
reaction: rst, the FNTAO-8 structure undergoes a structural
change in which one of the C–H bonds is broken, forming an
adsorbed CHO and H species on the Zn–O* site (as per the
reaction in eqn (3)). Secondly, the system either converts to
structure FNTAO-1, which will release an energy of 2.3 eV, or it
will require 2.88 eV to form structure (FNTAO-6) where the
CHOOH molecule is formed. This second step has a barrier of
2.88 eV, indicating that removal of the pre-adsorbed O atom
is high.
Fig. 5 Optimised structures of HCHO adsorbed on the ZnO nanowire w
(bottom right) views of the structures.

© 2022 The Author(s). Published by the Royal Society of Chemistry
3.3 HCHO/ZnO-AO nanowire

HCHO was found to adsorb in 6 different orientations on the
nanowire containing a pre-adsorbed O atom (NWAO) (see Fig. 5
and Table 2). The most stable orientation, NWAO-1, is similar to
structure FNTAO-2 where the HCHO dissociates, forming CHO
which adsorbs to the pre-adsorbed O atom via the C atom, and
H which adsorbs to an adjacent surface O atom. The structure is
stabilised by the formation of a H-bond between the adsorbed H
atom and the O atom of the adsorbed CHO species. This reac-
tion can be described by eqn (9a).

For NWAO-2, HCHO also chemisorbs dissociatively like
NWAO-1, however, the H atom adsorbs to the pre-adsorbed O
ith a pre-adsorbed O (NWAO
), showing the cross-section (top) and side

Nanoscale Adv., 2022, 4, 546–561 | 553
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atom and the CHO binds to the pre-adsorbed O atom and
a surface Zn atom. This orientation is similar to FNTAO-5 and
hence has a similar BE of �4.71 eV.

For structures NWAO-3, NWAO-4, NWAO-5, NWAO-6, and NWAO-7,
HCHO adsorbs associatively, forming two covalent bonds to the
surface. For all structures, one of these bonds is formed
between the Oa atom and a surface Zn atom, and the other
between the C and the O* atom. The second bond forms in all
structures except for NWAO-5. The surface reaction of these
structures proceeds via eqn (5).

The BE values of these congurations are �1.58 eV,
�1.49 eV, �1.36 eV and �0.94 eV, which all indicate strong
binding. The difference in BE values is due to the orientation of
the dissociated species on the NW and indicates that HCHO is
stable in multiple sites on the nanostructure surface, making it
more readily detected.

Structure NWAO-8 is the weakest of all the structures because
HCHO is only physisorbed on the surface, similar to structure
FNTAO-8, where HCHO also physisorbed on the surface.
Fig. 6 The spin-polarized band structure (upper) and atom-resolved pa
NWAO-1 structures.

554 | Nanoscale Adv., 2022, 4, 546–561
To check whether CHOOH will adsorb to the pristine NW, as
is the case for the FNT (structure FNTAO-6 in Fig. 2), a geometry
optimization calculation was performed for several initial
congurations of CHOOH/NW. Interestingly, unlike on the
FNT, it prefers to bind covalently to the NW surface, forming
a Zn–Oa bond (NWAO-1 in Fig. 5). As a result, the BE of this
structure is �1.56 eV, which is greater than that for CHOOH/
FNT indicating it could be a stable structure and formed
during the gas sensing reaction.

For NWAO-1 and NWAO-2 the calculated charge transfer is
positive (Table 2), while it is negative for the other structures,
indicating that HCHO acts as a charge donor in the dis-
sociatively adsorbed congurations (NWAO-1, NWAO-2), but as
a charge acceptor when doubly coordinated to the surface
(NWAO-3, NWAO-4, NWAO-5, and NWAO-6). As we show that multiple
species may be present on the surface at once, the overall charge
transfer is likely to still be positive, in agreement with experi-
ment, however, our work shows that the surface chemistry is
more complex than is suggested by the experimental evidence.
rtial density of states (PDOS) (lower) of the ZnO (a, c) NWAO and (b, d)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The band structure and the atom-resolved partial density of
states (PDOS) of the most stable structure (NWAO-1), together
with the NWAO

structure are displayed in Fig. 6. The presence of
the surface O atom causes a small widening of the band gap
compared to the stoichiometric NW (1.49 compared to 1.47 eV,
respectively). Subsequent adsorption of HCHO causes a slight
widening of the band gap by 0.02 eV. The band structure
(Fig. 6(a)) exhibits occupied localized defect states within the
band gap that are induced by the adsorption of the O atom, as
seen at energies ��0.4 eV and ��0.7 eV. These states are spin-
unpolarized, which is different from defect states in the FNTAO

structure (Fig. 3(a)), where the adsorption of O on the pristine
surface induces spin-polarized unoccupied localized defects.
These defect states can give rise to charge traps which are likely
to result in an increase in resistance of ZnO to photo-generated
electric current (photocurrent). The disappearance of these
charge trap states suggests a mechanism for the sensing of the
HCHO species on O pre-adsorbed FNT and NW surfaces
whereby adsorption of HCHO leads to an increase in the
photocurrent due to the vanishing charge trap states in the ZnO
structure.
3.4 Electronic transport characteristics

To determine the behaviour of the NWAO
structure as a resistive

sensor, the electronic transport of these systems was calculated
Fig. 7 The atomic structure of the ZnO (a) NWAO
and (b) NWAO-1 systems.

in which the centre is the NWAO
and NWAO-1 structures, respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
using structures NWAO
and NWAO-1 (see Fig. 7). These systems

are constructed by creating 7 replicas of the NW unit cell, where
the middle (fourth) unit cell is either the NWAO

or the NWAO-1

structure, as displayed in Fig. 7(a) and (b), respectively. These
two structures were re-optimized using SIESTA and using the
NW c lattice parameter determined using the same code
(5.505 Å).

The calculated current�voltage characteristics (IVC) of the
complex is shown in Fig. 8. The current is negligible for bias
voltages in the range �0.5 V to 0.5 V due to the presence of
a band gap in both structures. The magnitude of the current
starts increasing beyond this voltage range for both structures.
The current in the NWAO

system is higher than in the NWAO-1

system, due to the slight widening of the band gap of NWAO-1

upon the adsorption of HCHO. The asymmetry in the electric
current at ��0.8 V is due to the asymmetry of the NWAO-1

structure (cf. Fig. 7). Even though the magnitude of the calcu-
lated electric current aer HCHO adsorption is very small (less
than 1 nA), it indicates that the system will signicantly respond
to the adsorption of HCHO and is consistent with experiments.
3.5 Effect of temperature

The calculated binding energies for the HCHO molecule on the
various ZnO surface congurations show that the surfaces
considered in this work have a high sensing response to HCHO,
These transport systems are composed of 7 replicas of the NW unit cell,

Nanoscale Adv., 2022, 4, 546–561 | 555
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Fig. 8 The current–voltage characteristics (IVC) of the structures displayed in Fig. 7.
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but are possibly not repeatable due to the strong chemisorption,
an undesirable attribute in a sensor that reduces senor recy-
clability. However, here we show using AIMD simulations the
important role of temperature in the recovery of the sensor
surface at within very small recovery times (<1 picosecond).

AIMD simulations were performed starting with HCO
adsorbed as in structures FNTAO-3 and NWAO-2. The evolution of
the total energies of the systems are displayed in Fig. S1†
showing the thermal equilibration of the simulations. During
the AIMD simulation, the adsorbed species in structure FNTAO-3

further dissociates on the surface at the three simulation
temperatures examined (300, 520 and 700 K), as illustrated in
Fig. 9–11, while we found that the adsorbed species on NWAO-3

undergo signicant structural changes at 700 K, as illustrated in
Fig. 12.

For FNTAO-3 at 300 K, the adsorbed HCO only undergoes
a small structural change while remaining intact throughout
the simulation (as shown in Fig. 9 and in the nearly-steady total
Fig. 9 Evolution of the chemical reactions taking place on the surface of
300 K.

556 | Nanoscale Adv., 2022, 4, 546–561
energy of the system, shown in Fig. S1(a) in the ESI†). Aer 0.15
ps and to the end of the simulation, the O* atom comes away
from the surface and combines with the CHO to form a formate
ion (HCOO�) that stays weakly attached to the surface. Initially,
the O*–Zn bond lengthens aer 0.15 ps, then becomes slightly
shorter at 0.23 ps, then lengthens again aer 0.31 ps. This
uctuation in the bonding is akin to the presence of reversible
reaction between the formate ion and the ZnO surface as
follows:

CHOðadsÞ þO �HðadsÞ#HðadsÞ þHðgasÞ

þ CO2#HCOO �HðadsÞ#HCOO*
ðgasÞ þHðadsÞ (12)

At the higher simulation temperature of 520 K, the surface
species combine with the pre-adsorbed O atom and desorb as
a formic acid molecule to form carbon dioxide gas and a free H
atom that desorbs from the surface aer 0.05 ps, as shown in
Fig. 10. Aer a further 0.51 ps, the free H atom adsorbs on the
FNTAO-3 as function of time, by applying ab initiomolecular dynamics at

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Evolution of the chemical reactions taking place on the surface of FNTAO-3 as function of time, by applying ab initiomolecular dynamics
at 520 K.
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neighbouring image of the FNT structure, leaving a free CO2

molecule, as per the following equation,

CHOðadsÞ þO �HðadsÞ/HCOO �HðgasÞ/2HðadsÞ þ CO�
2ðgÞ (13)

Eqn (13) shows that rapid chemical changes occur in
response to a rise in temperature, leaving the ZnO FNTAO-3 in its
stoichiometric form (FNT) aer a simulation time of 0.51 ps.
This indicates that the application of 520 K temperature can
deoxidize or “clean” the ZnO FNTAO-3 surface through the
Fig. 11 Evolution of the chemical reactions taking place on the surface of
520 K.

© 2022 The Author(s). Published by the Royal Society of Chemistry
reaction with formaldehyde, thus enhancing the recyclability of
the ZnO FNT for gas sensing applications.

At 700 K, the adsorbed HCO group dissociates aer 0.08 ps as
shown in Fig. 11, forming CO and OH aer a further 0.06 ps that
both desorb from the surface, according to the following
equation,

CHO(ads) + O*H(ads) / HCOO*H(gas) /

H(ads) + OH(g) + CO(g) (14)
FNTAO-3 as function of time, by applying ab initiomolecular dynamics at

Nanoscale Adv., 2022, 4, 546–561 | 557
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Fig. 12 Evolution of the chemical reactions taking place on the surface of NWAO-3 as function of time, by applying ab initiomolecular dynamics at
700 K.
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The effect of applying 700 K is similar to that of applying 520
K, in terms of removing the pre-adsorbed O atom from the
surface and restoring the stoichiometric surface. However, the
structure at 700 K exhibits an importance difference from that
at 520 K: the entire nanotube reacts to the rise in temperature by
slightly increasing in diameter. Such a change has a signicant
impact on the catalytic role of the surface.

The surface reactions occurring on the NWAO-3 structure
under a temperature of 700 K is displayed in Fig. 12. Here, the
adsorbed molecule insignicant structural changes until for
1.63 ps, when the Zn–O* bond breaks, leading to the desorption
Fig. 13 Evolution of the chemical reaction taking place on the ZnO(10�10

558 | Nanoscale Adv., 2022, 4, 546–561
of formic acid H2CO2 from the surface. Then aer 2.63 ps, the
formic acid molecule re-adsorbs to the surface, and an H atom
dissociates from the formic acid molecule and adsorbs to
a surface O atom. The system's energy in Fig. S1(f)† shows that
the surface equilibrates. The equation that describes this reac-
tion is as follows:

CH2OðadsÞ þO �/HCOO �HðgasÞ/HCOO�
ðadsÞ þHðadsÞ (15)

Thus, the adsorption of formaldehyde on the NWAO
system

results in an adsorbed structure that is stable under high
) surface as function of time, by applying ab initio molecular dynamics.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 A schematic diagram that shows the various reactions products when HCHO reacts with the ZnO surface with a pre-adsorbed O atom.
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temperature, indicating that it will not be feasible to remove the
adsorbed gas from the system thermally, as is the case of the
FNTAO

system. Interestingly, formic acid was recently reported
to result from the interaction between HCHO and SnO2/
carbonized melamine foam composites.37

The above simulations show the sub-picosecond recovery
times of the FNTAO

sensor surface when temperature is applied.
Although the application of temperature also removes the pre-
adsorbed O species in this surface, it is worth noting that, as
shown in eqn (1)–(3), the pre-adsorbed oxygen sensor site can be
recovered by applying temperature to the surface.

In order to understand the reaction represented by eqn
(4),9–11 we adsorbed two surface O atoms and examined the
surface reaction with HCHO (Fig. 13) following a gradual rise in
temperature up to 1000 K (300 K, 700 K then 1000 K). The
calculations show that the following reaction takes place:

HCHO + 2O(ads) / O(ads) + CO + H2O (16)

Hence, we conrm the formation of H2O during the reaction
seen in experiment. While we did not directly see the formation
of CO2 during the AIMD simulation we did see the release of CO
from the surface, we calculated the enthalpy of formation of the
experimentally observed reaction (eqn (4)) and the one we saw
in our AIMD simulation (eqn (17)) according to the formula:

DE ¼ ECO2 + EH2O + EZnO � ECH2O � E2O/ZnO (17)

for eqn (4), and

DE ¼ ECO + EH2O + EO/ZnO � ECH2O � E2O/ZnO (18)
© 2022 The Author(s). Published by the Royal Society of Chemistry
for eqn (17). Here, ECO2 is the total energy for the isolated CO2

molecule, EH2O total energy for the isolated H2O molecule, EZnO
total energy for the pristine ZnO surface, ECH2O total energy for
the isolated CH2O molecule and E2O/ZnO total energy for the
surface ZnO surface with 2O pre-adsorbed.

The values we obtained for DE are �6.90 eV for eqn (4) (the
experimentally observed reaction) and �2.72 eV for eqn (15),
indicating that both reactions are feasible and could occur in
the sensing reaction.

Overall, we summarise in Fig. 14 the possible reactions that
can occur as a result of pre-adsorbed surface oxygen on the ZnO
nanostructure. The following gases that are released from the
reactions presented in Fig. 14, as well as the reaction in eqn (17),
are CO2 (product of reaction in eqn (13)), H2O and CO (products
of reaction in eqn (17)) and HCOOH (product of reaction in eqn
(4)). These gases can be detected, and therefore enable the
verication of the proposed reaction mechanisms.
4. Conclusion

We show that the presence of pre-adsorbed oxygen on ZnO
facetted nanotubes and nanowires plays a signicant role in the
gas-sensing mechanism of HCHO. The presence of surface
oxygen allowed for associative and dissociative adsorption. Both
singly and doubly coordinated adsorption geometries of the
associatively adsorbed species were determined and found to be
thermodynamically and dynamically stable. The main product
from dissociation is adsorbed CHO. Compared to the stoi-
chiometric surface, the pre-adsorbed oxygen facilitates disso-
ciation of the HCO molecule leading to a myriad of complex
reaction products on the surface. Such products include CHO,
H, CO and CO2. The facetted nanotube surface is also found to
Nanoscale Adv., 2022, 4, 546–561 | 559
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restore its stoichiometric structure within sub-picosecond
recovery times. This means that the ZnO surface is recyclable,
which is an important feature in gas sensors. The surface
reactions, in the presence of the pre-adsorbed oxygen, are
shown to enable the ZnO nanowire to function as a resistive
sensor for HCHO. The pre-adsorbed oxygen atom might also
enable the ZnO structures to detect the presence of HCHO by
variation in the photocurrent. The removal of the pre-adsorbed
O atom from the surface, through the formation of formic acid
(HCOOH), was also found to occur on the facetted nanotube.
This reaction is signicant as it explains how the surface may be
regenerated for detection of other gas molecules.

The facetted nanotube structure has more diverse surface
reactions than the nanowire structure due to the occurrence of
morphological changes in the facetted nanotube structure
during and aer adsorption. These changes facilitate complex
catalytic reactions of HCHO on the surface.

Overall, this work has shown that the presence of pre-
adsorbed oxygen is signicant for enhancing the sensitivity of
ZnO nanostructures to the presence of HCHO. Importantly, the
surface reaction is not simple and cannot be classied using
just one reaction and in fact can lead to at least 8 different
surface reactions, producing multiple reaction products.
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