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photonic crystals for optical
hydrogen sensing: catalyst-free detection and
mechanistic insights via in situ Raman
spectroscopy†
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and Vinayak B. Kamble *

Hydrogen is emerging as a promising fuel source for a sustainable, carbon-free future. However, its

explosive nature necessitates robust safety measures, including optical hydrogen sensors, ideal for

detecting minor leaks in hazardous environments due to their non-contact operation. In this study, we

investigate two photonic crystal structures using a novel transition metal oxide CuCo2O4 (CCO) – CCO

opal and inverse opal – for sensing hydrogen through dynamic reflectance measurements. CCO opal

shows a detection range from 25% to 1% with the decrease in the intensity of the photonic band gap

with a shift of 5 nm with a response time of 20 minutes, while CCO inverse opal detects 1–0.3% of

hydrogen with a 12 nm shift within 2 minutes with a change in the effective refractive index of 0.0159.

Furthermore, in situ Raman spectroscopic studies reveal that the change in the vibrational modes of

CCO on exposure to hydrogen results in the formation of an intermediate compound structurally

analogous to CoO, causing a change in the effective refractive index. The metal ion coordination shows

distinct changes favoring a tetrahedral environment for reduced metal ions. The ratio of the intensity of

A1g mode and F2g mode shows a decrement with time when exposed to 5–0.5% of hydrogen with

a response time of 3 minutes, which coincides with the optical sensing response. Thus, the optical gas

sensors are fabricated using scalable and facile techniques for the detection of hydrogen without any

noble metal catalyst and demonstrating room temperature application for safety and process control.
1. Introduction

The past few years have seen a sudden rise in greenhouse gas
emissions, which has boosted the demand for renewable energy
sources other than fossil fuels. Due to its clean, abundant, and
environmentally friendly nature, hydrogen gas has gained
signicant attention recently and is expected to be a potential
source of energy in the future.1,2 Effective leak detection systems
are required because it is colorless, odorless, and extremely
combustible at concentrations exceeding 4%.3 Different sensors
are used to detect hydrogen gas, such as electrical,4 electro-
chemical,5 optical sensors,6 etc.7–11 Due to their non-contact
nature, optical techniques are far more adaptable and less
vulnerable to undesired safety concerns than electrical sensors,
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making them suitable for use in both explosive and hazardous
environments.12

Various types of optical hydrogen sensors, such as photonic
crystal-based, evanescent-based, Optical Fibre Bragg Grating
(FBG)-based, Optical Fibre Metal–Organic Framework (MOF)-
based, plasmonic-based, etc., have been fabricated,13–15 where
the sensitivity was enhanced using structures of efficient
material with a large surface-to-volume ratio and unique
photonic properties. Among all, photonic crystal (PhC)-based
optical sensors have shown the possibility of the lowest
response times compared to other types of sensors (Fig. 1(a)).
Since 1987, when Yablonovitch16 and John17 proposed the idea
of PhCs as periodic dielectric structures that can manipulate
and guide light at the scale of wavelength, many studies have
been conducted on applying PhCs in optical ber, sensing,
photonic integrated circuits, etc. Silicon-based photonic crystal
cavities (PCCs) have been widely used as sensors due to their
high-quality ratio (Q-factor),18 which accounts for the enhanced
interaction strength between the material and the optical eld.
Even though they are Complementary Metal-Oxide-
Semiconductor (CMOS)-compatible, the challenges in fabrica-
tion, the possibility of coupling errors, and the temperature
This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Comparison of the response time of different types of optical hydrogen sensors from the literature. (b) Comparison of the concen-
tration range of hydrogen detected by various optical sensors with different materials from the literature and our work.
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effects limit the use of silicon PCCs as sensors. These issues
were overcome by fabricating PhCs with an easier, cheaper, and
time-saving self-assembly method.19,20 Instead of silicon, mate-
rials like Transition Metal Oxide (TMO) semiconductors were
made into PhC structures to explore sensing behavior. They
have been used in the detection of various physical properties,
such as temperature, humidity, electric eld, magnetic eld,13

etc., and also as chemical sensors12 that detect organic solvents,
pH of solvents, toxic and explosive gases, toxic organic pollut-
ants,21 etc.

The materials used for refractive index-based optical sensors
are gasochromic substances,22 where the exposure of gas to the
materials changes its refractive index (RI) and, hence, the optical
characteristics. TMOs, particularlyWO3, have been widely studied
in the past for their gasochromic nature.23 However, TMOs
showed an enhanced sensing response only when they were
doped or decorated with noble catalyst elements like Pt or Pd.24

These catalyst-modied oxides have been the center of attraction
to gasochromic studies for a while. The catalysts quickly disso-
ciate hydrogen molecules into hydrogen atoms, forming inter-
mediate HxWO3 states, which have a different RI than the WO3

surface.23 Gasochromic properties of Pt-WO3 thin lms were
studied at room temperature by Castillero et al., who collected the
in situ photoemission spectra and conrmed the progressive
change in the oxidation state of tungsten in the presence of
hydrogen as well as the formation of hydroxyl groups.25 Never-
theless, from a sensor point of view, the timescales of response
and recovery could not be found. Gao et al. also studied the
gasochromic coloration of Pd-WO3 thin lms using infrared
spectroscopy, where a response time of about 10 min was
attained.26 However, the recovery time of the sample was not
mentioned. Most of the literature studies on WO3-based optical
hydrogen sensors explain the sensing mechanism through
various characterization methods like X-ray photoelectron spec-
troscopy (XPS),25 spectrophotometry,27 ellipsometry,28 etc.

Besides WO3, the other important class of optical hydrogen
sensors uses only metals, particularly Pd metal and its alloy-
This journal is © The Royal Society of Chemistry 2025
based sensors.29 However, the response to hydrogen in Pd is
due to a different mechanism, i.e., bulk diffusion followed by
PdHx alloy formation.30 Therefore, the response time is too long
(minutes to hours),4 which is undesirable for safety applica-
tions. In many cases, the recovery is never achieved due to the
high solubility and stability of hydrogen in Pd at standard
temperature and pressure. Recently, quite a few reports have
shown that reducing the Pd metal dimensions, such as thin
lms, nanoparticles, nanowires, etc., has shown a large
improvement in the response times as well as better signal
recovery.31–33 Moreover, the cost factor involved in precious
metals and their alloys is very high; it becomes even steeper
when sophisticated fabrication methods are involved, such as
photolithography. In summary, the comparison of the concen-
tration range detected by different materials used for optical
hydrogen sensing is plotted in Fig. 1(b).34,35 As discussed above,
Pd- or Pt-based, as well as metal oxides with catalysts, are the
common materials used for this purpose. Metal oxides with
catalysts show a wide range of detection as compared to the Pd-
or Pt-based sensors. This depends upon the morphology,
chemical composition, and external factors such as tempera-
ture, humidity, etc.

In the case of PhC-based gas sensors, the change in photonic
band gap (PBG) properties can be used to detect the gases via
gasochromic effects by incorporating self-assembled photonic
crystal structures of efficient materials. S. Amrehn et al.36

fabricated Pt-decorated WO3 photonic crystals, who achieved
a response time of 0.7 s for 5% H2 at 200 °C, and Zhuoying Xie
et al.37 also fabricated Pt-doped WO3 photonic crystals with
a response time of 4.5 s for 100% H2 at room temperature. The
surface always plays a vital role in sensing various gases. The
adsorption of gases to the surface of materials may change their
electronic as well as optical properties.38 Changes in the optical
constants, such as RI on the exposure of hydrogen, will drasti-
cally affect the optical properties of PhCs. Because of this
change, detecting hydrogen gas by PhCs has an advantage over
normal thin lms. However, almost all the studies reporting
J. Mater. Chem. A, 2025, 13, 15016–15030 | 15017
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optical hydrogen sensors using oxide PhCs involved metal
catalysts to get any tangible response from the material.

Rather than having a composite of the oxide PhC surface
decorated with themetal catalyst, it would be benecial if a single
material (like TMO) could have a dual function, i.e., a catalyst as
well as the PhC sensing material.39 TMOs are fascinating mate-
rials due to their electronic,40 optical,41 and chemical properties.
The existence of different types of oxidation states endows them
with different electronic properties. Thus, CuCo2O4 (CCO) is an
interesting TMO candidate, where two transition metals, viz
copper and cobalt, exist in a spinel crystal lattice with oxygen.42

The presence of both transition metals in different oxidation
states can be vital to the sensing response toward hydrogen gas.
The reducing nature of hydrogen can change the oxidation states
of the metal ions in the oxides and thereby change their chemical
compositions as well as optical and electronic properties.25

Hence, this may lead to signicant changes in the PBG properties
of PhCs made of CCO.

In this paper, we report two different novel PhC structures of
CCO and their hydrogen sensing responses at room tempera-
ture by dynamic reectance measurements in the presence of
hydrogen. A facile fabrication method and characterization of
two types of PhCs, opal and inverse opal (IO) of CCO, have been
reported for optical sensing applications. Moreover, the mech-
anism of hydrogen sensing has been unveiled using in situ
Raman spectroscopic measurements of CCO inverse opal in the
presence of hydrogen.
2. Experimental section

Fig. 2 shows the schematic of the fabrication process of two types
of CCO PhCs. In both cases, polystyrene (PS) spheres of 500 nm
Fig. 2 Fabrication scheme of (a) CCO opal and (b) CCO inverse opal stru
substrate by self-assembly, (ii) RFmagnetron sputtering of CCOon the op
process. Similarly, in (b), steps involve (i) the fabrication of an opal templa
film, and (iii) the final CCO-IO thin film obtained after controlled anneal

15018 | J. Mater. Chem. A, 2025, 13, 15016–15030
diameter were used for self-assembly on a substrate. The PS opal
template was made on a glass substrate using the self-assembly
method.43 Hydrophilic glass slides were placed at an angle of 45°
in a solution with an optimized amount of aqueous suspension of
PS microspheres (diameter: 500 nm), as shown in Fig. 2a(i). The
system was maintained at 50 °C for two days in a vibration-free
environment under high humidity. Solvent evaporation resulted
in the periodic arrangement of PS spheres over the glass slide.

Furthermore, the fabrication method of two PhCs is
described below in detail.
2.1 Fabrication of the CCO-opal thin lm

The CCO opal thin lm fabrication involves several steps, as
shown in Fig. 2(a). In the rst step, CCO was synthesized by
a sol–gel method. The detailed synthesis of CCO can be found
elsewhere.44 A 1-inch diameter sputtering target was obtained by
cold uniaxial pressing, followed by sintering for densication.

A thin lm of CCO was then deposited over the PS opal
template using the Radio-Frequency (RF) magnetron sputtering
method. The PS opal template was loaded into a deposition
chamber, which was evacuated to a minimum base pressure of
5 × 10−5 mbar. The argon gas ow rate was kept at 30 SCCM
during the deposition. RF power of 50 W was applied to a target
of 1-inch diameter for 30 minutes. The deposition pressure was
maintained around 1.9 × 10−2 mbar. The deposition of CCO on
the opal template by sputtering was done at room temperature.
2.2 Fabrication of the CCO-IO thin lm

The schematics of the preparation of the second kind of PhC,
CCO-IO, is shown in Fig. 2(b). As mentioned above, the PS opal
templates were grown on nickel foil using the same colloidal
ctures. In (a), steps involve (i) the fabrication of an opal template on the
al template, and (iii) the CCOopal thin film obtained after the sputtering
te on the substrate by self-assembly, (ii) electrodeposition of the oxide
ing.

This journal is © The Royal Society of Chemistry 2025
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self-assembly technique. The Ni substrates were etched using
3 M HCl for 20 min to remove the surface oxide layer and
cleaned with a soap solution and acetone under sonication for
15 minutes each. They were made hydrophilic by immersing in
a concentrated NaOH solution overnight to form the opal
template. The concentration of NaOH solution used was 5.2 M,
in which 6.26 g of NaOH pellets were dissolved in 30ml of water.
Self-assembly of PS spheres was obtained by placing this
hydrophilic Ni foil in an aqueous suspension of PS micro-
spheres at a temperature of 50 °C for about 48 hours until the
solution evaporated completely. The resulting opal template
was necked at 85 °C for 1 hour to increase the rigidity.

The CCO-IO thin lm was fabricated by inltrating the
prepared PS template via electrodeposition. For this purpose, an
electrolytic bath containing 0.2 mM cobalt nitrate (Co(NO3)2-
$6H2O) and 0.4 mM copper nitrate (Cu(NO3)2$3H2O) in 25 ml
deionized water was prepared at room temperature.45 A standard
electrodeposition cell was set up, where the Ag/AgCl electrode, the
platinum electrode, and the opal template were used as the
reference, counter, and working electrodes, respectively. The
deposition was carried out at a voltage of −1 V (vs. Ag/AgCl) in
chronoamperometric mode. Pulsed electrodeposition (PED) was
found to be better than Direct Current (DC). Thus, the method
was optimized with a pulsed potential waveform with Eon = −1 V
and Eoff = 0 V for 15 minutes at a 50% duty cycle. Aer inltra-
tion, the PS spheres were removed by thermal annealing in air for
2 hours at 300 °C to obtain the CCO-IO thin lm.
2.3 Material characterization

To know the morphological structure of all the samples, scan-
ning electronmicroscopy (SEM) images were taken using a Nova
Fig. 3 The optical setup designed for hydrogen gas sensing from the re

This journal is © The Royal Society of Chemistry 2025
NANOSEM 450 equipped with an EDS detector. The photonic
band gap was conrmed from the reectance spectra recorded
using a PerkinElmer Lambda 950 Universal Reectance Acces-
sory (URA) with different incident angles from 8° to 30°. The
underlying crystalline nature of the material was analyzed using
X-ray diffraction (XRD) analysis performed using a PANalytical
Empyrean X-ray diffractometer with a CuKa source (l = 1.5406
Å) from 5 to 80°. Raman spectra were obtained using a Horiba
XploRA PLUS Raman spectrometer with an excitation LASER
wavelength of 532 nm.
2.4 Optical sensing measurements

For the CCO opal thin lm, spectral reectance was measured
in static mode as well as under dynamic exposure to hydrogen
using a customized setup (shown in Fig. 3). Here, a tungsten–
halogen source (Thorlabs SLS301) was used to illuminate the
sample kept at an incident angle of 20° in a specially designed
glass chamber. The reected light was collected through a near-
IR optical ber to be sent to a NIRQuest512 spectrometer
(Ocean Optics) whose working wavelength range varies from 1.0
to 2.4 mm, with a xed 75 lines per mm grating and a spectral
resolution of 5 nm. The reectance measurements of CCO-IO
thin lm were done using the same setup where a tungsten–
halogen source (Thorlabs SLS301, wavelength range: 350–2700
nm) illuminated the sample at an incident angle of 15°. The
reected light was collected through a UV-visible optical ber
and sent to a Maya2000Pro spectrometer (Ocean Optics,
working wavelength range: 300–900 nm, spectral resolution: 1
nm). During the in situ measurements, the reectance was
measured by controlling the chamber atmosphere with
a desired mixture of hydrogen and synthetic air/nitrogen and
flectance of the CCO photonic thin film.

J. Mater. Chem. A, 2025, 13, 15016–15030 | 15019
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carbon monoxide (CO) and synthetic air at a xed ratio for the
given concentrations. Dilution was achieved with the help of
two mass ow controllers (Make Alicat Scientic, USA), one for
each test gas and dilution gas.
2.5 In situ Raman spectroscopic measurements

In situ Raman spectroscopic measurements were done to
understand the interaction of gaseous molecules with the
lattice of CCO-IO for gases like hydrogen, nitrogen, and oxygen.
The sample was placed on a sample stage (Linkam), where
a controlled gas ow of 200 SCCM was maintained using mass
ow controllers (Alicat Scientic). The sample was excited using
a 532 nm LASER at a power of 1 mW with a 50× objective lens
for all the measurements. Raman spectra were collected at
different time intervals with and without purging the gases to
evaluate the inuence of the surrounding atmosphere on the
sample. To check the effect of hydrogen gas on the sample, the
sample was exposed to different concentrations ranging from
5% to 0.25% of hydrogen mixed with argon and 1% and 0.6% of
hydrogen mixed with nitrogen.
3. Results
3.1 CCO opal thin lm

The self-assembled PS opal template used for the CCO opal thin
lm has a periodic arrangement of spheres over an area of
approximately 10 mm2. This was conrmed by the SEM image
Fig. 4 (a) SEM image showing periodic PS microspheres on glass, (b) S
spectra of opal and CCO opal on glass and (d) reflectance spectra at 8°

15020 | J. Mater. Chem. A, 2025, 13, 15016–15030
shown in Fig. 4(a). During the slow evaporation of the solvent,
spheres are arranged in a face-centered cubic (fcc) manner,
which will result in the lowest energy conguration.43 The CCO
thin lm was deposited over the PS template, as mentioned in
Section 2.1. Even aer CCO deposition, the periodic structure of
opal was found to be retained, as seen in Fig. 4(b). RF magne-
tron sputtering resulted in a very thin layer of CCO over the opal
template. The presence of Cu and Co in the opal polymer matrix
aer sputtering was conrmed by SEM-EDS measurements
provided in Fig. S1(a).† The elemental percentage results of
SEM-EDS showed a higher percentage of copper than cobalt.
The sol–gel synthesis of CCO powder for making the target for
sputtering resulted in a two-phase mixture (one being CuCo2O4

and the other CuO), which was conrmed by powder XRD
results shown in Fig. S1(b).† The peaks corresponding to CCO
were conrmed by JCPDS 066-0541, whereas the peaks of CuO
were veried by ICDD-01-073-6023. Nearly 8–10 layers of PS
spheres were observed in the SEM image. Since the topmost
layer of the opal is exposed to the plasma, it will form a thin
layer following the structure of the opal.46 Unlike the solution-
processed methods of making oxide opals, sputtering, being
a line-of-sight technique, cannot fully inltrate the oxide
material into the polymer matrix voids except at the surface.
This modication of the surface composition of opal aer
sputtering may result in changes in their optical constants,
thereby causing a change in the overall photonic properties.46

Periodicity of PhCs creates a region of forbidden energies
commonly referred to as the photonic band gap (PBG).47 The
EM image of the CCO opal thin film, (c) angle-dependent reflectance
, showing the PBG shift between opal and CCO opal.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) Reflectance spectra of CCO opal after exposure to different
concentrations of hydrogen. The inset shows the same experiment
with only PS opal without CCO. (b) In situ reflectance spectra of CCO
opal when exposed to hydrogen gas.
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PBG can be deduced from the reectance spectrum of a PhC by
giving the most intense peak where no light propagation is
allowed. Many factors, such as RI, diameter, volume fraction,
incident angle, etc., can be vital for determining the PBG posi-
tion.48 The modied Bragg–Snell law49 gives the position of PBG
at zero angle of incidence as follows:

l = 1.633d$neff (1)

where neff is the effective RI and d is the diameter of the sphere.
This formula can be derived by considering that the PS opal
template has an underlying FCC structure.

Fig. 4(c and d) show the reectance spectra of bare opal over
glass and CCO over opal. For the opal thin lm, the PBG was
formed at 1133 nm for an incident angle of 8°. Also, the PBG
shows a blue shi in the peak position with respect to the
incident angle, which may be explained by the Bragg–Snell law
at an angle of incidence q given by,

l ¼ 1:633d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
neff 2 � sin2ðqÞ

q
(2)

Upon depositing CCO, the PBG was shied to 1144 nm for an
incident angle of 8°. This may be due to the change in the neff of
opal or the diameter of the PS spheres aer depositing CCO.
The incorporation of CCO has resulted in shiing the PBG to
a higher wavelength by 11 nm. The neff was calculated from the
y-intercept of l2 versus sin2(q) using the Bragg–Snell law for opal
on glass and CCO on opal/glass, which is plotted in Fig. S2(a).†
The neff was found to be 1.42 and 1.41 for CCO opal and bare
opal, respectively. The change in the slope of the two samples
suggests that there was a slight change in the diameter of the PS
sphere, whichmay have caused the increment in PBG positions.
There was also a signicant reduction in the intensity of PBG
aer depositing CCO on top of the opal. The formation of a thin
layer of CCO on top of opal increased the absorption of light,
thereby decreasing the intensity of PBG. Due to the absorption
of light by CCO, the intensity of light passing to the opal can be
lower compared to the initial intensity,44 which would result in
a lower visible reectance.

The gas sensing characteristics of the fabricated nano-
structures were studied using an in-house built setup, as shown
in Section 2.4, Fig. 3. Fig. 5(a) shows the change in the reec-
tance spectrum of CCO opal thin lm aer exposure to
hydrogen gas mixed with nitrogen at various concentrations
from 1% to 25%. The reectance spectra were measured
immediately aer passing hydrogen for 20 min. Upon intro-
ducing hydrogen, the intensity of PBG decreases with the
increase in the concentration of hydrogen gas. Fig. S2(b)† shows
the ratio of the intensity of lPBG (I1105) to that of the background
at 1800 nm (I1800). This ratio subsequently decreases with the
concentration of hydrogen gas. The intensity of PBG depends
upon factors such as the number of layers, periodicity, etc. In
this case, where there was a CCO thin lm coating over the opal,
total reectance is the result of interferences happening in the
boundary as well as a change in neff, if any. Therefore, the
intensity of the PBG is affected by the change in the
This journal is © The Royal Society of Chemistry 2025
composition of the thin lm. In this case, it was the CCO layer,
which was on top of the opal layer.

Exposure to hydrogen can reduce CCO to intermediate
compounds with varying oxidation states. To understand the
intermediate compound formed during hydrogen exposure, in
situ reectance measurements were also taken. Fig. 5(b) shows
the change in reectance spectra of the CCO opal thin lm
while passing 1% hydrogen in nitrogen. Measuring the reec-
tance spectrum in the hydrogen environment revealed that
there is a shi in the PBG of the CCO opal thin lm apart from
the decrement of intensity, as observed previously.

The changes in the PBG and the intensity are plotted
together in Fig. S2(c).† This gure shows that both the change in
the PBG and the decrease in intensity occur within the rst 10
minutes of exposure to the CCO opal lm. Also, both attained
saturation by 20 min, which can be considered as the response
time of the CCO opal thin lm for 1% H2–N2. Aer hydrogen
exposure stopped, the PBG of the sample returned to its initial
wavelength aer approximately 20 minutes. However, the
recovery of intensity took a longer time. To determine if this
effect originated from the underlying opal layer, different
concentrations of hydrogen gas were exposed to the sample
J. Mater. Chem. A, 2025, 13, 15016–15030 | 15021
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with just the opal layer on a glass. The reectance spectra are
shown in the inset of Fig. 5(a), where no shi in the PBG was
observed for the opal lm. Also, the intensity change with the
concentration of hydrogen was insignicant, as compared to
the case of CCO opal. The same experiment was performed with
a bare CCO thin lm on a glass substrate, as shown in Fig.-
S2(d).† Here, a small reduction in intensity is observed with
increasing hydrogen concentrations. This indicates that the neff
change in CCO in the presence of hydrogen has more effect on
CCO opal than bare CCO because even a small change in RI
produces a shi in PBG. This conrms that the opal with a CCO
layer on top acts as a better sensor than either the bare CCO or
the opal thin lm alone.
3.2 CCO-IO thin lm

Another architecture of the fabricated PhC is the CCO inverse
opal, as mentioned earlier. To obtain an ordered IO, the opal
template used for electrodeposition should also be periodic,
similar to the CCO opal. Also, since electrodeposition is
a solvent-assisted method, there is a high chance of disinte-
gration of PS in the electrolyte during the reaction. To avoid
this, the opal template was sintered to bond the surfaces of two
adjacent PS spheres, forming a neck.50 The SEM image of this
self-assembled PS opal lm is shown in Fig. S3(a).† It is visible
from the gure that most of the PS spheres have formed necks
between them.

Forming a crack-free ordered CCO-IO by electrodeposition
required optimization of several parameters, including deposi-
tion time, annealing rate, adhesion, etc.51 Compared to DC, PED
resulted in a better IO structure, although it produced a thicker
layer of CCO nanoakes on top, as seen in Fig. 6(b). The thin
lm also adhered well to the substrate in the case of PED,
Fig. 6 (a) The current profiles of DC vs. PED operation along with differe
template and (c) after removal of the template using slow, controlled he

15022 | J. Mater. Chem. A, 2025, 13, 15016–15030
compared to DC electrodeposition. Since the potential is peri-
odically turned off in PED, as shown in Fig. 6(a), the metal layer
may discharge, facilitating easier adsorption and re-
distribution of metal ions.52 Also, during the ON time, nuclei
formation occurs, and during the OFF time, recrystallization
occurs, resulting in larger grains.52 This yields smoother,
uniform surfaces, reducing rough and porous deposits, thereby
increasing the adhesion of the lm (see Fig. 6(b and c)).

The magnied view of the CCO-IO lm in the SEM image is
shown in Fig. 7(a). As seen from Fig. 6(c), the periodic IO was
covered with nanoakes in most of the areas. The crystal
structure of the CCO thin lm formed by PED was conrmed by
XRD, as shown in Fig. 7(b). The peaks at 36.9° and 38.9° in the
XRD pattern correspond to (311) and (222) reections of the
CuCo2O4 spinel structure (JCPDS 066-0541). The three high-
intensity peaks are due to nickel substrates. The extra peak at
35.5° in the XRD pattern corresponds to copper oxide (CuO)
according to ICDD-01-073-6023. Like the CCO opal case, the
CCO-IO thin lm contains two phases, i.e., CCO and CuO. The
low thickness and poor crystalline nature of CCO-IO led to poor
XRD patterns. Therefore, Raman spectra of CCO-IO were
acquired to further conrm the phase, which are shown in
Fig. S3(b).† The Raman spectrum of the bare CCO thin lm is
also included for comparison. The Raman spectrum of the
parent compound spinel Co3O4 has four vibration modes:
194 cm−1 (F2g), 480 cm−1 (Eg), 518 cm−1 (F2g), and 687 cm−1

(A1g).53 Out of which, peaks at 186 cm−1 (F2g), 463 cm−1 (Eg),
503 cm−1 (F2g), and 654 cm−1 (A1g) are observed for CCO. The
shi to a lower frequency may be due to the structural disorder
caused by metal doping.53 Small peaks at 282 cm−1 (Ag) and
325 cm−1 (B1g) correspond to Cu–O Raman active modes.54 This
further conrms the presence of CuO along with CCO in the
sample. Fig. S4(a)† shows the atomic percentages of each
nt stages of growth. The SEM images of the grown sample (b) with the
ating. The bottom images show the top view of the sample.

This journal is © The Royal Society of Chemistry 2025

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ta08963d


Fig. 7 (a) SEM image of the CCO-IO thin film. (b) XRD pattern of the CCO-IO thin film on nickel foil. (c) Reflectance spectra of opal on nickel foil
with different incident angles and (d) angle-dependent reflectance spectra of CCO-IO and bare CCO.
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element of CCO-IO from SEM-EDS analysis. From the chemical
formula for the spinel compound CuCo2O4, it is expected that
typical Cu : Co would have a 1 : 2 ratio. The excess Cu, in that
case, is ascribed to the secondary phase of CuO, which was
conrmed from XRD and Raman spectra.

To further probe the material crystal structure and the
chemical composition, XPS analysis was done for CCO-IO. In
CCO, Cu and Co occupy tetrahedral and octahedral sites,
respectively, and may exhibit multiple oxidation states, as ex-
pected for a spinel crystal structure. Higher-order ternary spinel
oxides typically crystallize in the form of (A1−yBy)[AxB2−x]O4−d,
where y is the fraction of B ions occupying A sites (tetrahedral)
in the lattice and x is the fraction of A ions occupying B sites
(octahedral) in the lattice.55 Fig. S4(b–d)† show the core-level
spectra of Cu 2p, Co 2p, and O 1s, respectively.

In the Cu 2p core level spectra, multiple satellite peaks were
observed between 2p1/2 and 2p3/2, indicating the presence of
Cu2+ since Cu+ does not show satellite peaks.56 The Cu 2p3/2
peaks at 931.3 eV, 932.5 eV, and 934.1 eV correspond to octa-
hedral Cu+, tetrahedral Cu+, and octahedral Cu2+, respectively,
and similar trends were observed for the Cu 2p1/2 peaks.56 The
enhanced intensity of the satellite peaks likely results from
a higher concentration of Cu2+ ions that are beyond the solu-
bility limit of Cu into the CuCo2O4 spinel structure. These
excess Cu2+ ions may form CuO alongside CCO, as evidenced by
additional peaks in the XRD pattern and Raman spectra.

The Co 2p core-level spectrum conrms the presence of Co2+

and Co3+ oxidation states, with binding energies corresponding
This journal is © The Royal Society of Chemistry 2025
to octahedral Co3+, tetrahedral Co2+, and a mixed formation of
Co3+ and Co2+. The O 1s spectrum reveals two peaks: the lower
binding energy peak corresponds to O2−, which is found in both
CCO and CuO, while the higher binding energy peak is attrib-
uted to chemisorbed oxygen and lattice defects. Table S1†
shows the peak maxima of Cu, Co, and O core-level resolved
spectra. The presence of different oxidation states of Cu and Co
in tetrahedral and octahedral coordination has been evident
from the core-level XPS spectral analysis of Cu and Co.
This conrms the formation of anti-site defects and leads to
a chemical composition of (Cu1−yCoy) [CuxCo3−x]O4−d to the
nal spinel crystal structure.

The PBG of the opal lm on nickel foil was observed at
1190 nm for an incident angle of 8°, as shown in Fig. 7(c). The
shi in the peak position in the reectance spectrum with the
incident angle conrmed the formation of the PBG and the
ordered opal template. The reectance peak was broader and
lower in intensity compared to that of CCO opal on glass. This
may be due to the non-uniform surface of the nickel foil, which
causes cracks and smaller domains of periodicity over a large
area. Fig. 7(d) shows the corresponding reectance spectra of
the CCO-IO. The peak corresponding to the PBG of CCO-IO is
seen at about 700 nm for an incident angle of 8°. The shi of
PBG of CCO-IO to a lower wavelength compared to that of the
CCO opal thin lm could be due to a change in neff. Since in the
IO structure, a larger volume fraction is occupied by air (ni = 1),
neff decreases as compared with the opal structure. Fig. 7(d)
shows the reectance spectrum of the dense CCO lm for
J. Mater. Chem. A, 2025, 13, 15016–15030 | 15023
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comparison, which does not show any peak in this region. This
further conrms that the peak in the visible range was solely
due to the periodic ordering in CCO-IO. Additionally, the peak
shied to a lower wavelength with an increase in the incident
angle, which is a characteristic property of PhCs, as mentioned
earlier. However, the intensity of the peak was very low, likely
due to the layer of CCO nanoakes formed on top of the IO and
the lack of long-range periodicity, limited by cracks. Since the
reectance of the dense lm is very low in the visible wavelength
region, the absorption of visible light would be substantial.57 As
a result, the intensity of light reecting from the CCO-IO lm
could be lower.

As with the CCO opal thin lm, the CCO-IO thin lm was also
exposed to various gases. The in situ reectance spectrum was
measured at an incident angle of 15° while passing hydrogen
gas, as explained in the Experimental section. The PBG of CCO-
IO was observed at 645 nm for an incident angle of 15°. When
1% hydrogen mixed with nitrogen was passed, the PBG position
shied to a lower wavelength of 633 nm, accompanied by
a decrease in intensity at that wavelength, as seen in Fig. 8(a).
The neff of CCO-IO, with and without hydrogen, was calculated
using eqn (2), and it decreased by an amount of 0.0159 as the
PBG shied from 645 nm to 633 nm in the presence of 1% H2–

N2. In the case of CCO opal, this shi was barely 5 nm, and the
intensity change was also minimal compared to this case. The
Fig. 8 (a) In situ reflectance spectra of the CCO-IO thin film when
exposed to hydrogen gas and (b) change in the intensity of reflected
light over time for the film exposed to different concentrations of
hydrogen.

15024 | J. Mater. Chem. A, 2025, 13, 15016–15030
inverse opal is a more porous structure compared to the opal.
This could, therefore, facilitate better diffusion of hydrogen gas
into the sample.36 For CCO opal, the shi in the PBG and the
change in intensity only occurred aer 20 minutes, whereas in
CCO-IO, it merely took 2 minutes response time when exposed
to a 1%H2–N2mixture under ambient conditions. To the best of
our knowledge, this is the fastest response achieved for
a photonic crystal optical hydrogen sensor without any catalyst
at room temperature in the literature. The porosity leading to
the increased surface area of CCO-IO could be a governing
factor in decreasing the response time compared to CCO opal.58

To determine if the carrier gas (N2) contributed to this response,
in situ reectance measurements were taken with and without
H2 in N2 conditions. First, the carrier gas (100% nitrogen) was
passed, and once it saturated, 1% H2 was introduced in N2, and
the response was measured during its passage, as shown in
Fig. S5(a).† Here, the reectance at PBG suddenly decreased in
the presence of 100% N2, and then it saturated aer some time.
Subsequently, the reectance decreased when 1% H2–N2 was
passed. The sudden change in reectance in the presence of
100% N2 could be due to the sudden change in the oxygen
partial pressure of the environment.

The sample was exposed to various concentrations of
hydrogenmixed with synthetic air. The response of 1%H2–air is
shown in Fig. S5(b–d).† The shi in wavelength, as well as the
fall in the intensity, are similar to the case of H2–N2. Also, as
may be seen from Fig. S5(d),† the recovery took a very long time
in air (almost 30 minutes). It may be noted here that the test was
not actively ushed during recovery; rather, it was allowed to
diffuse by stopping the incoming H2–air mixture. This could
contribute to the gas diffusion rate along with the sensors'
inbuilt ability to recover when gas is completely removed.
Subsequently, the response was measured for different
concentrations of hydrogen by mixing it with synthetic air and
directly exposing the sample to it under ambient conditions.
This response is given in Fig. 8(b). This establishes that there is
a monotonous change in the intensity with the concentration of
hydrogen gas. Even though the gas was passed under ambient
conditions, the change in the intensity follows the same trend.
This further conrms the effect of hydrogen gas on the optical
properties of the sample. The response curve was tted with the
power law, and the results are plotted in Fig. S5(e).† The sensor
response, S, can be expressed as the fractional change in
intensity, as given by eqn (3).

DI

I
¼ aCb (3)

This equation is derived from the Freundlich adsorption
isotherm, typically observed for oxide-based resistive gas
sensors.7 Here, a is a pre-factor governing the adsorption
kinetics and b is the exponent that depends on the surface
coverage.

The repeatability and selectivity studies for CCO-IO were
performed to verify the sensor's compatibility. Fig. S6(a)†
illustrates the repeatability of the sample's response to
hydrogen gas. A consistent PBG shi of 12± 2 nm was observed
over 200 days for CCO-IO in the presence of 1% H2 in Ar,
This journal is © The Royal Society of Chemistry 2025
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demonstrating the excellent reproducibility of the sensor's
response and the sample's repeatability.

Here, CCO-IO was exposed to another reducing gas, carbon
monoxide (CO). 0.95% CO was injected by maintaining the
partial pressure of O2 to the sample, and in situ reectance
spectra were measured, similar to the hydrogen exposure. The
comparison of the responses to hydrogen and CO is shown in
Fig. S6(b and c).† There was no signicant shi observed in the
PBG maxima of CCO-IO when exposed to CO, as seen in
Fig. S6(b).† However, a slight decrease in intensity at the PBG
was observed aer injecting CO gas. This could be due to the
changes in ow conditions, as no change in steady conditions
was observed. Nevertheless, this intensity change was recorded
over time, and as seen in Fig. S6(c),† the change in intensity was
much smaller than that observed for hydrogen. These ndings
conrm the sensor's selective response to hydrogen gas.

3.3 In situ Raman studies and mechanism of response on
the CCO-IO thin lm

Raman spectroscopy is one of the best tools for understanding
lattice vibrations and changes in local chemical bonding
occurring in the material. The crystalline structure of CCO is
either A[B]2O4 or B[AB]O4, representing normal or inverse
spinel, respectively. Here, A and B can be divalent or trivalent
metal ions, respectively. Also, the cations inside the bracket will
be octahedrally coordinated with the oxide ion, whereas the one
Fig. 9 (a) In situ Raman spectra during the exposure of 5% H2–Ar, (b) in s
(c) the response curve of the peak position while exposed to 5% H2–A
hydrogen mixed with argon.

This journal is © The Royal Society of Chemistry 2025
outside the bracket will be tetrahedrally coordinated in the
lattice.42 The incorporation of copper into the parent spinel
Co3O4 will result in altered lattice vibration modes and struc-
tural properties involving the mixed spinel structure or phase
segregation of CuO.

As mentioned before, the Raman spectrum of CCO consists
of four major vibrational modes, similar to the parent
compound Co3O4. In Co3O4, the Raman active modes corre-
spond to the vibration of the Co–O bond in tetrahedral (CoO4)
and octahedral (CoO6) coordination.59 The intense peak near
654 cm−1 is A1g due to the vibration of the Co–O bond in octa-
hedral coordination, whereas the vibration at 186 cm−1 is the
F2g mode arising due to the tetrahedrally coordinated CoO4

atoms. Additionally, two peaks at 463 and 503 cm−1 (Eg & F2g)
represent a combined vibration from tetrahedral and octahe-
dral architectures. Also, a shi to a lower frequency in the
Raman spectra of CCO has been observed when compared with
the parent structure, i.e., Co3O4. This is due to the incorporation
of Cu into the Co3O4 lattice. Apart from these vibrations, Cu–O
vibrations are also present, as mentioned earlier. This is also in
accordance with the XRD, wherein an extra CuO phase is seen in
the sample.

Fig. 9(a and b) show the in situ Raman spectra during
exposure and recovery for 5% H2–Ar. During exposure to
hydrogen, the spectra change drastically in terms of intensity of
the Raman shi, as well as the peak positions. In the presence
itu Raman spectra during the recovery from the exposure of 5% H2–Ar,
r and (d) the intensity ratio over time for different concentrations of

J. Mater. Chem. A, 2025, 13, 15016–15030 | 15025
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of hydrogen, the intensity of the F2g peak increases along with
a shi of 20 cm−1 towards a higher value. A sudden change in
the intensity was observed aer about 3 minutes of exposure to
hydrogen in the sample. The change in the A1g peak position to
time during the exposure and recovery of 5% H2–Ar is shown in
Fig. 9(c). The Raman spectra of CCO-IO aer 10 min of exposure
to hydrogen match exactly with those of the CoO phase, where
a weak shoulder at 489 cm−1 and two prominent peaks at 540
and 680 cm−1, are identied as Eg, T2g, and A1g modes,
respectively.60 Previously, laser-induced crystallization of CoO to
Co3O4 was observed by B. Rivas-Murias et al., where it was found
that the Raman peaks of CoO have evolved to Co3O4 with the
increase of the laser power.59 Also, Co3O4 can be reduced to CoO
in the presence of hydrogen at a temperature of 250 °C, as re-
ported by Wang et al., where the structural transformation from
the spinel lattice of Co3O4 to cubic CoO was conrmed by XRD,
XPS, and XANES.61 Complete recovery of the Raman spectra was
observed 70 minutes aer stopping the hydrogen exposure. It
may be noted that the response and the recovery time are
similar to the optical sensing measurements.
Fig. 10 Contour plot of in situ Raman spectra of CCO-IO in the prese
mentioned on each plot).

15026 | J. Mater. Chem. A, 2025, 13, 15016–15030
Upon stopping the H2 ow, a new peak appeared at
212 cm−1, which matches with Cu2O vibrational modes.54 The
formation of Cu2O as an intermediate compound can be due to
the laser-induced crystallization and reduction of CuO, which
was present along with the CCO-IO thin lm.54 Noncrystalline
CuO can crystallize to CuO with an intermediate Cu2O
compound. Even though the laser power (1 mW) was lower
compared to other studies, local heating may occur if the
sample was exposed to a laser for a long time. This can even-
tually lead to local changes in the crystallinity of the thin lm.
Therefore, the formation of CoO and Cu2O as the intermediate
compounds in the presence of hydrogen could be attributed to
the origin of the PBG shi and intensity change observed during
optical sensing. As described before, PBG shi in PhCs occurs
due to the change in the RI between the actual and intermediate
compounds. Here, it is clear that the formation of CoO can
immediately result in a change in the RI of CCO-IO in the
presence of hydrogen. Thus, there will be a shi in the PBG of
CCO-IO. The A1g to F2g peak intensity ratio is plotted against
time for different concentrations of H2–Ar in Fig. 9(d). As the
nce of different concentrations of hydrogen gas (concentrations are

This journal is © The Royal Society of Chemistry 2025
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concentration of hydrogen decreases from 5% to 0.5%, the
response also decreases monotonously, whereas a similar trend
was found in optical sensing. The recovery varied for different
concentrations. Since, in this experiment, there was no forced
100% carrier gas ow to ush the chamber, the recovery was not
controlled, and hence there is no denite trend for recovery
with concentrations.

Fig. 10 shows the contour plot of the in situ Raman spectra
with different hydrogen concentrations. Here, the intensity of
Raman peaks is indicated by the color bar shown. Also, the color
difference over time shows the change in the Raman peak
intensity at a given wavenumber when exposed to hydrogen gas.
As is seen from the intensity response curve, it is clear that the
response decreases with the decreasing concentration (Fig. 10).
For higher concentrations of hydrogen, aer 6 minutes of
exposure, the color of the F2g peak at 503 cm−1 becomes intense
with respect to the A1g peak at 654 cm−1. While decreasing the
concentrations, the intensity monotonously decreases. For
0.25% H2–Ar, there is no visible response to hydrogen.

The same experiment was repeated for an H2–N2 atmo-
sphere, 100% O2, as well as 100% N2. The contour plots are
shown in Fig. S7.† The H2–N2 mixture also shows a response
towards hydrogen, but 100% O2 and 100% N2 do not show any
response. This conrms that the response is solemnly due to
hydrogen gas. The in situ Raman spectra could not be obtained
for the CCO opal thin lm due to its poor crystallinity, low
thickness, and the presence of a PS template.

Comparing both optical sensing and in situ Raman spectra of
CCO-IO, the change in PBG can be easily connected to the
formation of intermediate reduced oxides. While optical
sensing showed a shi in PBG in the presence of hydrogen, in
situ Raman spectroscopic studies showed a shi in Raman
peaks in the presence of hydrogen. When hydrogen was exposed
to the porous CCO inverse opal, the vibrational modes of CCO
changed to that of CoO, which has a different RI than that of
CCO. This change in RI results in a change in the effective RI of
the structure, hence the change in the PBG position. This
caused the shi in the PBG in optical sensing. The same
response time observed for both cases again proves that these
changes can be inter-related.

4. Discussion

By exposing certain TMOs to hydrogen, the oxidation state of
the metal ions can be reduced by the electrons donated by the
intercalated hydrogenic species. CCO has a spinel crystal
structure where various oxidation states of Cu and Co atoms are
arranged in an octahedral and a tetrahedral geometry, as
mentioned before. Oen, anti-site defects exist wherein the
cations exchange their positions.57 Under normal conditions,
gases adsorbing on the surface lead to chemisorption or, at
best, only change the surface chemical stoichiometry. However,
the exposure of TMO can lead to a signicant reduction of the
oxide, leading to changes in optical properties such as dielectric
constant, RI, and absorption of light (via a change in the
bandgap).62,63 The in situ Raman spectroscopy performed in this
work demonstrates that exposure of hydrogen to CCO not only
This journal is © The Royal Society of Chemistry 2025
results in the change of chemical (oxidation) states of the metal
ions involved but also results in the change in the local crystal
eld of these cations with the ligand (oxide). This change in
crystal symmetry leads to a change in the dielectric properties of
the oxide.64 Similarly, the oxygen stoichiometry changes to
compensate for the charge imbalance by creating or annihi-
lating oxygen vacancies, leading to trapped charges, and thus
a change in the oxygen vacancies contributes in a similar
manner.65

The change in the PBG position arises due to the difference
in the RI of the reduced phase from that of the parent
compound. The neff of a nanostructure can be calculated using
eqn (4):

neff
2 ¼

X
i

ni
2fi (4)

where ni and fi are the RI and volume fraction occupied by various
components, respectively. In the CCO thin lm, some of the
volume fractions will be occupied by CCO, depending on the
structure geometry. So, if the RI of oxide changes with hydrogen
incorporation, the whole neff will also change. The change in neff
will result in shiing of the PBG, which can be deducted from the
modied Bragg–Snell law given in eqn (2). For the CCO opal thin
lm, it decreased from 1110 nm to 1105 nm, whereas for CCO-IO,
it shied from 645 nm to 633 nm. The two different PhC archi-
tectures of CCO mentioned above act as potential hydrogen
sensors, as per our observations. While CCO opal can be used for
a wide range of concentrations of hydrogen (1% to 25%), CCO-IO
can be used as a fast-responding sensor for lower concentrations.
Even though the recovery time of both CCO PhCs is high
compared to other available sensors, the fast response and the
detection capability for different concentrations can benet this
novel PhC as a hydrogen sensor. Moreover, exploring CCO for an
optical hydrogen sensor for the rst time revealed that it is
a better candidate for optical sensing, considering its chemical
stability and repeatability even aer a long time.57 In situ Raman
spectroscopy also proved to be a versatile platform to explore
material properties in the presence of explosive gases like
hydrogen, which also marks the novelty aspects of the work.
5. Conclusion

Novel CCO PhCs with two different architectures, CCO opal and
CCO inverse opal, were successfully fabricated and demon-
strated for optical hydrogen sensing at room temperature
without any noble element catalyst. CCO opal was fabricated by
sputtering a CCO thin lm on a self-assembled PS template on
a glass substrate, whereas CCO-IO was fabricated by pulsed
electrodeposition, leading to inltration of CCO into a self-
assembled PS template on nickel foil, followed by controlled
annealing. Both CCO opal and CCO-IO resulted in periodic PhC
structures with PBGs of 1144 nm and 700 nm, respectively, at an
incident angle of 8°. The structure and morphology were
conrmed by SEM images as well as their reectance spectra for
PBG estimation. The composition of both samples was
conrmed to be CCO along with a secondary phase of CuO by
XRD, Raman, and SEM-EDAX measurements.
J. Mater. Chem. A, 2025, 13, 15016–15030 | 15027
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Optical sensing measurements were done mainly with
dynamic reectance measurements in the presence of different
concentrations of hydrogen, which revealed a change in PBG
and a decrease in the intensity at PBG for both samples. Even
though CCO opal showed a response for a wide range of
concentrations of hydrogen, the response time was found to be
fairly large compared to other sensors. However, CCO-IO
showed a response for various concentrations of hydrogen,
with a response time as low as 120 seconds. Dynamic reec-
tance measurements were done for different combinations of
hydrogen, like H2–N2 and H2–air. The change in intensity
showed a decreasing behavior with a decrease in the concen-
tration of hydrogen. Furthermore, to investigate the material
interactions with gaseousmolecules, in situ Raman spectra were
obtained for CCO-IO with exposure to different gases, i.e., H2–

Ar, H2–N2, O2, and N2. In situ Raman spectra showed a prom-
inent change in the intensity as well as the peak position of the
A1g and F2g peaks of CCO with a response time of 2–3minutes in
hydrogen environments. Also, just like the optical sensing
measurements, a decrease in the intensity change was observed
when the concentration of hydrogen was decreased. In the
presence of hydrogen, the Raman spectra of CCO matched
those of CoO, identied as the primary factor for the change in
the PBG observed during the optical sensing. Also, no response
was observed for gases like 100% N2 and 100% O2, which were
present as diluting gases during sensing. Thus, in situ Raman
spectra revealed the effect of hydrogen in CCO-IO, hence the
origin of the sensing response in hydrogen. Moreover, our
studies on two different PhCs of CCO have shown the possibility
of using different architectures for optical hydrogen sensing at
room temperature without the presence of any catalyst elements
and also exploring the gaseous molecules' interactions with the
material by in situ Raman spectroscopic studies.
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