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SCI]

Plasmonic se sors based on noble metals generally suffer from low sensitivities if the
perturbatlon of ractive-index in the ambient is not significant. In contrast, the features of
degenerat semiconductors offer new dimensions for plasmonic biosensing, by allowing

charge base etection. Here we demonstrate this concept in plasmonic hydrogen doped

molybden s (H,Mo0;), with the morphology of two-dimensional nanodisks, using a
repres ymatic glucose sensing model. Based on the ultra-high capacity of the
molybde ide nanodisks for accommodating H*, the plasmon resonance wavelengths of

H,MoO; are shifted into visible-near infrared wavelengths. These plasmonic features alter

significanthction of the intercalated H" concentration. The facile H" de-intercalation out of

an exceptional sensitivity and fast kinetics to charge perturbations during
. The optimum sensing response is found at H;55Mo00O;3, achieving a detection
0 nm, even when the biosensing platform is adapted into an LED-photodetector
setup. Mance is superior in comparison to all previously reported plasmonic enzymatic

glucose sensors, pividing a great opportunity in developing high performance biosensors.
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1. Introduction

Jt

P

Degenerate ed semiconductors are an emerging class of plasmonic materials for which

plasmonic be controlled by the concentration of dopants in the crystal structure.™ In

|
contrast, owing to the relatively small free charge carrier concentrations compared to traditional

[

plasmonic lemnetals, perturbations of charge carrier density in doped semiconductors affects the

C

plasmonic position.”! This unique characteristic is particularly useful for applying this

category ofipl@mahic crystals in probing charge transfer during biochemical processes, allowing for

S

the devel f charge-sensitive biosensors.”) The corresponding biosensing mechanism is

U

hence diff om that of conventional noble metal based plasmonic biosensors which are mostly

refractive-fidex mediated.

q

The main date f plasmonic degenerately doped semiconductors is comprised of doped oxides

d

with e n-migrating dopants."® = ¥ % Dye to the intrinsic crystal structure of these

materials, ility to accommodate dopants is rather limited resulting in free charge carrier

\1

concentrations of less than 10°* cm™. This causes the plasmonic absorption band being located

within thesl'ﬁ-infrared (MIR) and short-wavelength infrared (SWIR) regions,™ *>*®* which are not
easily acce@andard optical systems.
Sub-stoichi metallic compounds, such as copper chalcogenides, and tungsten and

molybdenu Xides, are a sub-class of degenerately doped semiconductors that have plasmonic

features t he more commercially viable near infrared (NIR) or near-red end of the visible

5

U

spectrum. er, the relatively high stability of these vacancies may not facilitate the charge

A
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exchange during biochemical events, rendering these plasmonic systems less sensitive and slow

kinetics for biosensing.[3b' 5d,6]

The key tofa

ing the concept of degenerately doped materials for plasmonic biosensing is to

find suitable crystals which can operate in the visible light to NIR region, while maintaining ultra-high
H I

sensitivity fast kinetics. This implies two prerequisites: (1) the dopant concentration should be

E

_3.

large eno to Benerate free charge carrier concentrations >10% ¢cm™; and (2) dopants and

G

concurrentlyinjeeted free electrons are easily exchanged from the host structure during biochemical

events. To

S

se criteria, we examine hydrogen infused structures that can be reversibly doped

with small ions, cdihcurrently carrying the free charge carriers with themselves into and out of the

U

plasmonic ilhis alteration in charge rapidly changes the plasmon resonance features, hence

1

creating a platform. H*, as the smallest ion in nature, is a suitable dopant due to its strong

ability to f@st te and enter/exist within interstitial sites of inorganic compounds, especially

d

those aals gaps, while avoiding large structural expansion and significant alteration of

the host crys cture.”!

J1

Orthorhombic molybdenum trioxide (MoQ3) has a unique layered structure that is a suitable host for

accommo

I

rge number of H', and the theoretical H'/MoO; ratio can be as high as 2:1.% The

intercalate normally reside either in the van der Waals gaps between double layers of MoOg
octahedra j 005 crystal structure or on the intralayer sites on the zigzaging chains along the
channelS, n intercalated compound called “hydrogen molybdenum bronze (H,Mo00,)”."

{

3

Simultane intercalated H* ions within the van der Waals gaps contribute to the exfoliation

of the lay 3, resulting in two-dimensional (2D) morphologies of the intercalated crystals

which al itate biosensing application due to the large surface area.*® ®! Depending on the

A
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intercalated H" concentration, there are three thermodynamically stable phases which can be
identified for H,Mo00;, including type 1 (0.23 < x < 0.40) (Figure 1a), 2 (0.85 < x < 1.04) (Figure 1b)
and 3 (1.5<H72) (Figure 1c).®! In type 1 H,Mo00,, the H* intercalation is topotactic and the
orthorhom hase is maintained. However, as the amount of intercalated H" increases, type
2 and ! \M00; show a phase transformation from orthorhombic into monoclinic crystal
structures.” "> 2. A stoichiometric phase 4 (x = 2) with the maximum intercalated H" content also
exists but LUMStable.[“] Doping also affects the electronic structure with the intercalation of

H* in MoO4) le@ifling to the reduction of the Mo oxidation states and eventually the formation of low-

S

dimension etals due to the partially filled Mo 4d orbitals.”¥ The concurrently injected

u

electrons e synthesis of H,MoO; are mostly delocalised, which is different from other

layered oxi@es such as V205.[7'°] Therefore, the resulting free electron concentration in H,MoO; can

A

be as high cm”, which is sufficient to generate a plasmon resonance in the visible light

[7b]

range. e ortantly, the surface of H,Mo0; is highly reducible,™

d

which implies a strong

reactivity o tercalated H' towards surrounding chemicals with an appropriate redox potential.

\

Such a ad to the assumption that the plasmonics of degenerately doped H,Mo00;,

particularly at large x values, should offer extraordinary sensitivities. However, this concept is yet to

[

be proven.

O

In this work; explore the application of 2D H,Mo00; atomically thin disks, which have wide

h

plasmonic Qnability across the visible and NIR region, to the ultra-sensitive and rapid detection of

bioche

1

ical biological redox event based on an enzymatic glucose sensing model is used.

Here the biologicaliredox event occurs locally in the 2D H,MoO; plasmonic structure, causing a rapid

ul

+

change in the pant levels and hence modulates free electron concentrations, resulting in large

A
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perturbations of the plasmonic properties. We show that the unique, widely-tunable window of the

H*-driven plasmonic spectrum offers the possibility of optimising the doping levels for ultra-sensitive

biosensing.I: is plasmonic sensing platform is then integrated into a hand-held light-emitting diode
(LED)-phot etup that proves a practical implementation of the concept at such
extraoranimwities.

2. Results a ussion

SC

The facile cOrtrolled synthesis of plasmonic H/MoO; is one of the most important criteria to

realising the bioseRising platform. The conventional synthesis of H,MoOj; is mainly via the reduction

U

intercalati 3 using a Zn/HCl aqueous solution, or the spill-over approach using noble-metal

I

coated Mo©G5 e presence of H, gas.m" 8 %1 However, these methods are not suitable for

biosensinglap( ons as: (1) the nano-sized metal residing on the surface of H,MoO; will have an

d

unkno the surrounding biomolecules; and (2) the H* doping is not homogenous across

the nanost and hence the H,Mo00; phase cannot be finely controlled.” ** Here, a large

\

scalable hydrothermal synthesis method is demonstrated.

I

Ammoniu ate tetrahydrate ((NH,;)sMo0;0,,-4H,0) is a well-known precursor for forming

MoOj; usin gthermal synthetic methods."™™ In our case, tartaric acid (C4H6Og) is added to the

precursor as a H' source for intercalation, similar to other reducing agents.™ Hydrogen

n

L

doping sed as a common connotation when H is inserted into a-MoOs, producing

absorbed nd lending the injected electrons to the layers.®® ”? The H atom can be located at

U

the termi r asymmetric oxygen. When H is absorbed and concurrently electrons are

A
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injected, the free electron concentration increases by many orders of magnitude, depending on the
number of H intercalated per unit cell. The location of the H within the unit cell depends on the x
value inwhe level of H* dopants is proposed to be readily controlled by altering the pH
value of t r solution, as the pH value has been recognized to greatly influence the
speciatign H)gmoydate ions in the aqueous solution. When the pH value is between 2 and 3, the

molybdate i j in aqueous solutions are dominated by H,Mo00, and Mo(OH)c.™® When the pH

value falls the [HsMo00,] " and [Mo(OH)s(H,0)] " ions start to appear in the solution,™*® which

is hypothewrohibit the H" intercalation into MoOs.

To verify this hypsthesis, solid state 'H magic-angle spinning (MAS) nuclear magnetic resonance

(NMR) sp : is used to confirm the H" intercalation into the host MoOj; structure during the

hydrother ss. Four samples, synthesized at different pH values of 1, 1.5, 2 and 2.5, are

investigathe hydrothermal reaction, the pH values of the pH 1.5, 2 and 2.5 samples are
increas and ~5, respectively, while the pH 1 sample remains constant. Such increases of
pH values co hat tartaric acid is decomposed during the hydrothermal reaction and acts as the

H* source for intercalating in MoO;. From Figure 1d, there is no distinguishable peak found in the pH

1 sample, sicating that no H" intercalation has occurred even in the presence of the tartaric acid,

confirmingQﬂ and [Mo(OH)s(H,0)]" ions are not favorable to the accommodation of the

intercalate s at this pH. When the pH is increased to 1.5 during the synthesis, peaks appear at

2.6, 3.2 ans 4.2 ppm, which can all be ascribed to the presence of Mo-OH groups bonded mainly
with asMxygen (corner-sharing oxygen) and terminal oxygen atoms (unshared oxygen

atom).®* 17: For thSpH 2 sample, the intensity of the 3.2 ppm peak decreases and becomes a broad

shoulde&scribed that part of the intercalated H ions shifts the bonding locations between

This article is protected by copyright. All rights reserved.
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asymmetric oxygen and terminal oxygen atoms (Figure 1a and b).® In the case of the pH 2.5
sample, the 2.6 ppm peak is broadened and the 4.2 ppm peak becomes dominant. It is suggested
that the faVorable location for large amount of intercalated H* into MoO; is predominantly at the

terminal o

pt

ites (Figure 1c).!” ™ Therefore, we can associate the emergence of peaks at
2.6and3. pm to H' bonded to the asymmetric coordinated oxygen atoms, while the 4.2 ppm peak

is attributedto H_ bonded with the terminal oxygen atoms. For the samples obtained at pH 1.5, 2

Cr

and 2.5, a p can be observed in the region between 0.5 and 1 ppm, which can be ascribed

to surface @ds@rbed water molecules that possibly originate from the ambient environment.™”

S
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a Type 1 HMoO, (0.23<x<0.4) b Type 2 HMoO, (0.85<x<1.04) ¢ Type 3 HMoO, (1.55<x<1.72)
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Figure 1. Ohof the crystal structures of (a) type 1 H,MoO; showing OH groups located at both

asymmetriinal oxygen atoms,® *? (b) type 2 H,M00; showing OH and OH, groups mainly

Iocatejﬂl oxygen atoms,” °! and (c) type 3 H,Mo00; showing OH and OH, groups
predom ted at terminal oxygen atoms.” ° (d) 'H MAS NMR spectra of samples
hydrother!a”y synthesized at pH 1, 1.5, 2 and 2.5. (e) The corresponding TGA patterns of samples

hydrothermally syAthesized at pH 1, 1.5, 2 and 2.5 at temperatures between 30 and 270°C in an N,

gas environ ‘

This article is protected by copyright. All rights reserved.
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T

In order to@erify the hypothesis and determine the amount of intercalated H* presented in

the Mo®., TREFSEravimetric analysis (TGA) is performed on the afore-mentioned samples in an N,

gas enviro%rom Figure 1le, there is almost no observable change of weight for the pH 1
sample up@. This is expected as the NMR result confirms no H* intercalation occurred at this
pH level. Fw{ 1.5 sample, an initial weight loss of ~0.27% is seen at temperatures between
~40 and 60z qguently, there is a further weight loss of ~0.25% in the region from ~60 to 160°C,
which corr well to the decomposition pattern of type 1 H,MoQ; reported in the literature.®

It is also b!eved that the initial drop is due to the evaporation of surface adsorbed water molecules
on the sam e corresponding temperature range is too low for the decomposition of H,MoO;

when the J#o f intercalated H* is small.*! In comparison, such initial weight losses are not

obvious h pH 2 and 2.5 samples, possibly being convoluted with the weight loss steps
corresp e decomposition of H,MoO;. By comparing the weight differences at 60 and

160°C, the losses related to the release of H* are 0.79% and 1.01% for pH 2 and 2.5 samples,

respectivelh the fact that the release of intercalated H' from MoO; at elevated temperatures

is mainly i of H,,® by comparing with the theoretical calculation shown in the Table S1,

the pH xan be identified as Hy3sMo00;, which belongs to type 1 H,MoO; (Figure 1a), while
the pH .5 samples are characterised as Hy9:M00O; (type 2 H,MoO; — Figure 1b) and
H; ssMoOs MoO; — Figure 1c), respectively.’

<C
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The TGA graph along with higher temperature is shown in Figure S1. When the temperature is above
160°C, the TGA curves of all samples have two obvious drops starting at ~280-320°C and ~430-460°C.

The first dt n be ascribed to the loss of water in the crystal structure,””® while the second one

indicates t ion of oxygen vacancy.?™ The morphological characterization of the samples is
H I

carried out@using atomic force microscopy (AFM). The MoO; sample, which was obtained at a pH of

E

1, is compg@sed ofBelt shape structures with sharp tips (Figure 2a) with an average thickness mainly

G

in the range betmeen 30 to 50 nm (Figure S2). Interestingly, the morphologies of all H,MoO; samples

5

are starkly ‘@i t from that of MoOj; nanobelts synthesized at lower pH values. It seems that at

the higher pH vallles the belts are broken into individual small disks, possibly due to the rapid H*

G

intercalatio, the hydrothermal synthesis.[s‘” Figure 2b-d show representative AFM images for

Il

Ho.sMo0Os3, 3 and Hys5sMoQOg3, respectively. They are all confirmed to adopt planar 2D disk-like

morphologies. estingly, the thickness is decreased from ~6.6 (equivalent to 5 unit cell thickness

d

22

for a- .5 nm (equivalent to 1 unit cell thickness for a-Mo005%?) as the intercalated H*

amount is in , while their lateral dimensions are not changed significantly. This trend is also

M

confirmed by the peak locations of both thickness and lateral dimension distribution frequencies for

each type @f H,Mo0O; based on the assessment of AFM images from a large number of samples

;

(Figure S3) ing the contribution of H' intercalation to the exfoliation of layered Mo03.5" The

O

scanning ele microscope (SEM) image of H,MoO; is shown in Figure S4, and Figure S5 shows

more colle@tive AFM images of a-Mo0Q; and each type of H,MoOs..

3

{

Low and high resolution transmission electron miscopy (TEM) are used to confirm the dimensions

and reveal

LE

al structures of both stoichiometric and H,MoO; samples. The inset TEM image

in Figure irms the belt shape nature of MoQO; with sharp ends. The high resolution TEM

A
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(HRTEM) image in Figure 2e demonstrates a crystalline structure with a lattice spacing of 0.39 nm,
which is ascribed to the (100) plane of a-Mo0;*¥ The corresponding selective area electron
diffracti#pattern is presented in the Figure S6a. with clearly distinguishable diffraction
spots repr (101) and (110) planes of orthorhombic a-Mo03.”*! The morphologies of all
three tﬁemoog, are confirmed to be 2D nanodisks with average dimensions of less than 50
nm (insets of, Figure 2f-h). For Ho3sMoO; (Figure 2f), the crystal lattice is polycrystalline with smaller
crystalline ifs (white dotted area), which is also confirmed by the corresponding SEAD pattern

showing a fingStru@ture in addition to the presence of the (101) plane of a-MoO; (Figure S6b). In the

S

cases of H nd H;55M00;, the crystal structures are completely disordered (Figure 2g and h

[5d, 24]

U

and Figure d), which is a typical observation for a high degree of ion intercalation.

Author Man
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Figure 2. AFM images of (a) MoO; obtained at pH 1, (b) Hy3Mo0O; obtained at pH 1.5, (c) Hg.9:M00O;

obtained at pH 2 and (d) H;55Mo00; obtained at pH 2.5. HRTEM images of (e) MoOs;, (f) Hy3sMoO;, (g)

t

Ho.9:M00; dn H155Mo00s. Insets are the corresponding low resolution TEM images.

H I
X-ray diffracti D) measurements are also utilised to assess the crystal structure (Figure 3a). For
the MoO; he dominant peaks at 12.7, 25.7 and 38.92° correspond to the (020), (040) and

(060) crys ne§ of a-MoO; (JCPDS card no: 05-0508)."* %! As suggested in the literature, MoOs

S

with a 2D tion has a strong planar nature which results in the domination of (0k0O) (k =2, 4

U

and 6 etc. nally, after the drop casting, which is used for preparation of samples for XRD,

these planar sheets mostly stack up in parallel to the substrate.” In such cases, other peaks such as

A

(110) and of very low intensity or even do not emerge in XRD profiles.'*>?”! For Hg3Mo0s,

d

portions of the e-mentioned peaks are slightly shifted toward smaller values and their intensities

are grea ced, which is caused by the emergence of polycrystallinity. According to the Bragg

Formul

M

© value means a larger interplane distance. Therefore, such peak shifts indicate

that the intercalated H' ions, bonded with the terminal oxygen atoms, enlarge the interlayer

I

spacings.[7 cted, no XRD peaks can be measured for the Hy9:M00; and H; 55sMo0; samples,

confirmin omplete transformation to disordered structures upon high levels of H*

intercalati

N

The Ra of MoOj; and the three types of H,MoO; samples are also obtained to investigate

{

the influence o intercalation on the crystal structure and chemical bonding. For the MoO;

U

sample, strong s appear at 246, 284, 292, 338, 379, 667, 818 and 995 cm™, all ascribed to the

A
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orthorhombic a-MoOj;structure (peak assignment in Supporting Information Note S1). From Figure
3b, the structural distortion of Ho3sMo0O; upon H' intercalation results in a decrease of intensity and a

significant Broadening of MoO; Raman peak signatures.”®?®! New peaks appear at 458, 489 and 740

Dit

cm™, whic igned to the symmetric coordinated oxygen (Mo-0) stretching vibration, the
Mo=0 <fre ing mode, and the asymmetric coordinated oxygen atom (Mo-0) stretching vibration

of H,MoOs, Les ctively.[Sd’ 13,28 o Hy9:M0O3, the peaks at 818 and 995 cm™ are not present.

Gl

Instead, b aks appear at 860 and 950 cm™ which are both characteristic of Mo-OH,

suggesting ignificant formation of hydroxyl groups in Ho,glMoog.[zg] In the case of Hy55sMoO;, the

S

Raman sp similar to Hg9:M0O3 with further enhancement of the peak intensity at 740 cm™,

U

suggesting ase in the amount of intercalated H" ions in the host structure.

1

X-ray pho spectroscopy (XPS) is used to confirm the stoichiometry of the samples as

shown in Figu . The doublet at 236.0 and 232.9 eV are attributed to 3d 3/2 and the 3d 5/2

d

orbital Mo®, respectively. The energy gap between them is 3.1 eV and the integral areas

between th doublets have a 2:3 ratio, both of which are in agreement with previous

W

characterization of a-M003."*3% |n all three types of H,M00; samples, the intercalated H" and the

concurrentlll injected electron result in the appearance of Mo and Mo oxidation states.”® " The

i

peaks app 231.5 and 234.8 eV can be assigned to the Mo>" oxidation peak, while the Mo**

e,

oxidation p re observed at 229.9 and 232.9 eV. For the slightly intercalated Hy3Mo0Os, the

signature o Mo®" is dominated by a small amount of Mo>* and Mo*. The Mo®: Mo”*: Mo™ ratio is

h

calculat 8:21:11. The amounts of Mo®> and Mo* are significantly increased in the

|

moderately intercalated Ho.s:M0O; with a smaller Mo®": Mo>*: Mo™ ratio of 29:39:32. For the highly

Ul

intercalated H 0,, the signature of Mo®" almost disappears, and instead, Mo predominately

A
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adopts a 5+ and 4+ oxidation states in the sample with the ratio between Mo®, Mo’* and Mo*" being

6:53:41.

{

Figure 3d e O1s XPS spectra of the samples, which allows for the investigation of the

interaction between the intercalated H" and the structural oxygen atoms. For MoOs,, the peak at
|

530.48 eV be attributed to an Mo-0 group.*? A tiny peak appearing at 531.6 eV indicates the

formation Mo¥H bonding.®? As the NMR results indicate that no H* intercalation occurred

G

within this gry structure, this OH group can be ascribed to surface adsorbed water from the

S

ambient e n@¥ent. For all types of H,MoO; samples, it is found that the peak for the OH group

increases in intensity with higher amount of intercalated H". In addition, a small peak appeared at

U

532.98 eV gimdigating the formation of OH, groups for both Hys;MoO; and H;ssMoOs. The

1

phenomen sistent with the literature, in which large amount of H intercalation leads to the

[9a, 9b]

formation oups in the terminal oxygen atoms.

S

Author M
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Figure 3. (a) XRD patterns, (b) Raman spectra (peak at 520 cm™ due to the silicon substrate), (c) XPS

Mo 3d spectra and (d) XPS O 1s spectra of MoOj; and the three types of H,MoO; samples.

pt

In ordeMo™AU¥ESEBate the electron band structures of the three H,MoO; samples and to compare
them with PS valence spectrum analysis is carried out for determining the valence band
position, Wi oelectron spectroscopy in air (PESA) is applied for revealing the Fermi level. In

Figure 4a, for Mo®., the valence band edge is found to be ~3 eV away from the Fermi level.?¥ In

.

compariso k hump is observed between the valence band edge and the Fermi level for

U

slightly int Ho3MoO;. This weak peak corresponds to the overlap of the electron wave

functions d8sociated with the occupation of the Mo 4d states by the free electron introduced from

fl

(5d]

the interca %534 1t also indicates that there is a slight semiconductor-to-metal transition.

c

A closer inspec of the spectra reveals the hump is composed of two small peaks, located at ~0.9

and ~1. ing energies, in which the 0.9 eV peak (d;) represent the Mo 4d band singly filling

[34-35]

M

>* and the ~1.9 eV peak (d,) results from the doubly occupied Mo*" cations.

origina

By increasing the amount of intercalated H*, both the intensities of d, and d, peaks enhance,

I

[5d]

suggesting samples lose their semiconducting properties and become more metallic.

Interestin 5sMo0O;, the d, peak becomes much larger than d,, suggesting the contribution of

Mo*" catio ates the electronic band structure of highly intercalated H,Mo0Qs.

N

Analysi i level values determined by the PESA spectra reveals that there is also a trend

{

of the Fermi levelShifting higher with an increasing amount of x (Figure 4b and Figure S7). Assuming

U

x intercalated H™ jptroduce x free electron into MoO;, the free electron concentration, based on the

A
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free gas model, is increased from 5.82 x 10** cm™ for slightly intercalated Ho3Mo0s to 3.01 x 102 cm’

® for heavily intercalated H;ssMoO; (Table S2), which is believed to be the main cause for the

alteration *
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Figure 4. (a) XPS valence spectra and (b) Fermi level positions of MoO; in comparison to the three
types of H,Mo0Os. (c) UV-Vis-NIR absorption spectra of all three types of H,Mo0Qs. The inset shows the

original color Ho3Mo003, Hpe:M0O; and HissMoO; samples as labelled, respectively. (d) EELS

pi

spectra of es of HyMoO;. The peaks marked with “*” are ascribed to the carbon grid

backgroﬂn In‘accordance with EELS spectrum of MoQO; (Figure S9).

1

The concuffe jected electrons introduced during the formation of HMoO; are confirmed to

SC

have Drudesli havior.!””! Therefore, the significant free electron concentrations in 2D H,Mo0;

U

are believ ce a plasmon resonance in the visible light region. The optical images in the inset

of Figure @c show that Hy3Mo0Os;, Hpg:MoO; and HissMoO; have blue, green and red colors,

[i)

respectivel rresponding UV-Vis-NIR absorption spectra of the three HiMoO; samples are

d

shown in u . For Hg3MoO;, an obvious absorption peak appears at around 950 nm. By

comparin theoretical calculations using the Mie-Gans theory, this peak can be ascribed to the

surface

M

eak for the thickness axis (Supporting Information Note S2 and Table S3). For

HosMo0O;, there is an obvious peak at 840 nm and a broad absorption peak hidden on the shoulder

[

between ~ ~600 nm. By de-convoluting the absorption spectrum, this peak is identified at

510 nm fr¢ p S8. The position of these two peaks are close to the calculated values of 518

9

(thickness 824 nm (lateral dimension axis) according to Table S3. When the sample is

transfo

N

15sMo0s, both surface plasmon resonance peaks are further blue-shifted and

{

U

merged in d shoulder. The de-convoluted peak positions are at 425 and 650 nm (Figure S8),

which are those of calculated results (435 nm for thickness axis and 660 nm for lateral

dimensi ased on Table S3.

A
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The existence of plasmon resonances in H,Mo0QO; are also confirmed by electron energy loss
spectroscopy (EELS), with the EELS spectrum of MoO; used as a reference for comparison. In Figure
S9, the m and 9.2 eV can be attributed to the carbon grid background. No obvious energy
loss peak e free electron induced plasmon is observed, which is consistent with those
reporteEir!Mrature.m’ 31 For all types of H,MoO; samples (Figure 4d), additional broad peaks
can be identifieghat ~6 (E,;), ~11.3 (E,;) and 13.6 eV (Ep3) for Hp33M00;, Hpe:M00O3 and H; s5sMo0s,
respectivel values match well with the calculated bulk plasmon energies, which can be

assigned thmon mode originated by the free electrons introduced by H" intercalation.

Detailed c: and comparison are shown in Table S4.

Plasmon re: in H,MoO; are successfully demonstrated over a wide spectral range, from ~400

nm in the ht to the near-red end of NIR region as a function of intercalated H*, which is

particularlm probing biochemical reactions. This wide optical range allows for the possibility

of cho timal operating wavelength to achieve the best performance for plasmonic
sensors, speE" in revealing biological redox events. Here, we explore such a capability by
developing plasmonic enzymatic glucose sensors based on three types of 2D H,Mo0O; nanodisks (x =
0.3,0.91 ag 1.55) together with glucose oxidase (GOx). H,MoO; are known to be a class of strongly

reducing c@s 2 \which can be highly sensitive to H,0, generated by the oxidation of glucose
e

in the pres GOx.B” Here the amount and location of intercalated H* ions in various types of

H,MoO; a!hypothesized to have a great influence on the plasmonic response to H,0, due to the

strong HHce of the system.

To test thJesis, glucose in a concentration range of 0.5 uM to 50 mM is added to GOx-

HXMOO@( =0.3,0.91 and 1.55). As can be seen by the naked eye (inset in Figure 5a, c and
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e), it is found that the solution colors of all types of H,MoQO; gradually fade with an increase in the
exposed glucose concentration, which is associated with the modulation of the corresponding UV-

Vis-NIR spettra (Figure 5a, c and e), confirming the interaction between H,Mo0O; and H,0..

ot

By closely investigating the plasmonic peak of Hy3:Mo00Os3, it can be seen that the initial response ratio
|

of the 95 absorbance is ~0.1 at 0.5 uM glucose (Figure 5b) with reference to no glucose

exposure. [ihis response ratio does not change until the exposed glucose concentration reaches 5

G

UM. In the ta between 5 uM and 0.5 mM, the response ratio increases from ~0.1 to ~0.6.

S

However, e @5 mM, the response ratio seems to saturate. For Hy9:M0O; (Figure 5d), the linear

response window Jis greatly improved for both fitted plasmonic peaks of 510 and 840 nm in the

U

region bet M and 50 mM, although the response ratios do not alter when the glucose

I

concentrat uced to under 5 uM. In the case of H,55M00;, the linear response range of both

fitted plasfno aks at 425 and 650 nm is further extended to the whole range of glucose

dl

concen a better response resolution (Figure 5f). The corresponding linear response

slopes of H 3 for 425 and 650 nm are ~0.3 and ~0.27, respectively, which are significantly

M

larger than those of 510 (~0.22) and 840 nm (~0.15) in Hy 9:Mo00Os.

Author
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Figure 5. UV-Vis-NIR absorption spectra of (a) Hy3Mo0O; (c) Hp9:M00; and (e) Hy55M00; mixed with
GOx after the addition of different concentrations of glucose. The insets show the corresponding

optical imge f H,Mo00;-GOx suspensions. The response ratio of (b) Hy3MoO; at 950 nm, (d)

Ho.91M00; nd 840 nm, and (f) H;55sMo00;5at 425 nm and 650 nm as a function of the
 E— *rufrer_*r[n[r[ni

Tinitiai

[

glucose co on. The response ratio is calculated using , in which lpiia and loger

are the abgorbancg before and after the addition of glucose, respectively. The linear region of the

C

response ratio glucose concentration is fitted using a solid line, while the saturate region is

S

connected g @dashed line.

nu

To investi operating mechanism of the developed plasmonic glucose sensors, Raman

spectrosco PS measurements are performed on the 2D H,Mo003-GOx samples after exposure

¢

to 50 (Figure S10 and S11). From Figure S10, for Hy3Mo0Q;, Raman peaks located at

~880, ~940 50 cm™ are attributable to amorphous hydrated molybdenum oxide.®® For

Ho.9:M00; and H; ssMoOs, the Raman peak at 950 cm™ almost vanishes and the intensity of the peak
at ~880 cns is enhanced, both indicating that the water content in the hydrated compound is
significantl sed.®® In addition, the formation of hydrated molybdenum oxide after the
interaction 00;-GOx and glucose can be further verified by the XPS spectra shown in Figure

S11, in wh!E the Mo®" oxidation states dominate all three sample spectra. Therefore, based on the

evidenchy the UV-Vis-NIR, Raman and XPS spectra, the glucose sensing mechanism of

H,Mo0; can Ee pi)osed as follows:

<C
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H,0,, generated from glucose in the presence of GOx, is dissociated into hydroxyl radical (OH-) on

the surface of HXM003.[12] The highly reactive OH- radicals then cleave the OH or OH, bonds and

t

P

remove thé H atoms from the exposed terminal O atom site in H,MoO; (Figure 6a), forming water
molecules ly remain in the crystal structure. For Hy3MoOs;, a significant number of
intercalBte ions form OH groups with the asymmetric coordinated oxygen atoms in Mo0,.1** %
However, thg gegerated OH- radicals do not favorably react with the H atoms in the intralayer sites

due to the 5

Gl

ely higher bonding energies as compared to those in the van der Waals gap,

which thefef plains the early saturation of the absorbance response when the glucose

S

concentrat ds 0.5 mM (Figure 5b). For both Hys;M003;and H;55sMo0s, the concentration of

U

terminal H, groups are significantly increased, which allows the reaction with more

generated @H- radicals. This can be the main reason for the extension of the linear response range

)

beyond 0. cose. It is also noticed that the lower detection limits for both Hy3Mo00; and

d

Ho.01M0O3 a down to 5 uM, which is much higher than that of H, 55sMo0Os. This can be possibly

due to the diffusion of a small amount of generated OH- radicals into the van der Waals gap

A

of both d Ho5:Mo003, while this is not applicable to H,55M003; as it is mainly consisted of

monolayers

.

UV-Vis-NIR copy cannot be practically integrated into the 2D H,Mo0O;-GOx based plasmonic
glucose-sen stem due to its bulky size and relatively high cost. To show that the measurement

can be easily adopted into a hand-held electronic circuit configuration, we develop a simple and low-

q

cost LE ctor setup to measure the plasmonic glucose-sensing response of H,Mo00;-GOx

L

in real time (Figug 6b). As the glucose response behaviors differ greatly between H;ssMo0O; and

HosMoQ3;, base the UV-Vis-NIR absorption measurements (Figure 5), commercial LEDs with

A
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operating wavelengths of 410 and 940 nm are selected for H;5sMoQO; and Hy3MoOs;, respectively.
Our hand-held device consists of an array of LEDs, photodetectors that cover the operating

wavelengt#, and a microcontroller (see the section of “Experimental Details”).

As can be observe
H I

in Figure 6¢ and d, upon the addition of glucose both response trends for

HosMo00; H,::Mo0QO; are nearly consistent with those measured by UV-Vis-NIR spectroscopy, and

4

the resporiSe rati®) of H;s55MoO; is almost triple than that of Hy3MoO; for all concentrations of

G

glucose solutiopsa The detection limit of Hys5sMoO; at 410 nm is calculated to be as low as 2 nM

S

based on ¢ ni#Bnal 30 theory®’® 3739 while it is 5 uM for Ho3Mo0s at 940 nm (Figure 6e). Figure

6f shows the response time of both H;5;sM00; and Hg3sMoO; toward glucose. Both samples

H

demonstra se times longer with the higher concentrations of glucose solutions, which may

I

be possibl to the concentration dependency of glucose oxidation kinetics in the presence

of GOx. F 00; at 410 nm, the reaction is finished within 10 s for the highest glucose

d

concen M). In comparison, the response time for Hy3sMo00O; at 940 nm is reduced to 3 s,

which can b ed to its limited number of reaction sites with OH- radicals according to the

Vi

sensing mechanism described in the previous section. From Table S5, the detection limit of our

developed H155M003-GOx plasmonic sensor is superior to many glucose-sensing systems which

E

are based -metal plasmonics, fluorescence and electrochemistry. In addition, the response

O

time of this r is within 10 s, which exceeds the commercial standard™” and most of the optical

h

glucose seRisors (Table S5). It is also within the top range of those based on the electrochemical

sensing ble S5).

Aut
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Figure 6. (a) The illustration of the glucose sensing mechanism of H,MoO;-GOx. (b) The optical image

of the LED-photodetector setup. The real-time response of (c) H;5sMo0O; at 410 nm and (d)

Ho_33MoO3! nm after the addition of different concentrations of glucose. The corresponding
response r time (f) as a function of glucose concentrations of 5 different samples for
 E— Vufrer_':"r[n[r[ni

each type 3. The response ratio is calculated using Vinitial , in which Vipiigs and Ve,

3

are the oufput voliages from the photodetector in reference to the blank sodium acetate solution

G

before and aft e addition of glucose, respectively. The linear region of the response ratio vs.

S

glucose co ti#@ion is fitted using a solid line, while the saturate region is connected using a

dashed line. The s@nsor response time is defined as the time required for a 90% change in the full

Gl

magnitude f the response ratio.

dll

3. Conc

In summar monstrated the tunable plasmonics of 2D molybdenum oxides nanodisks driven

M

by H" dopants and for the first time explored their application to ultra-sensitive biosensing with fast

kinetics. By@developing a facile hydrothermal approach for inserting H* ions, the intercalation phase

3

and morp H,Mo0O; could be precisely controlled, which had considerable advantages over

@
@

the conventiO n/HCl chemical reduction and hydrogen spill-over approaches. An increase in the

+

h

intercalate content resulted in a higher degree of exfoliation for the MoO; host structure and

[

eventua d 2D planar nanodisk structures with monolayer thickness when x = 1.55, with a

corresponding gra@lual decrease in crystallinity. At the same time, the Mo oxidation state was

G

reduced from a mixture of 5+ and 4+, causing single and double filling of the Mo 4d state,

A
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respectively, and therefore leading to a semiconductor-to-metal transition. The concurrently
injected electrons in H,MoO; were mostly delocalised and led to an increase in the Fermi level. More
importaMDrude—model-like free electrons produced plasmon resonances in H,MoOj; across
the whole i range and part of the NIR region, which could be readily tuned by the

intercala.ce concentration.

Through afrepreséhtative model of enzymatic glucose sensing, we qualitatively and quantitatively

Cli

demonstrambility to use degenerately hydrogen doped plasmonics for the rapid detection of
H,0, which y-product of the enzymatic oxidation of glucose. Interestingly, the response ratio

and linearity wereietermined by both the H* concentration and also the ionic intercalated location

in the hos structure. It was found that H;ssMoOs;, which was a highly H intercalated
compound! optimum response given by its maximum number of H" bonded with the O
atoms conm other phases of H,Mo0Os.

We desig and-held LED-photodetector setup for practical implementation of the degenerately

H* dop ic biosensing concept. The sensor based on H;55M003;-GOx showed a detection
limit of 2 nM for glucose at 410 nm with the response time within 10 s, which exceeded all reported

pIasmonich as many electrochemical and optical glucose sensors involving enzymatic

oxidation. @ xtraordinary performance presents a great opportunity for utilising degenerately

hydrogen smonics in ultra-sensitive probing of biochemical events, breaking the trade-off
betweegwavelength, sensitivity and kinetics that currently exists in tunable plasmonic
biosensing . These features, coupled with the low-cost of the system, lead our plasmonic
biosensor strate a strong commercial potential.

<C
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4. Experimental Section

Synthesis oi a-MoOf nanobelt and 2D H,Mo0; nanodisks

Materials @ made by dissolving 0.2mM ammonium molybdate tetrahydrate

P

((NH4)6I‘0H,E99.9%, Sigma-Aldrich) and 0.8 mM L-(+)-tartaric acid (C4HgOs, E99.5%, Sigma-
Aldrich) inListilled water under magnetic stirring at room temperature. The solutions were
divided in@rtions equally and their pH values were adjusted by the addition of nitric acid
(HNO;, 70‘mwrich) to 1, 1.5, 2 and 2.5. The solutions were then transferred into Teflon-lined
stainless steel autoclaves and maintained in the oven at 180°C for 5 h. After the hydrothermal

synthesis, ales were carefully washed with distilled water and dried in an N, environment

naturally. S
Structural mmlogical characterization

Solid-st NMR experiments were carried out using a Bruker Avance Ill 500 MHz (11.7 T)
spectrom a 2.5 mm HX MAS NMR probe. The samples were finely ground, packed into
zirconia rotors and spun at 25 kHz. The "H 1/2 pulse length was 2 s and the chemical shift scale was
referencedW/lS. TGA was carried out using a Perkin-Elmer Pyris 1 instrument in N, over a

temperatufe of 30 to 270°C with a heating rate of 10 °C min™". AFM images were collected

using a Bruker Dimension Icon AFM with scan-assist software. The low and high resolution TEM
measur conducted using JEOL 1010 and JEOL 2100F instruments with a 100 keV and 80
keV accmoltage, respectively. EELS was performed using a Gatan Imaging Filter (GIF)
Tridium Spectromiter in the JEOL 2100F instrument. XRD patterns were obtained through the

Bruker D8 mij ractometer equipped with a 0.5 mm collimator and a Vantec 500 detector. The
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experiment was conducted using a copper source with a potential of 40 kV and a current of 40 mA.
Raman spectra were collected using a Horiba Scientific LabRAM HR evolution Raman spectrometer.
The sampkﬁexcited with a 4.5 mW, 532 nm laser and the measurements were conducted
using a 50 800 lines per mm grating. XPS was performed using the Thermo Scientific K-
alpha syst Mamples were scanned under an Al k-a monochromated X-ray source with a
passing energy 50 keV and a duel time of 50 ms. PESA spectra were collected using a Riken Keiki
Model AC- pectrometer with the probe light energy set to 50 nW and a power law of 1/3.

UV-Vis-NI copy was carried out using a Cary 500 spectrometer.

S
—
=

Glucose sensing setup

U

The syntha@sized H,MoO; dry powder was dispersed in a sodium acetate (399%, Sigma-Aldrich)

a

solution at, htration of 10 pg mL™. The GOx powder (from Aspergillus niger, Type Il, Sigma-

a

Aldrich) wasal issolved in the sodium acetate solution at a concentration of 10 mg mL™. The pH

of the sodi ate solution was adjusted to ~5.2 using a 1 M HCI solution (37%, Sigma Aldrich).

M

The H, mples were prepared by mixing H,MoO; and GOx at a volume ratio of 5:1 and

incubated for 5 min. The glucose solutions of different concentrations were prepared by dissolving

;

the D-(+)-g =99, 5%, Sigma-Aldrich) into sodium acetate solution (pH = ~5.2) with saturated

. For inv g the plasmonic properties of H,M00;-GOx with glucose, the H,Mo0O;-GOx was

Q

mixed withl the glucose solution at a volume ratio of 1:1. Their optical properties were then

A

measured wsing a @V-Vis-NIR spectroscopy (Cary 500 spectrometer) and a LED-photodetector setup.

t

For fabricating thellED-photodetector setup, a surface mount InGaN/SiC LED (Bivar Inc., ~1 mW) and

G

a surface m As LED (Kingbright, ~1 mW) were used as the 410 and 940 nm light sources,

A
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respectively. Silicon photodiodes (Luna Optoelectronics, detection wavelength: 300 — 1100 nm,
maximum responsivity: ~0.5 A/W) were used as the photodetector unit. The distance between the
LED lamps"and the photodetectors was fixed by spacers (Figure 6b). The output voltage from the

sured every 0.1 s and subsequently amplified and digitalized through a 32 bit

pi

photodete

microcontroner (k20 Teensy 3.2 Kinetis). The data was then transferred to a computer through a

£

USB cable fog real-time display and storage.

5C
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Figure S1. The T@A patterns of samples hydrothermally synthesized at pH 1, 1.5, 2 and 2.5 at

temperatu en 30 and 500°C in an N, gas environment.
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Figure S3. (a) Thickness and (b) lateral distributions of Hy3Mo0Q;. (c) Thickness and (d) lateral

distributions of Hy9:M0Os;. (e) Thickness and (f) lateral distributions of H;s55Mo0Q;. Statistics were

t

nUSCrip:

extracted he AFM data and each distribution was obtained from 100 samples.

Figure S4. The image of typical H,Mo0Qs.
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Figure S8. Fitted surface plasmon resonance absorption spectra of (a) Hy3sMo0Qs3, (b) Hp9:Mo0O3 and

(C) H1.55MOO3.
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Table S1. Theoretical calculation of weight loss after the decomposition of H,MoO; to MoO;

{

Observed weight loss (%) Observed weight loss

Materia uated weight loss (%) in this work (%) by Sotani et. al.'®
Ho_21MoOs 0.15 - 0.4
H0_3Mooo 0.23 0.25 -
Ho.01:M003 0.63 0.79 0.89
H;s5Mo0 1.06 1.01 1.38

us

Table S2. The theoretical calculated free electron concentrations of three types of H,MoO; assuming

A

each interc bringing one free electron.

d

Material Free electron concentration (cm™)
Ho3Mo00; 5.82 x 10
Ho.91M003 1.77 x 10%
H155M003 3.01x10%

Author M
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Table S3. Comparison between calculated and measured surface plasmon resonance peaks for all

t

types of H,MoO

D

Materlil — Calculation Observation
hckness axis Lateral dimension Thickness axis Lateral dimension
( ) (nm) axis (nm) (nm) axis (nm)
out of the
Ho3Mo0; m 935 1112 950
measurement range
Ho91M00O3 : 518 824 510 840
H;55M00; 435 660 425 650
Table S arison between calculated and measured bulk plasmon peaks for all types of H,Mo00O;

Calculated bulk plasmon peak (eV)  Observed bulk plasmon peak (eV)

H0.3|‘/soa 6.3 6
Ho.01M 11 11.3
Hiss 14.4 13.6

/\utH
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Table S5. Comparison of detection limit, response time and measurement range for current

enzymatic !Iucose sensors

=

Plasmonic glucose sensor

Ma-te Is LOD (pM) Response time Measurement range Reference
2D HLS® 0.002 <10s 5x107-5x107M This work
N m <1 20 min 5x10*-5x10°M (4]
Au NRs 100 2h 1x10*-1x10"M (42]
Ag/ AD 0.5 - 5x107-2x10°M (43
! Fluorescent glucose sensor
Materj LOD (uM) Response time Measurement range Reference
MnO,- EB 3.7 40 min 1x10° 7 4x10™*M (37a]
Oxygen semsingfilm 50 2 min 5x10°-5x10"M (a4]
2.5 90 min 25%x10°-2x10"M [45]
CdTe QD 0.01 5 min 1x10°-1x103M [46]
CDs-!\b 0.053 5 min 3x10°-1x10"*M [39]
< > Electrochemical glucose sensor
MI LOD (uM) Response time Measurement range Reference
MWCNTs/Gi/PTFEfC 5 <15s 2.5x10°-4x107°M (37d]
PEDOT 120 - 1x10*-5x10"M (a7
GOX/MWQ 28 5s 5x10°-2x1072M (a8l

A
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GOx/ZnO/GOx/MWCNT ~2 10's 1x103%-6x10">M (4]
s/GC

{

CcSTGA" 31 5s 6.2x10°-1.4x107°M (501
GOx/Nafi
WCN

PPF/GOx s/PPE/ 6 4s 25%x10°-2.2x10"°M (521
A

GOx/ Nafidh /ERG 4.7 5s 1x10°-6.5x10">M 521
MWCN

NP: nanopt:#, }: nanoshell, NR: nanorod, NPr: nanoprism, NC: nanocluster, UCNP: pconversion

nanopartic antum dot, CD: carbon dot, MWCNT: multiwalled carbon nanotubes, GO:

$

graphene "G0x: glucose oxidase, PEDOT: poly(3,4-ethylenedioxythiophene), PTFE:

Polytetrafl@oroethylene, GC: glassy carbon electrode, CS: chitosan, GA: glucoamylase, SWCNT: a

[

single-wall nanotube, PPF: plasma-polymerized film, ERGO: electrochemically reduced

d

graphene oxide

Author M

This article is protected by copyright. All rights reserved.

55



WILEY-VCH

Supporting Information Note S1. Raman peak assignment of MoO3; samples

The 246 cmy™ and 338 cm™ peaks represent the bending mode for single bond wagging with oxygen

L

atoms (Mo 284 cm™, 292 cm™ and 379 cm™ peaks correspond to the double bond (Mo=0)
vibrations. ! peak is assigned to the triply coordinated oxygen (Mo3-0) stretching mode,
H I

which resdlits from edge-shared oxygen atoms in common to three adjacent octahedral. The

strongest k 18 cm™ represents the doubly coordinated oxygen (Mo,-0) stretching mode,

G

which is fro corner-sharing oxygen atoms common to the two octahedra, and 995 cm™ peak is

[5d, 11, 13, 53]

S

assigned t teginal oxygen (Mo=0) stretching mode.
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Supporting Information Note S2. Theoretical calculations for plasmon resonance peaks of 2D

t

H,Mo0O; nafiodisks

[54]

According theory the extinction coefficient is given by:

[l

T

2

- Em] tag
Bj

crip

(S1)

where w isithgfangular frequency of incident light; €5, is the dielectric constant of the medium, g,

S

and €, ar | and imaginary terms of the dielectric function of the suspended material,

U

respectivel e p; are the depolarization factors for axes (a, b and c). The depolarization factors

for the 2D fhaterial are:*"

A

i

i 1-g®hz |, _
m Pﬂzg—zli—( 1)sm 1g] (S2)

1-P,
E P, =F. = TB (S3)

in which the g factor is:

L 22 p? 142

g:( a® ) (54)

Aspect ratios In the 2D system are defined as the length (a) over thickness (b). The depolarization

factors ensions are considered to be equal in the 2D system (length (a) = width (c)).®

n

L

The diel ion is described by the Lorentz model as:

g(w) =g, +ig, =5, ——2— (S5)

AU
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in which w,, is the bulk plasma frequency, .. is the high-frequency relative dielectric constant which

is equal to ~ 20.5'y is the damping coefficient of the resonance.®™

Ne®

(S6)

Eplllg

pt

where Mi e free electron concentration, e is the elementary charge, &; is the permittivity of free

space, andrme js the effective mass of an electron (0.2 m, for 2D MoOX),[SSI where
1x 10

(4]

m_ = 9.

. 1 1ka.

= (S7)

US

where tis ering time of an electron and & is the conductivity of the material.
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