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 ABSTRACT 

 

pH sensors are widely used to monitor chemical reactions, environmental 

conditions, and physiological pH due to the importance of alkalinity/acidity in these 

applications. Currently, the most widely used techniques for measuring pH are glass 

electrodes and single use pH strips. However, both methods have their limitations (e.g. 

portability and fragility for glass electrodes, limited reuse and poor sensitivity of pH 

strips). Herein, we use layer-by-layer (LbL) electrostatic self-assembly to fabricate a 

flexible and highly sensitive titanium carbide (Ti3C2Tx) MXene based pH sensor. Ti3C2Tx 

is the most common MXene to date and has drawn considerable attention due to its high 

conductivity and functionalized surface. By combining Ti3C2Tx with a positively charged 

polymer via LbL assembly, we successfully fabricate nanometer scale thin films. As the 

sensor is exposed to environments of varying pH, the hydroxyl surface groups of the 

Ti3C2Tx (de)protonate as H3O
+ and OH- ions interact with the surface. This leads to a 

change in electrostatic attraction between nanosheets and a reduction in the number of 

active sites. When this occurs, the resistance of the sensors changes, allowing for use of 

the materials as a resistive pH sensor. With the inclusion of a pH sensitive polymer, such 

as BPEI, we show the ability to enhance sensitivity of the sensor due to the conformational 

changes of BPEI due to (de)protonation with changes in pH. This work discusses the use 

of Ti3C2Tx in a highly sensitive, flexible pH sensor and creates prospects in the field of 

wearable and portable sensors.  
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NOMENCLATURE 

A area between electrodes (cm2) or absorbance (a.u.) 

AA ascorbic acid 

a.u. absorbance units or arbitrary units 

AFM atomic force microscopy 

Al aluminum 

AWG American wire gauge 

BPEI branched polyethylenimine 

C coulomb 

c concentration (M) 

DFT density functional theory 

DI deionized 

DC direct current 

DLS dynamic light scattering 

DMSO dimethyl sulfoxide 

E potential difference across the glass membrane 

Eo standard cell potential 

F Faraday’s constant (96,485 C/mol) 

FET field effect transistor 

fo resonant frequency (Hz) 

FWHM full width half maximum 

GO graphene oxide 



 

vi 

 

H2 hydrogen 

H2O hydrogen dioxide 

HCl hydrochloric acid 

HER hydrogen evolution reaction 

HF hydrofluoric acid 

HI hydroiodic acid 

H2O2 hydrogen peroxide 

H2SO4 sulfuric acid 

I intensity 

Io initial intensity 

K Kelvin 

K extinction coefficient 

KMnO4 potassium permanganate 

KOH potassium hydroxide 

l path length (cm) 

LbL layer-by-layer 

LiF lithium fluoride 

LP layer pair 

M molar  

N refractive index 

n valence of the electron 

NaNO3 sodium nitrate 



 

vii 

 

NaOH sodium hydroxide 

NH3 ammonia 

NH4
+ ammonium 

NH4F2 ammonium bifluoride 

NIR near infrared 

PDADMA poly (diallyldimethylammonium) 

PDADMAC poly (diallyldimethylammonium chloride) 

PECS Pulsed Electric Current System 

PET polyethylene terephthalate 

PTFE polytetrafluoroethylene 

PVDF polyvinyl difluoride 

QCM Quartz Crystal Microbalance 

QD quantum dot 

R resistance or gas constant (8.314 J/mol/K) 

Rq root mean square roughness 

RDF radial distribution function 

rGO reduced graphene oxide 

RMS root mean square 

SEM surface electron microscopy 

T temperature (K) 

t thickness (nm) 

Ti titanium 
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Ti3AlC2 titanium aluminum carbide 

TiC titanium carbide 

TiCl titanium chloride 

Ti3C2Tx titanium carbide MXene 

TiO2 titanium dioxide 

TiOH titanium hydroxide 

UV ultraviolet 

VIS visible 

w path width  

XPS x-ray photoelectron spectroscopy 

XRD x-ray diffraction 

∆f change in frequency 

∆m change in mass 

ε molar extinction coefficient (M-1 cm-1) 

ρ resistivity 

ρq density of quartz (2.68 g/cm3) 

µq shear modulus of quartz crystal (2.95E11 g/cm/s2) 
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1. INTRODUCTION  

 

1.1. MXenes 

1.1.1. Discovery and Synthesis 

MXenes were first discovered in 2011 at Drexel University.1 MXenes are 

synthesized by the selective etching of the ‘A’ phase from a MAX phase material. The 

MAX phase material is composed of a transition metal, M, a group 13 or 14 transition 

metal, A, and either carbon or nitrogen, X.1-4 Due to the lower bonding energy of the ‘A’ 

phase to ‘M’ and ‘X’, it is possible to selectively etch the ‘A’ phase out of the MAX phase 

material and obtain Mn+1XnTx where T is a surface functional group, -OH, -O, or -F, and 

x is the number of functional groups. Initially, this was achieved by using hydrofluoric 

acid (HF) to etch Ti3AlC2 to Ti3C2Tx .
1 The resulting MXene possesses an ‘accordion’ like 

structure and can be readily delaminated to obtain MXene nanosheets with high 

conductivity. Due to the remaining ‘M’ and ‘X’ constituents after etching and the 

graphenic like structure, the resulting Mn+1Xn was termed MXene.5 However, concerns 

with the safety of using highly concentrated HF and possible over etching of the MAX 

phase material have led to the use of etchants that contain or react to form HF, such as 

lithium fluoride (LiF) and hydrochloric acid (HCl) as etchants, at least in the case of 

titanium based MXenes.5-8 The reactions associated with HF based etching for the generic 

MXene, Mn+1AlXn, are as follows4,9,10: 

 

Mn+1AlXn + 3HF = AlF3 + 1.5H2 + Mn+1Xn      (1) 
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Mn+1Xn + 2H2O = Mn+1Xn(OH)2 + H2       (2) 

Mn+1Xn + 2HF = Mn+1XnF2 + H2       (3) 

 

Reaction (1) is responsible for the etching of Al from the MAX phase material while 

reactions (2) and (3) are responsible for functionalizing the surface with -OH and -F, 

respectively. By controlling etching conditions, it is possible to control the distribution of 

functional groups which allows for tailoring use of the MXenes in downstream 

applications. For example, a lower HF concentration would lead to reaction (3) being 

limited and a decrease in the abundance of -F functional groups on the MXene.  

Another means of controlling properties is by changing the etchant used. For example, 

Halim et al. demonstrated the use of ammonium bifluoride, NH4F2, in etching Ti3AlC2 

and intercalating ammonia (NH3) into the sheets of the resulting MXene.10 Due to its 

surface functional groups, the surface of Ti3C2Tx is negatively charged. This makes readily 

possible the intercalation of positively charged ions such as ammonium (NH4
+) to maintain 

charge balance. The reactions for the NH4F2 based etching of Ti3AlC2 are10:  

 

Ti3AlC2 + 3NH4HF2 = (NH4)3AlF6 + Ti3C2 + 1.5H2     (4) 

Ti3C2 + aNH4HF2 + bH2O = (NH3)c(NH4)dTi3C2(OH)xFy    (5)

  

The intercalation of the NH3 and NH4
+ into the MXene sheets presents an additional means 

to control the properties of the MXene and has been explored by using a variety of 

cations.11,12 The ability to tailor the properties of MXenes has generated promise in its use 



 

3 

 

for electrochemical energy storage as well as other applications.13-16 Additionally, the 

intercalation of ions and adsorption of molecules onto the charged MXene surface shows 

potential for use of MXenes in catalysis and sensing. As the first discovered and most 

common MXene to date, Ti3C2Tx has been the most studied MXene and will be the focus 

herein.  

The mechanism of conductivity for Ti3C2Tx was explained by Halim.1,17,18 Ti3AlC2 

has two sub-bands below the Fermi energy. The higher energy sub-band is attributed to 

the hybridization of Ti 3d and Al 3p orbitals whereas the lower energy sub-band is 

attributed to the hybridization of Ti 3d and C 2p orbitals.18 When Al is removed during 

etching, the higher energy band gap is then composed of Ti 3d orbitals, leading to metallic 

Ti-Ti bonding. This results in Ti3C2Tx exhibiting metallic conductivity.  

Halim and Xie et al. also explored the effect of surface functional groups on 

conductivity.17,18 The introduction of surface functional groups during etching leads to the 

formation of a third, lower energy, sub-band. This sub-band is attributed to the formation 

of Ti-Tx bonds and results in the two higher sub-bands to shift to lower energies.17 This 

results in lower conductivities of Ti3C2Tx and shows the importance of synthesis method 

on controlling properties. The reduction in conductivity due to surface groups is supported 

by the findings of Hart et al.19 By annealing MXenes to remove surface functional groups, 

Hart et al. was able to increase the conductivity of the MXenes which is in line with the 

theoretical results of Xie et al.17,19  
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1.1.2. Safety Concerns 

 MXene synthesis poses several safety concerns.6 The etching reaction is highly 

exothermic which makes scaling up difficult and the widespread use of HF as an etchant 

creates the potential for hazardous chemical exposure. Additionally, there is a risk of HF 

not being entirely washed out during post processing of the MXenes which would result 

in HF present during downstream applications. Even the synthesis of the parent MAX 

powders poses a safety hazard due to the flammability of the fine powders during sintering 

and tube furnacing.  

 Concerns with the high concentration of HF during etching have led to a push for 

other possible etchants as discussed previously. More recently, reaction conditions have 

been moving towards lower temperature regions and concentrations such as the minimally 

intensive layer delamination (MILD) method and fluoride free etching.20,21 

 

1.1.3. Uses 

Due to their high conductivity (~240,000 S/m for Ti3C2Tx), high surface to volume 

ratio, and functionalized surface, MXenes have drawn considerable interest in a variety of 

applications.22 The major fields where MXenes pose a promising material include energy 

storage, adsorption, catalysis, and sensing. 

 

1.1.3.1. Energy Storage 

 As Li+
 can easily intercalate in-between MXene sheets, MXenes have drawn 

considerable interest for use as energy storage devices since their inception.23 Despite the 
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short time MXenes have been studied, various attempts to improve performance have 

already been explored including annealing MXenes to improve electrical properties and 

intercalation of various cations to improve capacitance.13,24 Recently, use of MXene 

composites has also been explored to improve mechanical properties by improving 

stretchability in the case of Chang et al. and flexibility for Ling et al.22,25,26 The ease of 

ion intercalation that enables use of MXenes as energy storage devices and the ability to 

improve mechanical properties through use of composites creates promise for use of 

MXenes in other applications. 

 

1.1.3.2. Adsorption and Catalysis 

Given the high surface area to volume ratios of two-dimensional materials, they 

are often ideal materials for adsorption. This holds especially true for MXenes as they also 

possess an abundance of surface groups: most notably hydroxyl (-OH) surface groups 

which facilitate hydrogen bonding. For example, Wang et al. demonstrated the use of 

V2CTx for uranium capture both theoretically and experimentally.27 Uranium is able to 

adsorb to the abundant hydroxyl groups by an ion-exchange mechanism. This was 

supported by Zhang et al. with first principles simulation.28 Li et al. demonstrated the 

capability of LbL assembly to improve adsorption due to the hierarchical structure 

obtained using this assembly method.29 This structure allows for access to more adsorption 

sites and a mesoporous structure that facilitates diffusion which presents promise for 

continued use of MXenes in adsorption processes, particularly those related to sensing. 
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Catalysis is a promising application due to the high surface area to volume ratio 

and active surface sites for adsorption. One such use is for the hydrogen evolution reaction 

(HER).30-32 This is possible due to the near ideal Gibbs free energy (0 eV) of adsorption 

of a hydrogen ion to oxygen terminated surface groups as supported by DFT. Recently, 

use of MXenes for the oxygen evolution reaction has been explored as well.33,34 

 

1.1.3.3. Sensors 

Due to their functionalized surface and high conductivity, MXenes have become a 

promising material for use in sensors. Their use as sensors have been demonstrated both 

in first principles studies, such as density functional theory (DFT), and experimentally.35-

38 DFT has been used to prove possible analytes for future MXene sensors. Typically, DFT 

will be used to determine adsorption energy of the analytes to the MXene sheets. These 

results can then be verified experimentally. However, due to the effect of surface groups 

on MXene properties, there can be some variation between simulation and experimental 

results. 

To date, MXenes have been used as optical, resistive, amperometric, and 

potentiometric sensors for a variety of applications.39-45 In the case of optical sensors, 

target ions interact with the surface of the MXene and fluorescent quenching occurs.44,45 

The concentration of the target ion can be determined based off the degree of quenching 

that occurs. Resistive, amperometric, and potentiometric sensors all rely on changes in 

electrical or electrochemical properties of the sensor. In the case of a sensor that displays 

Ohmic behavior, these all become interchangeable following Ohm’s Law.  
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Resistive sensors and chemo resistors rely on changes in resistance of the sensor. 

This is often caused by changes in charge carrier mobility and/or conductive pathways. 

On the other hand, potentiometric and amperometric sensors behave similarly to one 

another. When molecules adsorb to the MXene surface groups, there are less available 

sites for charge carriers to travel through, resulting in a decrease of resistance. These 

sensor types are explained in more detail in future sections. 

 

1.1.4. Oxidation 

MXenes are extremely prone to oxidizing into their metal oxide when exposed to 

water or air. Habib et al. demonstrated effect of this oxidation on the electrical properties 

of MXenes.46 The oxidation of the MXene to its metal oxide form leads to order of 

magnitude reductions in conductivity of the material. This poses issues in long term usage 

of MXenes in any applications that rely on its electrical properties such as energy storage 

and sensing. Lotfi et al. has also published on the effects of oxidation on the number of 

Ti-C, C-C, and Ti-O bonds as measured by radial distribution functions (RDFs).47 The 

reduction in bond number of Ti-C is indicative of the degradation of the MXene. The 

results of their simulations also demonstrated the effect of temperature and environment 

on oxidation. Zhang et al. experimentally verified the reduction in MXene concentration 

over time as oxidation occurs and fit a model to his proposed reaction.48 Zhang et al. 

proposed a water-induced oxidation or hydrolysis reaction as shown in Eq. 6. 

Ti3C2O2 + 4H2O = 3TiO2 + 2C + 4H2       (6) 
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As oxidation occurs, more MXene is converted to metal oxide and its favorable properties 

are undone.  

However, there have been recent advances towards mitigating the effects of 

oxidation. Various groups have explored controlling the storage environment of MXenes 

to prevent oxidation. Zhang et al. used reduced temperatures and Argon (Ar) to mitigate 

oxidation and extend shelf life of MXenes on the order of days.48 Habib et al. also 

investigated the use of reduced temperatures to mitigate oxidation by storing the MXenes 

in ice.46 Additionally, Habib et al. used various aqueous media and polymer matrices to 

prevent oxidation. 

More recently, VahidMohammadi et al. and Han et al. have explored using ions to 

‘protect’ the MXene sheets from being oxidized.11,12 In the case of VahidMohammadi et 

al., alkali cations were added to a delaminated vanadium carbide MXene (V2CTx) 

solution. Due to the positive charge of the ions, they readily intercalated into the MXene 

nanosheets as proven by shifts in XRD peaks. VahidMohammadi et al. attributed the 

inhibition of oxidation to the decrease in charge density after ion insertion and verified 

stability of the treated vanadium carbide MXene with both XPS and XRD. Han et al. 

added an antioxidant, ascorbic acid (AA) in excess in order to prevent oxidation of the 

MXene.12 In their case, stability was verified by spectrophotometry as they observed only 

a slight decrease in absorbance over time. Recently, NaAsc has been used to achieve this 

oxidation protection as well and the efficacy was verified by conductivity, hydrodynamic 

diameter, zeta potential, XPS, XRD, and DFT simulations.49 The reducing properties of 
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the NaAsc mitigates oxidation of the MXene. Herein, we use a polymer composite and 

NaAsc to prevent oxidation as suggested by Habib et al. and Zhao et al.46,49  

 

1.1.5. Behavior in Different pH Regimes 

 Due to the charged functional groups on the surface of MXenes and the charged 

edges of the nanosheets, MXenes are susceptible to changes in pH. Natu et al. reported on 

the crumpling of Ti3C2Tx in both acidic and basic pH as well as the effect of pH on both 

zeta potential and hydrodynamic size.50,51 In the latter work, Natu et al. demonstrated a 

linear relationship between zeta potential and pH in the acidic regime (pH 2 – pH 7), 

indicating a pH dependence of the MXene.50 Zhao et al. also reported on the alkali induced 

crumpling of Ti3C2Tx.
52 While the surface of the nanosheets are negatively charged, the 

edges are positively charged at low pH (pH ~ 3). As pH continues to decrease, the 

electrostatic interaction between sheet surfaces and edges increases and leads to 

flocculation of the nanosheets.50 On the other hand, at high pH, cations intercalate into the 

nanosheets, and the edges reach a neutral charge and sheet interaction mainly takes place 

at the negatively charged surface which also leads to aggregation.50 The varying behavior 

of MXenes in different pH regimes and readily (de)protonated hydroxyl surface groups 

lead to the belief that MXenes can be used in pH responsive devices.  

 

1.1.6. Ion Intercalation 

As demonstrated by the use of MXenes for energy storage devices, ion 

intercalation readily occurs in between MXene sheets. The ion used for intercalation can 
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have a significant effect on the properties of the MXene. Wei et al. used a variety of 

alkaline solutions to tune the interlayer spacing of Ti3C2Tx.
53 Due to varying ionic radii of 

the cations used, different interlayer spacings, ranging from 0.45 nm in the case of KOH 

to 0.6 nm in the case of LiOH, were obtainable. The effect of different intercalant cations 

on adsorption was explored in their work to demonstrate the tunable properties of MXenes. 

The proclivity of ions to intercalate in-between MXene multilayers and the varying effects 

of different ions and ion concentrations makes MXenes a promising material for use in 

sensors. 

 

1.2. Sensors 

1.2.1. Uses of Sensors 

Sensors have importance in a variety of applications including industrial, medical, 

and personal care. Each of these applications places a different set of requirements on the 

sensor type and due to the wide array of applications and subsequently conditions that 

sensors will be subjected to, it is necessary to have different types of sensors readily 

available. 

 

1.2.2. Types of Sensors 

Recently, there have been advances in a variety of types of sensors including 

potentiometric, amperometric, optical, and resistive.39,54-57 Each type has its advantages 

and disadvantages (e.g. fragility, ease of use, sensitivity, response time, etc.) that 

determine what type of application the sensor is most suited for and leads to the need of 
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novel sensors to satisfy the requirements associated with recent technological 

advancements. 

 

1.2.2.1. Potentiometric/Amperometric 

Potentiometric and amperometric sensors are two prevalent types of novel sensors. 

While both rely on changes to electrical/electrochemical properties, the key difference 

between the two is the former measures voltage at a constant current, and the latter 

measures current at a constant voltage. In the case of an Ohmic sensor (linear I-V curve), 

these values are directly correlated. Due to the similarities, these sensor types will be 

discussed jointly.  

Both of these sensor types typically rely on adsorption or intercalation of target 

molecules. When either of these phenomena occur, the number of available sites for 

charge transport is reduced, leading to a reduction in current in the case of amperometric 

sensors and voltage in the case of potentiometric sensors.41,57 These sensor types have 

been used for a variety of analytes including biomolecules, pH, and gases.41,56-58 While the 

response of potentiometric sensors is typically limited by the Nernstian limit (59.16 

mV/pH), some exceptions occur.59 

 

1.2.2.2. Optical 

Optical sensors rely on a color change to display response such as colorimetric pH 

strips.60 While this makes optical sensors simple to use, it means they also lack an accurate 

response without the aid of photometric analysis to quantify their results. Despite the lack 
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of precise responses, this sensor type is still favorable when only the pH range is needed. 

As such, there have been more recent developments in this sensor type that rely on 

quantum dots (QD).39,61 Due to their small size, QDs exhibit excellent photoluminescent 

properties that allow for use in optical sensors and demonstrate future use in nano and 

intracellular sensors. 

 

1.2.2.3. Resistive 

Resistive sensors rely on a change in resistance to sense stimuli. However, they 

tend to have poor reversibility due to the chemical changes required for the resistance 

change.62 Materials of construction for resistive sensors need to be highly conductive and 

have a functionalized surface group.36 The high conductivity is necessary to mitigate noise 

and provide a higher resolution response. The functionalized surface group is needed to 

provide a surface for the analyte to respond to and generate a change in resistance.  

Currently, resistive sensors are used for a variety of applications including strain 

and chemical sensing.63 In the case of the former, the sensing mechanism relies on the 

physical deformation of the sensors. For example, An et al. demonstrated that the 

formation of cracks when the sensor was stretched led to an increase in resistance, 

allowing for highly sensitive strain detection.64 The importance of the formation of 

microcracks for sensing was supported by Cai et al.65 Resistive sensors have also been 

used to detect volatile organic compounds (VOCs).36,66-68 These sensors operate on the 

adsorption of the analyte molecule to functional groups on the sensor or intercalation of 

the analyte molecule into the device. This allows for an increase in resistance associated 
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with increasing concentration of the target molecule. Resistive sensors have been applied 

as humidity sensors as well.40 In the case of An et al., MXene based sensors were used to 

detect relative humidity of the environment. Water molecules intercalated into the sensor, 

leading to increased thickness and subsequently resistance. This response mechanism is 

similar to that for MXenes in energy storage with water molecules intercalating into the 

multilayers in the place of lithium ions. 

 

1.3. pH Sensors 

1.3.1. Commercial pH Sensors  

Currently, the most commonly used pH sensors include glass electrodes and single 

use pH strips.69 Glass electrodes are potentiometric sensors which rely on a differential in 

ions in the reference solution and environment. This causes a potential difference which 

can be used to calculate pH based off the Nernst Equation (Eq. 7):62,70,71  

E = Eo+ 
2.303𝑅𝑇

𝑛𝐹
 log (H3O

+)        (7) 

where E is the potential difference across the glass membrane, Eo is standard cell potential, 

R is the gas constant (8.314 J/mol/K), T is temperature (K), n is the valence of the electron 

(1 in the case of H3O
+), F is Faraday’s constant (96,485 C/mol), and (H3O

+) is the 

concentration of H3O
+ in the external solution. 

At room temperature, the Nernst Equation can be reduced to the following equation (Eq. 

8) where the ideal Nernstian response sensitivity of 59.16 mV/pH is given as the slope:62 

E = Eo – 0.05916 pH         (8) 
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where E is the potential difference across the glass membrane and Eo is standard cell 

potential. 

Additionally, the temperature term seen in the Nernst Equation indicates the 

temperature dependence of pH readings and necessitates regular calibration. On the other 

hand, pH strips are made of a chemical indicator that changes color in response to changes 

in pH.60 This occurs due to the protonation/deprotonation of the indicator in different pH 

regimes which explains why pH strips give ranges of pH for each color displayed. This 

makes pH strips simple to use and interpret. 

However, both methods have their limitations. Glass electrodes, while accurate, 

have limited functionability in extreme pH regions and require consistent upkeep to 

maintain their performance. Due to the materials of construction of the electrode, it is also 

very fragile. The glass is prone to breaking and the electrode can dry out if exposed to air. 

Either of these occurrences would render the electrode unusable. Additionally, the glass 

electrode is a potentiometric sensor and is limited in sensitivity by the Nernstian limit. On 

the other hand, pH strips have the benefit of being easy to use but lack robustness and 

resolution. Due to the colorimetric response of the strips, it is not possible to determine an 

accurate pH, only a range.  

 

1.3.2. Literature Review of Current pH Sensors 

To date, most novel pH sensors have typically been potentiometric or a subset of 

field effect transistors (FETs), each of which having its own advantages and 

disadvantges.62 However, both of these types of pH sensors use the same figure of merit 
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(mV/pH) as conventional glass electrodes which makes them all comparable to the 

maximal Nernstian response, leading to their prevalence. Despite this, there has been 

interest in a variety of other sensor types such as colorimetric and resistive due to their 

ease of use.39,63 Table 1 includes some current pH sensors along with their materials of 

construction and notable figures of merit. As the focus of this thesis is on resistive sensors, 

the table includes more examples for this sensor type. 

 

 

Table 1. Review of current pH sensors. 

Material Type pH Sensitivity pH Range 

Solution gated 

epitaxial graphene56 

GFET 98-99 mV/pH 2 – 12 

PdO72 EGFET 62.87 mV/pH 2 – 12  

WO3
73 Potentiometric -56.7 mV/pH 5 – 9  

PANI74 Potentiometric 63.3 mV/pH 3 – 8  

CeTixOy
59 Potentiometric 89.81 mV/pH 2 – 12  

(PDDA/PSS)3(PDDA/

PEC-)10
75 

Interferometer 0.6 nm/pH acidic 

region 

-0.85 nm/pH basic 

region 

2 – 11 

Ti3C2 QD39 Optical  5 – 9 

(PAH/NR-PAA)15
76 Optical  3 – 9  

MQD-GO61 Optical  1 – 7 

SWNT-PANI/PVA77 Resistive 20 kΩ/cm2/pH 1 – 10 

p-SWNT-PSS/PANI54 Resistive  4.56 kΩ/cm2/pH acidic 

region 

20.66 kΩ/cm2/pH basic 

region  

0.95 – 12 

Graphene63 Resistive 2 kΩ/pH 4 – 10 

MWNT78 Resistive 65 Ω/pH 5 – 9 

ES-PANI/PVB79 Resistive 0.28 MΩ/pH 1 – 8  

Pd80 Resistive 5 %/pH 4 – 10 

MWCNT/Ni81 Resistive 1 %/pH 2 – 10 
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1.4. Thin Film Assembly Methods 

1.4.1. Spray 

Spray coating films is a facile and scalable method for producing thin films. An 

aqueous dispersion of the desired coating material is used as feed for a spray gun. Using 

pressurized air, the dispersion is propelled from the spray gun as an aerosol mist onto the 

desired substrate. By heating the substrate throughout the process, it becomes possible to 

heat off the solvent of the dispersion and obtain a thin film of the desired material.82 

However, this leads to nonuniform films as both deposition and drying are often 

nonuniform due to how the spray gun is moved throughout the coating process and a 

nonuniform heat profile respectively. This method typically results in relatively thicker 

and rougher films that lack a hierarchical structure as compared to LbL assembly.  

Recently, Weng et al. explored the use of spray assembly in spin spray layer-by-

layer assembly.83 Their novel thin film assembly method is highly tunable (spin rate, spray 

time, and concentration) and has allowed for deposition of layer pairs of thickness down 

to 0.55 – 0.7 nm.83 Alternating layers of positively and negatively charged materials are 

spray onto a heated substrate that is kept spinning throughout coating which improves 

homogeneity of the coating. As opposed to typical spray coating, this allowed for the 

creation of a thin film with tunable composition and thickness with a hierarchical structure. 

 

1.4.2. Drop Casting 

Drop casting is a facile method for making thin films. The method involves 

“dropping”, often done by pipetting, an aqueous solution of the desired coating material 
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onto the substrate. However, this method is not always feasible as it results in relatively 

thick film as compared to other thin film fabrication methods and often leads to 

nonuniform coatings due to uneven dispersion and drying of the solution.66 Drop casting 

is a common coating method for sensors on glassy carbon electrodes (GCE) due to the 

facile assembly method.84-87 After drop casting, the performance of the coated GCEs can 

then be evaluated using electrochemical testing methods such as cyclic voltammetry or 

amperometry. 

 

1.4.3. Layer-by-Layer Electrostatic Self-assembly 

Layer-by-layer (LbL) electrostatic self-assembly is a method for making thin films 

with layers of alternately charged materials.88-90 By using materials of opposing charge in 

adjacent layers, electrostatic attraction between the layers occurs. This allows for self-

assembly of multilayers to occur. Due to the electrostatic attraction, the produced films 

are extremely stable and result in a highly ordered structure.88 The ability to form a thin 

film with layers of varying properties  allows for control of the bulk film properties. This 

creates the possibility of choosing constituent materials and assembly conditions (e.g. 

deposition time, number of layer pairs, deposition concentration) to tune the film 

properties to specific applications. Additionally, this method is extremely versatile and 

allows for conformal coatings on a variety of substrates.40,91 More recently, Cai et al. 

demonstrated that this assembly procedure allows for improved sensor performance as 

compared to direct mixing.65 
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1.5. Constituents for Layer-by-Layer Assembly 

Given their promising properties for pH sensing, MXenes, in this case Ti3C2Tx, 

will be used as one of the main components in the resistive sensor. Due to their 

functionalized surface, MXenes have the potential to adsorb the positively charged ions 

surrounding them. As demonstrated by VahidMohammadi et al. for the case of V2CTx, 

positively charged ions, cations, will readily intercalate into the MXene multilayers and 

cause a shift in d-spacing. As d-spacing changes, so too does the conductive pathway and 

the resistance of the MXene multilayers. Additionally, the hydroxyl surface groups of the 

MXene can protonate/deprotonate which will affect the number of cations that can interact 

with the MXene. One concern of using NaAsc is the salt concentration due to the presence 

of sodium salt. While salt concentration can affect both colloidal stability and LbL 

assembly, the molarity of the sodium ascorbate in the Ti3C2Tx dispersion is sufficiently 

low as to not cause issue. Given the molecular weight of NaAsc (197.11 g/mol), the 

concentration of NaAsc in the dispersion is 0.005 M. Ti3C2Tx dispersions have been 

demonstrated to be stable up to 0.05 M salt concentrations.50 More recently, the ion 

intercalation has shown promise as a way to improve the sensitivity of Ti3C2Tx sensors.67 

As such, the findings of Koh et al. have supported an additional benefit of the inclusion 

of NaAsc. 

Due to the negative charge of MXenes, a positively charged polymer, a polycation, 

is necessary for successful electrostatic self-assembly to occur. The two polycations 

explored herein are poly (diallyldimethylammonium chloride) (PDADMAC) and 

branched polyethylenimine (BPEI). PDADMAC was chosen due to its pH insensitivity. 
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This insensitivity is due to PDADMAC being a strong electrolyte and maintaining its 

positive charge throughout the entire pH range.92 The structure of PDADMAC is shown 

in Figure 1.  

 

 

Figure 1. Structure of poly (diallyldimethylammonium chloride). 

 

 

To demonstrate the effects of using a highly pH sensitive polymer, BPEI was used to 

contrast PDADMAC. Its high sensitivity can be attributed to its variety of amine groups: 

primary (pKa = 4.5), secondary (pHa = 6.7), and tertiary (pKa = 11.6).93 The structure of 

BPEI is shown in Figure 2. 
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Figure 2. Structure of branched polyethylenimine. 

 

 

 

 

Figure 3. Structure of branched polyethylenimine with protonated secondary and 

tertiary amine groups. 

 

 

As the pH of BPEI changes, the degree of protonation of the amine groups will vary as 

well which results in a conformational change in the polymer. When the pH is lower than 

the pKa, the respective amine group will become protonated and vice versa. For example, 

in Figure 3, the secondary and tertiary amine groups of BPEI are protonated. This is 

indicative of the pH being between pH 4.5 and pH 6.7 and results in a positively charged 
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polymer. As the charge density changes, a varying amount of electrostatic interaction is 

present, and the polymer chains can either aggregate or extend, causing a change in 

thickness. Due to this pH induced change in thickness, BPEI shows promise as a material 

in a resistive pH sensor. 

 As a control for the MXenes, reduced graphene oxide (rGO) will also be used in 

conjunction with both polymers to make multilayers. As mentioned before, rGO and 

MXenes are both two dimensional carbides with high conductivity. MXenes have shown 

potential in a bulk of applications that rGO and graphene oxide (GO) have already been 

applied to. However, in the case of LbL assembly, an aqueous solution of the material is 

required. As GO is hydrophilic and dispersible in water, film assembly will be done using 

GO and the prepared film will be reduced to obtain rGO based multilayers. 
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2. EXPERIMENTAL 

 

2.1. Materials 

Melinex ST505 (Polyethylene terephthalate (PET) substrates) was purchased from 

Tekra. Acetone (>99.5%), isopropyl alcohol (IPA, >98%), slide glass, and 5 MHz Ti/Au 

quartz crystal substrates were purchased from VWR. 18.2 MΩ·cm (Milli-Q) water was 

obtained using Milli-Q Integral Water Purification System for Ultrapure Water. 

Poly(diallyldimethyl ammonium chloride) (PDADMAC, MW = 200,000 to 350,000 

g/mol, 20 wt% in water), branched polyethyleneimine (BPEI, MW = 25,000 g/mol, MN 

= 10,000 g/mol), hydrochloric acid (HCl, ACS reagent, 37% w/w), sodium hydroxide 

(NaOH), potassium permanganate (KMnO4), sodium nitrate (NaNO3), sodium hydroxide 

(NaOH), potassium permanganate (KMnO4), dimethyl sulfoxide (DMSO, ReagentPlus, 

>99.5%), and sodium L-ascorbate (NaAsc, crystalline, >98%) were purchased from 

Sigma-Aldrich. Titanium (Ti, 44 μm average particle size, 99.5% purity), aluminum (Al, 

44 μm average particle size, 99.5% purity), titanium carbide powders (TiC, 2 – 3 μm 

average particle size, 99.5% purity), lithium fluoride (LiF, 98+% purity), hydroiodic acid 

(HI, 55%), and silver conductive adhesive paste (sheet resistance <0.025 Ω/□ at 0.001” 

thick) were purchased from Alfa Aesar. Type E polytetrafluoroethylene (PTFE) 18 

American wire gauge (awg) 19 Strands (silver plated copper wire) was purchased from 

WesBell Electronics, Inc. Sulfuric acid (H2SO4, 95 – 98%), potassium hydroxide (KOH), 

and hydrogen peroxide (H2O2, 30%) were purchased from BDH. Graphite (SP-1) was 

purchased from Bay Carbon. Si wafers were purchased from University Wafers. 
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2.2. Ti3AlC2 MAX Powder Synthesis 

Ti3AlC2 MAX powder was synthesized using commercial Ti, Al, and TiC powders 

as received following previous reports.64 The powders were weighed and combined in a 

Ti:Al:C = 3:1.2:1.8 ratio and subsequently mixed by ball milling with zirconia beads at 

300 rpm for 24 hours in a glass jar. The bulk Ti3AlC2 sample was then sintered at 1510 oC 

with a loading of 50 MPa for 15 minutes using Pulsed Electric Current System (PECS). 

The sample was then drill milled and sieved to obtain high purity powder with 20 to 45-

micron particle size. 

 

2.3. Ti3C2Tx Clay Synthesis 

Following previous reports, Ti3C2Tx clay was synthesized from the MAX phase 

by selective etching of the aluminum.3,64 Hydrochloric acid (HCl, 37% w/w) was diluted 

to 6 M HCl in deionized (DI) water. The solution was placed in a polypropylene beaker 

and LiF was subsequently added. The dispersion was continuously stirred for 5 minutes 

at room temperature using a Teflon magnetic stirrer. The MAX phase powder was slowly 

added to the solution due to the exothermic nature of the reaction. The beaker was capped 

to prevent evaporation and a hole was made to mitigate gas build up. The mixture was 

then stirred at 40 oC for 45 hours. The product was filtered using DI water in a polyvinyl 

difluoride (PVDF) filtration unit with 0.22-micron pore size (Millipore® SCQVU10RE 

StericupTM GV) and washed until the pH of the solution reached 6 to ensure any 



 

24 

 

remaining hydrofluoric acid (HF) was removed. The material remaining on the filter was 

collected as the Ti3C2Tx clay. 

 

2.4. Ti3C2Tx Clay Intercalation and Delamination 

An aqueous dispersion of Ti3C2Tx was obtained by intercalation of the clay with 

dimethyl sulfoxide (DMSO) and delamination by bath sonication as done in previous 

reports.64 A 60 mg/mL suspension was created by adding 1mL of DMSO to 60 mg of the 

clay. The suspension was stirred at room temperature for 20 hours to fully intercalate the 

clay. Remaining DMSO was removed by solvent exchange by washing suspension with 

DI water and centrifuging for 4 hours at 5000 rpm. The resulting suspension was bath 

sonicated for an hour at room temperature and subsequently centrifuged for an hour at 

3500 rpm. The resulting supernatant contained the Ti3C2Tx dispersion. Concentration of 

the dispersion was determined by vacuum filtration of a known volume of dispersion and 

subsequent weighing of the film. The Ti3C2Tx dispersion was diluted in Milli-Q water to 

obtain a 0.5 mg/mL dispersion, and 1 mg/mL of NaAsc was added to mitigate oxidation.  

 

2.5. Graphene Oxide Synthesis 

Graphene oxide (GO) was synthesized following the Modified Hummers’ 

Method.94 3 g of graphite powder and 2.5 g of NaNO3 were added to 120 mL of 

concentrated H2SO4. The mixture was then stirred in an ice bath for 5 hours. After this 

time, 15 g of KMnO4 was slowly added while the mixture stirred continuously. The 

temperature of the mixture was kept below 20 oC throughout mixing. The mixture was 
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then diluted with 700 mL of cold ultrapure water and 20 mL of hydrogen peroxide. 

Addition of hydrogen peroxide caused the color to change to brown. The mixture was then 

washed with 5 wt% HCl and filtered. The filtered mixture was dispersed in ultrapure water 

and subsequently dialyzed against ultrapure water. Dialysis was repeated until mixture pH 

reached the pH of ultrapure water. The remaining powder was then dried at 60 oC and 

redispersed in water to obtain a 0.5 mg/mL solution of GO. The dispersion was then 

sonicated to obtain a stable dispersion. 

 

2.6. Layer-by-Layer Film Assembly 

LbL polymer and Ti3C2Tx composites were prepared on glass, silicon (Si) wafers, 

polyethylene terephthalate (PET), and quartz crystal substrates following procedure from 

An et al.40,64 The polymers used were PDADMAC and BPEI, the former was used at its 

natural pH (pH 7.8) and the latter at pH 5 to control the assembly conditions of the film. 

pH was adjusted using HCl. At pH 5, the primary and secondary amine groups of the BPEI 

are protonated and the polymer is positively charged. PDADMAC was used due to its pH 

insensitivity whereas BPEI allowed for an opposing view due to its high pH sensitivity. 

Both polymers were diluted to 1 mg/mL in Milli-Q water whereas Ti3C2Tx and GO were 

diluted to 0.5 mg/mL in Milli-Q water. Glass slides (6 cm x 2.5 cm x 1 mm) were cut to 

dimensions of 5 cm x 1.25 cm x 1 mm using a diamond glass cutter. Glass substrates were 

bath sonicated in IPA for 15 minutes. The substrates were then cleaned with water and 

acetone in that order and air dried after both cleanings. The PET substrates were cleaned 

with water and isopropyl alcohol. After cleaning, the substrates were plasma treated 
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(Harrick PDC-32G) for 3 minutes to create a hydrophilic surface for the positively charged 

polymer to adsorb to. 4 lines of tape (1 mm x 4 mm) were placed lengthwise on the PET 

substrates to create U-shaped patterns. The plasma treated substrates were then submerged 

in the polymer for 15 minutes. The substrates were then submerged in Milli-Q water three 

times for 1 minute each time and subsequently air dried. The same coating procedure was 

used for Ti3C2Tx. Coating with both materials constituted one bilayer pair and these steps 

were repeated to achieve the desired layer pair (LP) number. For the quartz crystal 

substrates, the cleaning procedure was the same as for PET substrates. Coating procedure 

was identical to the previously mentioned procedure but was done while the quartz crystal 

was attached to the Quartz Crystal Microbalance (QCM, MAXTEK RQCM Research 

Quartz Crystal Microbalance Monitor). After coating, the PET films were cut in half to 

halve the resistance of the film and increase the number of sensors produced. Due to the 

conductive pathway being along the length of the film, variations sensor length, and 

subsequently path length, can be used to modify bulk film resistance. The halved films 

were subsequently cut into four strips (0.31 cm x 2.5 cm) with each having a U-shaped 

pattern. Silver coated copper wires were then placed on each side of the top of the ‘U’ and 

attached to the film using silver paste. The silver paste was then dried by placing the film 

in a vacuum oven at room temperature for 6 hours. The final path length of the sensors 

from lead to lead was ~4.1 cm with a width of ~0.11 cm. Due to the bottom of the ‘U’ 

being thicker than 0.11 cm, the total surface area was 0.58 cm2. 
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2.7. Preparation of Reduced Graphene Oxide Based Films 

Due to the ease of processability and hydrophilicity of GO, rGO based thin films 

were fabricated by the chemical reduction of GO based films.82 Reduction of GO based 

films was necessary due to the low conductivity of GO. LbL assembly of graphene oxide 

films followed the previous procedure using GO in place of Ti3C2Tx. However, an 

additional reduction step was performed prior to cutting the films to create the sensors. 

GO reduction was carried out using hydroiodic (HI) vapor.82 1 mL of 55% HI was added 

to a glass petri dish containing the GO based film. This petri dish was stored in a secondary 

glass petri dish to prevent HI vapor from escaping, and the outer petri dish was 

subsequently covered and sealed with paraffin. The petri dish was then heated at 90 oC for 

8 minutes to achieve adequate reduction following the findings from De et al.82 The 

reduced film was then washed with ethanol. Reduction was verified by color change and 

resistance decrease of the film. The (polymer/rGO) multilayers on PET were then made 

into sensors as described previously. Characterization of rGO based films was done prior 

to reduction. Based on previous reports, rGO films will become approximately 5% thinner 

after reduction.82 

 

2.8. Preparation of Spray-Assembled Ti3C2Tx Films 

Ti3C2Tx films were prepared by spray coating using a procedure combining those 

of Zhao et al. and De et al.82,95 Patterned PET substrates were placed on a heating plate 

set to 90 oC. A 0.5 mg/mL Ti3C2Tx dispersion was sprayed onto the substrate from a 

vertical distance of 15 cm for 8 minutes with constant movement (1 cm/s) of the nozzle to 
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prevent aggregation. Nozzle pressure was maintained at 80 psi. The coated substrate was 

cut and prepared into sensors as previously described. 

 

2.9. Film Growth and Characterization 

2.9.1. Profilometry 

Film thickness and roughness were determined by profilometry (KLA Tencor D-

100). Measurements were taken every layer pair to create a growth profile of the film. The 

profilometer can determine thickness and roughness of the film by performing a 

topographical scan of the surface. A thin stylus is lowered onto a surface and physically 

moves along the film. The height change of the stylus is directly correlated to the thickness 

of the film. By measuring a pristine and coated portion of the substrate, the film thickness 

(t) is the delta height of the two regions. Root mean square (RMS) roughness (Rq) can be 

calculated from the height profile of the film. All measurements were repeated a minimum 

of three times. A pristine portion of the substrate was obtained by making a vertical scratch 

along the film. It was ensured that only the film was removed and that the glass was not 

scratched to prevent inaccurate measurements. All layer growth characterization of rGO 

based multilayers was done prior to reduction. 

 

2.9.2. Ellipsometry 

Film thickness was verified using an ellipsometer (LSE Stokes Ellipsometer). A 

pristine substrate was first measured to determine the refractive index (N) and extinction 

coefficient (K) of the substrate. t and N of the films were then determined using a thin 
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oxide model. t guesses were taken from profilometry results. For this method, a reflective 

surface is required, so coated Si wafers were used for these measurements. A minimum of 

three measurements were taken for every sample, including the pristine substrate used for 

the baseline. 

 

2.9.3. Spectrophotometry 

As more Ti3C2Tx or GO is deposited onto the film and the thickness increases, so 

too will the absorbance of the thin as the film will become darker. Subsequently, 

spectrophotometry can be employed to quantify this increase in absorbance. The 

absorbance of note occurs at 770 nm and 335 nm for Ti3C2Tx and GO respectively. 

Absorbance was measured using a solid-state spectrophotometer (Shimadzu SolidSpec-

3700 UV-VIS-NIR Spectrophotometer) using a pristine glass slide for baseline 

measurements. A light of known intensity is passed through the solid substrate at varying 

wavelengths (scanning from 800 nm to 300 nm). The intensity of the light after travelling 

through the film is then measured to determine how much light was absorbed at each 

wavelength following Eq 9. 

A = log (I/Io)          (9) 

where A is absorbance at a specific wavelength, I is beam intensity after passing through 

the sample, and Io is initial beam intensity. The ratio of intensities is equivalent to 

transmittance. 
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2.9.4. Film Composition 

Using a Quartz Crystal Microbalance (QCM), film composition can be determined 

for a thin film coated on substrates of certain materials, in this case quartz. The QCM 

measures the change in frequency of the film after each deposition step. Using the 

Sauerbrey equation (Eq. 10), the change in frequency can be converted into mass change. 

∆𝑓 =
−2𝑓𝑜

2

𝐴√𝜌𝑞𝜇𝑞
∆𝑚         (10) 

where ∆f is the change in frequency, fo is the resonant frequency (Hz), ∆m is the change 

in mass, A is the area between electrodes (cm2), ρq is the density of quartz (2.68 g/cm3), 

and μq is the shear modulus of quartz crystal (2.95 x 1011 g/cm/s2).96,97 By measuring mass 

deposited every half layer pair, the mass contribution from each component can be 

determined and an overall composition by mass fraction can be obtained. 

 

2.9.5. MAX and MXene Characterization 

Chemical composition of both MAX phase, Ti3C2Tx nanosheets, and Ti3C2Tx 

multilayers was obtained. Deconvoluted x-ray photoelectron spectroscopy (XPS, Omicron 

XPS/UPS system with Argus detector) was used to determine the bond types of the 

relevant elements (e.g. Ti, C, O, and F). This verifies the removal of Ti-Al bonds and the 

creation of Ti-O and Ti-F bonds due to surface functionalization. Additionally, XPS can 

be used to check for over etching by the presence of C-C bonds which would be caused 

by the generation of carbide derived carbons (CDC) which are a byproduct of over etching. 

Samples for XPS were prepared by freeze drying a dispersion of Ti3C2Tx. XPS samples 

for sensors before and after testing were prepared by drying the sensor at room temperature 
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under vacuum for a minimum of three days. X-ray diffraction (XRD, Bruker D8 powder 

X-ray diffractometer fitted with LynxEye detector) of the MAX phase and Ti3C2Tx 

nanosheets verified successful etching of the ‘A’ phase from the MAX phase powders. 

This can be seen quantitively as the downshift of the (002) peak from the MAX phase to 

the MXene and the disappearance of peaks around 30o to 40o. Secondary electron 

microscopy (SEM, JEOL JSM-7500F) of the nanosheets verifies that delamination was 

successful. XRD, XPS, and SEM samples for the initial Ti3C2Tx dispersion were prepared 

by freeze drying a dispersion of Ti3C2Tx. Samples for SEM and XPS of sensors were used 

as prepared. Atomic force microscopy (AFM, Bruker Dimension Icon AFM) was used to 

measure nanosheet thickness and lateral size. Samples for AFM were prepared by drop 

casting on mica. Zeta potential and particle size of a dispersion of 0.5 mg/mL Ti3C2Tx 

were measured using a Malvern Zetasizer Nano ZS. Dynamic light scattering (DLS) was 

employed to measure the latter.  

For XPS peak fitting, Ti 2p, C 1s, O 1s, and F 1s spectra were deconvoluted based 

off of previous reports using CasaXPS software.49,98 Due to the low AT% of N 1s and Cl 

2p, these components were not deconvoluted. To determine background contribution, a 

Shirley type background function was applied to all spectra. The spectra were then 

calibrated based on the adventitious carbon peak (C-C,284.8 eV) prior to peak fitting. To 

ensure accurate peak fitting results, all binding energies (eV) were verified with previous 

literature results and full width half maximum (FWHM) values were constrained.49,98 For 

the Ti 2p spectra, contributions were split into the 2p3/2 and 2p1/2 spin components. The 

area ratio of the two was set to 2:1 2p3/2:2p1/2. The components used for each 
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deconvolution are as follows: Ti-C, Ti2+, Ti3+, TiO2, and TiFx for Ti 2p, C-Ti-Tx
a, C-Ti-

Tx
b, C-C, CHx/CO, C-OH, and COO for C 1s, TiO2, C-Ti-Ox, C-Ti-(OH)x, Al2O3, and H2O 

for O 1s, and C-Ti-Fx and AlFx for F 1s. As the C-Ti-Tx bond is asymmetric, it was 

represented by two symmetric peaks.49,98 All binding energies, FWHM, and AT% values 

were then quantified and tabulated. 

 

2.10. pH Response Testing 

All response testing was done at room temperature (25 oC). Prior to response 

testing, the sensor was submerged in Milli-Q water for 24 hours to allow the multilayers 

to fully swell. Due to the hydrophilic nature of Ti3C2Tx, water can readily intercalate into 

and adsorb to Ti3C2Tx sheets which increases resistance of the sensor. Additionally, 

polyelectrolyte layers undergo swelling with water as well.99,100 As such, it is necessary to 

allot adequate time for the sensor to swell to mitigate swelling effects on sensor resistance.  

After swelling, the sensor was submerged in 150 mL of Milli-Q water. pH and 

resistance were recorded in-situ using a commercial pH probe (Beckman Model 350 

pH/Temp/mV Meter) and a multimeter (Dawson DDM645) respectively. The multimeter 

applied a direct current (DC) voltage of 1000 V. pH was adjusted using 0.05 M stock 

solutions of hydrochloric acid (HCl) and sodium hydroxide (NaOH). pH and resistance 

were recorded at various intervals from pH 3 to pH 7 with cycling to check for hysteresis 

and repeatability.  
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3. RESULTS AND DISCUSSION 

 

3.1. MAX Phase and MXene 

3.1.1. Chemical Characterization 

XRD data was obtained for both the MAX phase and Ti3C2Tx nanosheets as shown 

in Figure 4.  

 

 

 

Figure 4. XRD of Ti3C2Tx nanosheets and MAX phase. 
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Figure 4 depicts the peaks associated with the (002) MAX phase material (2θ ~ 10) and 

(002) Ti3C2Tx (2θ ~ 7).49,64 XRD peaks can be used to determine d-spacing by Bragg’s 

Law (Eq. 11).  

n λ = 2 d sin θ          (11) 

where n is a positive integer, λ is wavelength, d is d-spacing, and θ is scattering angle. In 

accordance with Bragg’s law, d-spacing is inversely proportional to 2θ, and the downshift 

in (002) peak from MAX phase to Ti3C2Tx is caused by the increased interlayer spacing 

when Al is successfully etched. The removal of peaks at higher 2θ occurs due to the 

crashing out of larger particles during the final centrifugation of the delamination process. 

 XPS was performed using the Ti3C2Tx nanosheets to confirm the presence and 

determine the bond types of Ti, O, C, and F as shown in Figures 5 and 6. 
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Figure 5. XPS survey scan of freeze dried Ti3C2Tx. 
 

 

From the survey scan of Ti3C2Tx, the presence of Ti 2p, C 1s, O 1s, and F 1s is confirmed. 

These are the typical elements found in this MXene, and the absence of Al is indicative of 

the successful etching of Al from the Ti3AlC2 MAX phase. The peak fittings for each 

component are shown in Figure 6 with full width half maximum (FWHM) values, 

component atomic (at) %, and quantitative peak locations following in Table 2.49,98 

Numbers in parentheses correspond to the contribution from the Ti 2p1/2 orbital. 
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Figure 6. Component peak fittings of Ti3C2Tx nanosheets for (a) Ti 2p, (b) C 1s, (c) 

O 1s, and (d) F 1s from XPS. 
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Table 2. XPS peak fitting results for Ti3C2Tx. 

Element Element 

at% 

Binding 

energy (eV) 

Component 

name 

Component 

at% 

FWHM 

Ti 2p3/2 

(2p1/2) 

17.7 455.2 (460.3) Ti-C 11.3 1.2 (2.0) 

456.1 (461.5) Ti2+ 60.8 2.3 (3.0) 

457.9 (463.0) Ti3+ 15.5 2.2 (3.0) 

459.2 (464.8) TiO2 10.6 1.2 (2.0) 

459.8 (465.8) Ti-Fx 1.8 0.7 (0.8) 

C 1s 54.2 281.9 C-Ti-Tx 9.3 1.1 

282.2 C-Ti-Tx 8.7 1.3 

284.5 C-C 56.7 2.2 

285.9 CHx/CO 19.7 2.6 

288.0 C-OH 3.6 1.5 

289.2 COO 2.1 1.4 

O 1s 22.9 529.7 TiO2 5.1 0.9 

530.5 C-Ti-Ox 56.4 2.1 

532.0 C-Ti-(OH)x 27.8 2.4 

532.7 Al2O3 3.4 2.2 

533.5 H2O 7.3 2.1 

F 1s 5.2 685.1 C-Ti-Fx 92.1 1.7 

686.9 AlFx 7.9 1.8 

 

 

 For the Ti 2p peak fitting, the peaks of note occur for TiO2 (459.2 and 464.8 eV) 

and Ti-C (455.2 and 460.3 eV).49 The Ti-C peak demonstrates that M-X bonds have 

formed, and TiO2 peaks would only be present when there are existing Ti-C bonds that 

can oxidize. The TiO2 peaks also indicate the extent of oxidation of the MXene. The 

oxidation likely occurred during the freeze-drying process as the process can take days 

and the degree of oxidation is minimal. From the C 1s spectra, the presence of surface 

terminating groups is represented by two symmetric peaks at 281.9 and 282.2 eV. The two 

peaks represent an asymmetric peak corresponding to the surface terminal groups.49 The 
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presence of -OH, -O, and -F surface functional groups is then confirmed by the O 1s and 

F 1s component fittings.  

Zeta potential of a Ti3C2Tx dispersion was measured as shown in Figure 7. 

 

 

 

Figure 7. Zeta Potential Distribution of Ti3C2Tx. 

 

 

The average zeta potential is -46.1 ± 15.1 mV. As zeta potential is correlated to surface 

charge, this verifies that the MXene is negatively charged and thereby a favorable 

component for LbL assembly with a positively charged counterpart. Additionally, the high 

absolute value of the zeta potential indicates that the dispersion is stable.101 

 

3.1.2. Morphology  

After delaminating the Ti3C2Tx clay into nanosheets by sonication, a portion of the 

supernatant was freeze dried. SEM images of the powder were taken as shown in Figure 

8. 
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Figure 8. SEM of Ti3C2Tx nanosheets. 

 

 

As can be seen in Figure 8, the Ti3C2Tx clay was successfully delaminated into nanosheets 

as opposed to the ‘accordion’ structure of the clay obtained just after etching. The white 

dots on the surface of the nanosheets are TiO2 and indicative of oxidation of Ti3C2Tx. As 

the synthesis process from etching to nanosheets takes a minimum of 72 hours, and freeze 

drying takes an additional 72 hours, it is likely oxidation occurred during this time. 

A topographical scan of Ti3C2Tx nanosheets was obtained using atomic force 

microscopy (AFM) as shown in Figure 9a. 

10 μm 
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Figure 9. (a) Topographical scan and (b) height profile of Ti3C2Tx nanosheets as 

measured by AFM. 

 

 

The average thickness of the flakes was determined to be 1 nm (Figure 9b) which is in 

agreement with the theoretical thickness of nanosheets.3 This indicates the presence of 

monolayer Ti3C2Tx. Lateral size of the nanosheets ranges from 0.6 to 2.3 micron. Smaller 

flake size can be achieved by longer and/or more intense sonication (e.g. tip sonication), 

but either of these would result in the sheets being more prone to oxidation as the surface 

area:volume ratio would increase.48 Using DLS, the average hydrodynamic size of 

nanosheets in a dispersion of Ti3C2Tx was measured to be 304.7 nm (Figure 10) which is 

in agreement with previous reports from literature.36,67 

  

1 μm 
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Figure 10. Size distribution of Ti3C2Tx as measured by dynamic light scattering. 

 

 

3.2. Layer Growth of Thin Films 

As mentioned previously, films were prepared using the LbL assembly method. 

Assembly conditions for the polycations were 1 mg/mL at a pH of 7.8 for PDADMAC 

and pH 5 for BPEI. Nanomaterial dispersions were used at a concentration of 0.5 mg/mL. 

Layer growth of the Ti3C2Tx films was first quantified by thickness and roughness using 

profilometry as shown in Figure 11.  
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Figure 11. (a) Thickness and (b) RMS roughness of Ti3C2Tx multilayers as 

measured by profilometry. Thickness increases as 8.8 nm/LP and 2.7 nm/LP for 

(PDADMA/Ti3C2Tx)y and (BPEI/Ti3C2Tx)y, respectively. 

  

 

As can be seen in Figure 11a, linear growth of the films is verified. The films grow at a 

rate of 8.8 nm and 2.7 nm per LP for (PDADMA/Ti3C2Tx)y and (BPEI/Ti3C2Tx)y 

respectively. The large error bars can be attributed to the relatively high roughness of the 

films. However, this roughness is below 25 nm for all films which demonstrates the 

fabrication of homogenous films. Based on the measured nanosheet thickness of 1 nm and 

the assumption that increases in thickness are dominated by the Ti3C2Tx flakes, 

approximately 9 and 3 flakes are deposited each LP for (PDADMA/Ti3C2Tx)y and 

(BPEI/Ti3C2Tx)y respectively.3,40  

 Ellipsometry measurements were taken to reinforce the linear growth profile as 

shown in Figure 12. 
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Figure 12. Thickness of Ti3C2Tx multilayers as determined by ellipsometry. 

Thickness increases as 3.1 nm/LP and 0.8 nm/LP for (PDADMA/Ti3C2Tx)y and 

(BPEI/Ti3C2Tx)y, respectively. 

 

 

From ellipsometry, linear growth of the multilayers and higher thickness of 

(PDADMA/Ti3C2Tx)y films as compared to (BPEI/Ti3C2Tx)y films is confirmed. In the 

case, the thickness of (PDADMA/Ti3C2Tx)y films increases as 3.1 nm per LP. and the 

thickness of (BPEI/Ti3C2Tx)y films increases as 0.8 nm per LP. The difference in thickness 

from ellipsometry and profilometry can be attributed to two major factors. Firstly, 

ellipsometry relies on a variety of parameters including refractive index and extinction 

coefficient of the substrate and an estimate of the thickness of the film to solve for 

thickness. Since the parameters for the substrate are taken using a different, pristine 

substrate, there could be discrepancies between the coated and pristine substrates due to 
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the formation of silica on the surface of the wafer. While wafers are cleaned prior to 

coatings and measurements, it is still possible for this to cause issues. If the thickness 

guess for the film is inaccurate, it would also lead to incorrect results. Additionally, while 

LbL assembly is a versatile method, some substrates can still display different adhesion 

affinities. Due to this, the amount of polycation adsorbed in the first deposition could be 

lower which leads to reduced layer growth throughout. Despite the differences in 

thickness, the trend is still linear and the films with PDADMA grow at a considerably 

faster rate than those with BPEI. Ultimately, the thicknesses obtained from profilometry 

were taken to be more accurate as it is a more direct measurement of thickness. 

Absorbance of films on glass substrates was measured using spectrophotometry as 

shown in Figure 13. 
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Figure 13. Absorbance of (a) (PDADMA/Ti3C2Tx)y, (b) (BPEI/Ti3C2Tx)y, and (c) 

Ti3C2Tx multilayers at 770 nm as measured by spectrophotometry and digital 

images of (d) (PDADMA/Ti3C2Tx)y and (e) (BPEI/Ti3C2Tx)y. 

 

 

As can be seen in Figure 13c, linear growth of the films is once again verified, and the 

absorbance increases at a rate of 0.04 a.u. and 0.01 a.u. per LP for Ti3C2Tx based films 
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with PDADMA and BPEI respectively. The absorbance can be correlated with the 

thickness as shown in Eq 12. for (PDADMA/Ti3C2Tx)y and Eq 13. for (BPEI/Ti3C2Tx)y. 

t (nm) = 77.0 * absorbance (a.u.) + 1.6          (12) 

t (nm) = 100.0 * absorbance (a.u.) + 0.8      (13) 

This relationship makes it possible to determine thickness of films coated on substrates 

that cannot easily be used for profilometry. One such example is PET due to the need to 

scratch off part of the surface. While this is not an exact measurement due to differences 

in substrate affinity, it can provide an order of magnitude guess and an accurate trend of 

layer growth. 

 Using QCM, the composition (wt%) for both constituent layers was determined 

(Figure 14).  
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Figure 14. Composition of Ti3C2Tx multilayers by QCM. 

 

By measuring mass deposited every half layer pair, it is possible to calculate the 

wt% for both the polycation and MXene. From QCM, the wt% for (PDADMA/Ti3C2Tx)5 

was determined to be 5.5% PDADMA and 94.5% Ti3C2Tx. (BPEI/Ti3C2Tx)5 was 

determined to be 9.3% BPEI and 90.7% Ti3C2Tx. This shows that the majority of the film 

is Ti3C2Tx in both cases and confirms the assumption that layer growth is dominated by 

Ti3C2Tx. As the polymer content was not high enough to significantly mitigate oxidation 

considering the findings of Habib et al., the additional need for an antioxidant to mitigate 

oxidation was supported.46,49 
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3.3. pH Response of Thin Films 

3.3.1. Determination of pH Sensing Range 

As mentioned previously, the response of the sensor in basic pH environments was 

not explored fully. This was due to the hastened oxidation of the sensors in basic 

environments. This can be seen in Figure 15 where the pH range tested spanned from pH 

3 to pH 10. 

 

 

 

Figure 15. pH response of (BPEI/Ti3C2Tx)5 from pH 3 to pH 10. 
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As can be seen in Figure 15, the resistance of the sensor exponentially increased 

after the film was exposed to basic conditions. However, the response in the acidic region 

was linear and a pH sensitivity for the sensor can be calculated to be 9.32 kΩ/pH or 

7.32%/pH. The typical color change associated with oxidation (the film turning white due 

to the formation of TiO2) can be seen in Figure 16 after sitting in basic conditions 

overnight. 

 

 

 

Figure 16. (BPEI/Ti3C2Tx)5 sensor a) before and b) after extended range pH 

response testing. 

 

a b 
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The visible lightening in color of the film is indicative of the oxidation reaction of Ti3C2Tx 

into TiO2 which would explain the considerable increase in resistance associated with this 

experiment. As the drastic increase in resistance occurs above pH 7, the tested pH range 

was confined to acidic pH: pH 3 to pH 7. 

 

3.3.2. (polycation/Ti3C2Tx) Thin Film Response 

pH sensitivity of (PDADMA/Ti3C2Tx)5 sensors were determined by exposing the 

sensor to environments of different pH ranging from pH 3 to pH 7 and recording the 

resistance. The figure of merit for the sensor, pH sensitivity, was quantified as the change 

in resistance per unit pH as well as the normalized change in resistance per unit pH. The 

latter was done to account for different loadings of Ti3C2Tx and calculated as shown in Eq. 

14.  

Sensitivity (%) =  
∆𝑅

𝑅𝑝𝐻 3
𝑜 ∗ ∆𝑝𝐻

 x 100       (14) 

where ΔR is the change in resistance (kΩ), Ro
pH 3 is the resistance (kΩ) for the initial 

measurement at pH 3, and ΔpH is the change in pH. 

A typical response plot for (PDADMA/Ti3C2Tx)5 sensors can be seen in Figure 17 

wherein resistance is plotted against pH. 
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Figure 17. pH response of (PDADMA/Ti3C2Tx)5. pH sensitivity of 23 kΩ/pH and 28 

kΩ/pH for cycles 1 and 3, respectively. 

 

 

 Due to the noticeable hysteresis in the response depending on which direction pH 

was changing, the cycles were split into two segments: pH 3 → pH 7 and pH 7 → pH 3. 

pH 3 → pH 7 for cycles 1 and 3 were then compared to assess the cyclability of the sensors 

as shown in the inset. From the response plot, the pH sensitivity of the sensor can be 

quantified as the slope of the line of best fit for the data. This results in an initial pH 

sensitivity of 23 kΩ/pH (19.4 %/pH) for pH 3 → pH 7 Cycle 1 which increased to 28 

kΩ/pH for pH 3 → pH 7 Cycle 3. However, there is overlap of the two cycles, indicating 

some degree of cyclability during the first few cycles. The response is attributed to the 
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(de)protonation of hydroxyl surface groups on the surface of the MXene. This leads to a 

change in the number of active charge carrier sites and electrostatic interaction between 

nanosheets. Both of which would lead to the corresponding changes in resistance. Change 

in electrostatic interaction leads to resistance changes as there will be intersheet attraction 

or repulsion that leads to changes in intersheet spacing. This is supported by the results of 

Natu et al. who observed a linear decrease in zeta potential with pH from pH 2 to pH 7.50  

To determine the effect of adding a pH sensitive polymer, (BPEI/Ti3C2Tx)5 sensors 

were tested as well (Figure 18).  

 

 

 

Figure 18. pH response of (BPEI/Ti3C2Tx)5. pH sensitivity of 132 kΩ/pH and 141 

kΩ/pH for cycles 1 and 3, respectively. 



 

53 

 

 

 Once again, each cycle was split into two portions depending on which direction 

pH was changing. As compared to (PDADMA/Ti3C2Tx)5 sensors, (BPEI/Ti3C2Tx)5 

sensors exhibited considerably higher pH sensitivities. In this case, the pH sensitivities 

were 132 kΩ/pH (68.1%/pH) for pH 3 → pH 7 Cycle 1 and 141 kΩ/pH for pH 3 → pH 7 

Cycle 3. This increase can be attributed to the pH sensitivity of BPEI. As the pH of the 

solution the sensor is submerged in increases, the BPEI in the sensor deprotonates and 

causes the thickness of the sensor to increase and vice versa. The thickness change can be 

attributed to conformational changes of BPEI due to changes in electrostatic interactions 

caused by (de)protonation. The more positively charged deprotonated BPEI chains will 

have higher intrachain repulsion causing the polymer chains to straighten out. The 

straightened chains lead to lower thicknesses and subsequently sensor resistance. The 

resistance changes caused by BPEI compound with those from the MXene and result in 

enhanced pH sensitivity. Compared to other resistive sensors in Table 1, the LbL 

polycation/Ti3C2Tx sensors exhibit considerably higher pH responsivities indicating that 

Ti3C2Tx is highly pH sensitive. However, due to the poor oxidative stability of Ti3C2Tx, 

the pH sensing range is generally smaller as compared to other resistive sensors.46,48 

 To determine oxidative stability of the sensors, SEM and XPS characterization was 

done before and after pH response testing. SEM of the sensors is shown in Figure 19. 
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Figure 19. SEM of (a) (PDADMA/Ti3C2Tx)5 and (b) (BPEI/Ti3C2Tx)5 before and (c) 

(PDADMA/Ti3C2Tx)5 and (d) (BPEI/Ti3C2Tx)5 after pH response test. 

 

 

 After pH response testing, there are visible white particles that form after pH 

response testing for both sensors. Given that TiO2 is white and that Ti3C2Tx is known to 

be prone to oxidation, it is presumed that these flakes are TiO2 and that the sensor has 

undergone oxidation during testing. This is confirmed using XPS to identify the change in 

components before and after testing.  

100 nm 

a 

c d 

b 

(PDADMA/Ti
3
C

2
T

x
)
5 

 (BPEI/Ti
3
C

2
T

x
)
5 

 
B

e
fo

re
 

A
ft

e
r 



 

55 

 

 As TiO2 is the component of note, peak fittings for the Ti 2p spectra from XPS are 

first examined (Figure 20).  

 

 

 

Figure 19. Deconvoluted Ti 2p XPS Spectra of (a) (PDADMA/Ti3C2Tx)5 and (b) 

(BPEI/Ti3C2Tx)5 films before and (c) (PDADMA/Ti3C2Tx)5 and (d) (BPEI/Ti3C2Tx)5 

films after pH response test. 

 

 

The TiO2 peak typically occurs at ~459 and ~ 464 eV, and the former is labeled in Figure 

20.49 Before the pH response test, the TiO2 peak is minimal for both sensor compositions. 

However, after testing TiO2 dominates the Ti 2p spectra and forms a sharp peak. This is 

indicative of considerable oxidation of the film during testing. In both cases, the TiO2 
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component AT% increases significantly from ~1% to ~50% (Tables 3-6). As in Table 2, 

the values in parentheses correspond to the Ti 2p1/2 orbital. 

 

Table 3. XPS peak fitting results for (PDADMA/Ti3C2Tx)5 before pH response test. 

Element Element 

at% 

Binding 

energy (eV) 

Component 

name 

Component 

at% 

FWHM 

Ti 2p3/2 

(2p1/2) 

4.9 454.4 (459.8) Ti-C 46.7 1.6 (2.5) 

455.5 (460.9) Ti2+ 23.8 1.5 (1.6) 

456.6 (462.2) Ti3+ 27.6 2.1 (2.0) 

458.2 (464.5) TiO2 1.5 1.0 (1.0) 

459.0 (465.8) Ti-Fx 0.9 1.6 (1.0) 

C 1s 77.6 281.0 C-Ti-Tx 4.9 1.2 

282.6 C-Ti-Tx 2.2 1.7 

284.8 C-C 78.6 1.8 

286.4 CHx/CO 9.2 1.6 

287.6 C-OH 0.3 0.6 

288.6 COO 4.8 1.7 

O 1s 15.4 529.2 TiO2 20.0 1.9 

530.9 C-Ti-Ox 12.2 1.3 

531.9 C-Ti-(OH)x 47.6 1.9 

533.3 Al2O3 16.1 2.0 

534.2 H2O 4.2 3.0 

F 1s 1.1 684.3 C-Ti-Fx 96.7 1.7 

686.0 AlFx 3.3 1.0 

Cl 2p 1.0 - - - - 
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Table 4. XPS peak fitting results for (BPEI/Ti3C2Tx)5 before pH response test. 

Element Element 

at% 

Binding 

energy (eV) 

Component 

name 

Component 

at% 

FWHM 

Ti 2p3/2 

(2p1/2) 

7.3 455.0 (460.0) Ti-C 46.3 1.8 (3.0) 

455.9 (461.4) Ti2+ 33.5 2.4 (1.6) 

456.8 (462.8) Ti3+ 17.9 2.0 (1.6) 

458.2 (464.5) TiO2 1.7 0.9 (1.2) 

459.1 (466.2) Ti-Fx 0.6 1.9 (0.7) 

C 1s 73.0 281.6 C-Ti-Tx 6.8 1.2 

283.1 C-Ti-Tx 7.0 3.0 

284.8 C-C 63.3 1.6 

286.0 CHx/CO 19.2 2.3 

288.1 C-OH 1.6 1.3 

289.0 COO 2.0 1.2 

O 1s 14.5 529.5 TiO2 15.9 1.5 

530.9 C-Ti-Ox 25.3 2.9 

531.6 C-Ti-(OH)x 36.4 1.7 

532.7 Al2O3 12.5 1.3 

533.7 H2O 9.9 1.5 

F 1s 1.8 684.8 C-Ti-Fx 93.1 1.8 

686.9 AlFx 6.9 1.6 

Cl 2p 1.3 - - - - 

N 1s 2.0 - - - - 
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Table 5. XPS peak fitting results for (PDADMA/Ti3C2Tx)5 after pH response test. 

Element Element 

at% 

Binding 

energy (eV) 

Component 

name 

Component 

at% 

FWHM 

Ti 2p3/2 

(2p1/2) 

2.3 455.0 (460.0) Ti-C 23.7 1.9 (3.0) 

456.1 (461.2) Ti2+ 7.6 2.0 (1.3) 

457.1 (462.7) Ti3+ 19.8 3.0 (2.8) 

458.7 (464.8) TiO2 47.1 1.3 (2.1) 

459.1 (466) Ti-Fx 1.9 1.7 (1.4) 

C 1s 77.7 281.5 C-Ti-Tx 1.5 1.5 

283.1 C-Ti-Tx 2.1 1.3 

284.8 C-C 79.8 1.6 

286.2 CHx/CO 11.8 2.1 

288.2 COH 1.4 0.9 

288.9 COO 3.4 1.4 

O 1s 19.0 530.0 TiO2 14.2 1.6 

530.4 C-Ti-Ox 5.3 1.0 

531.7 C-Ti-(OH)x 50.3 1.6 

532.7 Al2O3 13.0 1.2 

533.4 H2O 17.3 1.8 

F 1s 0.4 684.6 C-Ti-Fx 73.6 1.7 

686.4 AlFx 26.4 1.9 

Cl 2p 0.6 - - - - 
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Table 6. XPS peak fitting results for (BPEI/Ti3C2Tx)5 after pH response test. 

Element Element 

at% 

Binding energy 

(eV) 

Component 

name 

Component 

at% 

FWHM 

Ti 2p3/2 

(2p1/2) 

3.7 454.8 (460.2) Ti-C 18.1 1.9 (2.8) 

456.1 (460.8) Ti2+ 16.6 2.4 (3.0) 

457.6 (462.7) Ti3+ 8.6 2.1 (2.2) 

458.5 (464.2) TiO2 55.0 1.3 (2.1) 

459.2 (464.8) Ti-Fx 1.7 0.9 (1.1) 

C 1s 72.7 281.0 C-Ti-Tx 1.7 1.4 

283.2 C-Ti-Tx 2.7 1.8 

284.8 C-C 72.6 1.5 

286.2 CHx/CO 12.1 1.4 

287.9 C-OH 7.6 2.6 

288.8 COO 3.3 1.2 

O 1s 21.5 529.8 TiO2 24.4 1.6 

530.9 C-Ti-Ox 12.2 1.4 

532.0 C-Ti-(OH)x 44.5 1.6 

532.9 Al2O3 0.8 0.5 

533.4 H2O 18.2 1.6 

F 1s 0.5 684.3 C-Ti-Fx 26.9 0.8 

684.7 AlFx 73.1 2.3 

Cl 2p 0.4 - - - - 

N 1s 1.2 - - - - 

 

 

The peak fittings for the other components (C 1s, O 1s, and F 1s) are also examined to 

support the claim of oxidation. This is shown in Figure 21 for (PDADMA/Ti3C2Tx)5 and 

Figure 22 for (BPEI/Ti3C2Tx)5. 
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Figure 20. Deconvoluted XPS of (PDADMA/Ti3C2Tx)5 for (a) C 1s, (b) O 1s, (c) F 1s 

before and (d) C 1s, (e) O 1s, (f) F 1s after pH response test. 
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Figure 21. Deconvoluted XPS of (BPEI/Ti3C2Tx)5 for (a) C 1s, (b) O 1s, (c) F 1s 

before and (d) C 1s, (e) O 1s, (f) F 1s after pH response test. 

 

 

In the C 1s spectra, the two symmetric peaks representing the asymmetric C-Ti-Tx 

component drastically decreases after testing. Additionally, in the F 1s spectra the C-Ti-

Fx peak drastically shrinks. Both of these changes support the claim that the sensors are 

oxidizing.  

 

3.3.3. Response of (polycation/Ti3C2Tx) sensors without NaAsc treatment 

To determine the effect of NaAsc, sensors prepared with untreated Ti3C2Tx were 

tested as well as shown in Figure 23.  
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Figure 22. (PDADMA/Ti3C2Tx)5 pH response. pH sensitivity of 72 kΩ/pH and 68 

kΩ/pH for cycles 1 and 3, respectively. Ti3C2Tx was not treated with NaAsc. 

 

 

As compared to (PDADMA/Ti3C2Tx)5 sensors treated with NaAsc, the untreated sensors 

display higher pH sensitivities (72 kΩ/pH for the untreated sensor vs. 28 kΩ/pH for the 

treated sensor). The higher sensitivity can be attributed to both the higher initial resistance 

of the untreated sensor as well as oxidation of the sensor. Normalizing for the initial 

resistance, the untreated sensor had a sensitivity of 34.6 %/pH vs. 19.4 %/pH for the 

treated counterpart. As oxidation would increase the resistance of the film, it would be 

additive to the change in resistance caused by the pH sensitivity of the sensor, leading to 

an artificially higher pH sensitivity. This claim is supported by the significantly higher 
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resistance at pH 3 for Cycle 1 and Cycle 3 and contributes to the higher normalized pH 

sensitivity. The higher initial resistance, almost double that of the NaAsc treated sensor, 

and noticeably worse cyclability lead to the conclusion that treatment with NaAsc is 

beneficial for sensor performance. 

Films prepared with untreated Ti3C2Tx were compared again for sensors made 

using BPEI. The response of a typical (BPEI/Ti3C2Tx)5 sensor without NaAsc treatment 

can be seen in Figure 24. 

 

 

 

Figure 23. pH response of (BPEI/Ti3C2Tx)5. pH sensitivity of 120 kΩ/pH and 65 

kΩ/pH for cycles 1 and 3, respectively. Ti3C2Tx was not treated with NaAsc for 

these tests. 
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As with the untreated (PDADMA/Ti3C2Tx)5 sensor, the initial resistance for the untreated 

(BPEI/Ti3C2Tx)5 sensor was considerably higher than its NaAsc treated counterpart. In 

this case, the initial resistance was an order of magnitude higher. While the pH sensitivities 

were similar in this case (120 kΩ/pH for untreated (BPEI/Ti3C2Tx)5 vs. 132 kΩ/pH for 

(BPEI/Ti3C2Tx)5 treated with NaAsc), the response was nonlinear and decreased 

considerably by the third cycle (120 kΩ/pH for Cycle 1 to 65 kΩ/pH for Cycle 3). The 

high sensitivity was also due in part to the higher resistance of the film. Comparing the 

normalized resistance change, the untreated film had a normalized pH sensitivity of 12 

%/pH whereas the treated film had a normalized pH sensitivity of 68.1 %/pH. This 

confirms that NaAsc was beneficial to sensor performance. 

 

3.4. Comparison to rGO Based Sensors 

As with Ti3C2Tx based films, growth profiles were obtained for rGO based sensors. 

All growth characterization was done prior to reduction of GO. This is due to the corrosive 

nature of HI and the discoloration of the substrates after reduction. Based on the results of 

De et al., a ~5% reduction in thickness can be expected after reduction of the GO 

multilayers.82 To compare the initial size of the nanomaterial, AFM was used to measure 

nanosheet thickness of GO (Figure 25). 
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Figure 24. (a) AFM topographical scan and (b) height profile of survey scan of GO 

nanosheets. 

 

 

From AFM, a typical nanosheet size of 0.9 nm and lateral size of 0.2 to 0.6 micron 

are obtained for GO (Figure 25). The thickness is similar to the monolayer nanosheet size 

obtained for Ti3C2Tx (1 nm) whereas lateral size is considerably smaller. However, there 

is noticeable aggregation of the nanosheets.  

After verifying nanosheet thickness, a growth profile with thickness and roughness 

of GO multilayers was obtained from profilometry as shown in Figure 26.  

1 μm 

23.9 nm 

a) b) 
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Figure 25. (a) Thickness and (b) RMS roughness of GO based multilayers as 

measured by profilometry. Thickness increases as 122 nm/LP and 155 nm/LP for 

(PDADMA/GO)y and (BPEI/GO)y, respectively. 

 

 

As opposed to Ti3C2Tx multilayers, the thickness and roughness of GO multilayers is an 

order of magnitude larger with a layer growth of 122 nm and 155 nm per layer pair for 

films with PDADMA and BPEI, respectively. This higher rate of deposition can be 

attributed to aggregation of the GO nanosheets in dispersion and leads to a lower resistance 

of rGO based films as resistance is inversely related to thickness as shown in Eq. 15.  

R = 
𝜌𝑙

𝑡𝑤
           (15) 

where R is resistance, ρ is resistivity, l is path length, t is film thickness, w is path width. 

 As before, thickness was verified using ellipsometry as shown in Figure 27. 
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Figure 26. Thickness of GO based multilayers as determined by ellipsometry. 

Thickness increases as 122 nm/LP and 147 nm/LP for (PDADMA/GO)y and 

(BPEI/GO)y, respectively. 

 

 

 

From ellipsometry, layer growth was determined to be 122 nm and 147 nm per layer pair 

for (PDADMA/GO)y and (BPEI/GO)y, respectively, which is in agreement with the results 

of profilometry. However, as thicknesses from profilometry were used for Ti3C2Tx 

multilayers, they will be used for GO multilayers as well to maintain consistency. 

 Spectroscopy results of GO multilayers can be seen in Figure 28. 
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Figure 27. Absorbance of (a) (PDADMA/GO)y, (b) (BPEI/GO)y, and (c) GO 

multilayers at 335 nm as measured by spectrophotometry and digital images of (d) 

(PDADMA/GO)y and (e) (BPEI/GO)y. 

 

 

The absorbance increases at a rate of 0.14 a.u. and 0.17 a.u. per LP for (PDADMA/GO)y 

and (BPEI/GO)y respectively. The absorbance can once again be correlated with the 
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thickness as shown in Eq. 16 for (PDADMA/GO)y and Eq. 17 for (BPEI/GO)y 

respectively. 

t (nm) = 872 * absorbance (a.u.) – 3      (16) 

t (nm) = 914 * absorbance (a.u.) – 54      (17) 

 

 Polycation and GO content in the films was verified using QCM as shown in 

Figure 29. 

 

Figure 28. Composition of GO multilayers from QCM. 
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(PDADMA/GO)5 contains 90.7% GO and 9.3% PDADMA and (BPEI/GO)5 contains 

92.2% GO and 7.8% BPEI. Similar to Ti3C2Tx multilayers, the polycation makes up a 

minor part of the film by weight. 

 Once the layer growth was confirmed, the GO based multilayers were reduced to 

obtain the rGO based sensors. After reduction, the films noticeably change color as shown 

in Figure 30, and the resistance dropped considerably.  

 

 

Figure 29. (BPEI/GO)5 (a) before and (b) after reduction. 

 

 

The color of the film changed from a light brown to a dark gray after HI vapor reduction. 

Additionally, the resistance was measured to be 0.85 kΩ at a 3 mm distance using a 

multimeter after reduction. Prior to reduction, the resistance was too high to be measured 

(> 200 MΩ). As both color and resistance change occurred, successful reduction was 

verified. 
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 After rGO multilayers were successfully fabricated, they were then used for pH 

response testing. Due to the hydrophobic nature of rGO and the time reported by Zheng 

et al. it takes for GO membranes to swell, the swelling time was increased to a minimum 

of 72 hours.102 pH response of (PDADMA/rGO)5 is shown in Figure 31.  

 

 

 

Figure 30. pH response of (PDADMA/rGO)5. pH sensitivity of 0.6 kΩ/pH and 0.5 

kΩ/pH for cycles 1 and 3, respectively. 
 

 

As with Ti3C2Tx based sensors, the pH was cycled 3 times from pH 3 → pH 7 → pH 3. 

The cycles were then split based off which direction pH was changing (pH 3 → pH 7 and 
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pH 7 → pH 3). As opposed to the treated Ti3C2Tx sensors, (PDADMA/rGO)5 had a 

significantly lower initial resistance and displayed a nonlinear response to pH. The lower 

initial resistance is due to the higher film thickness. When linearizing the pH response, the 

pH sensitivity of (PDADMA/rGO)5 was estimated to be 0.6 kΩ/pH or 2.1 %/pH for pH 3 

→ pH 7 Cycle 1. Both of these sensitivities are considerably lower than what was observed 

for either composition of NaAsc treated Ti3C2Tx based sensors. The lower sensitivity is 

attributed to the lack of surface functional groups of the rGO. As there are no surface sites 

to interact with H3O
+ or OH- ions in solution, the typical mechanism for pH response of 

graphenic materials such as graphene is not possible, and the sensor is expected to not be 

pH responsive.62 However, there can be defects introduced during etching that allow for 

some pH response. 

 The pH sensitivity of (BPEI/rGO)5 was also evaluated to provide a better 

comparison between Ti3C2Tx and rGO based sensors (Figure 32). 
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Figure 31. pH response of (BPEI/rGO)5. pH sensitivity of 0.6 kΩ/pH and 0.5 kΩ/pH 

for cycles 1 and 3, respectively. 

 

 

As with (PDADMA/rGO)5, the initial resistance was an order of magnitude lower than 

that of the Ti3C2Tx counterpart and the pH response was nonlinear. As before, the pH 

response was linearized to obtain an estimate of pH sensitivity. For the (BPEI/rGO)5 

sensors, the pH sensitivity was found to be 0.6 kΩ/pH or 2.1 %/pH for pH 3 → pH 7 Cycle 

1 which was similar to the sensitivity of (PDADMA/rGO)5. The low pH sensitivity is 

attributed to the same reasoning as for the (PDADMA/rGO)5 sensor. Considering the 

differences in pH sensitivity, the Ti3C2Tx sensors significantly outperform the rGO based 

sensors. 
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3.5. Comparison to Spray Assembled Ti3C2Tx Sensor 

Thickness and roughness of spray assembled Ti3C2Tx sensors was 97.8 ± 57.8 nm and 47 

± 14.8 nm respectively. The thickness was approximately double that of the LbL 

assembled (PDADMA/Ti3C2Tx)5 sensors, and the roughness was significantly higher. This 

increase in thickness and roughness can be attributed to the less controllable assembly 

method. Additionally, as there was no polymer to improve the adhesive properties of the 

Ti3C2Tx, the thin film was prone to peeling off with tape as shown in Figure 33. 

 

 

 

Figure 32. Spray assembled Ti3C2Tx sensor. 

 

 

This issue was observed previously by An et al. albeit for a drop cast Ti3C2Tx film.64 The 

delamination of the Ti3C2Tx film leads to destruction of the conductive pathway as the 
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delaminated section would no longer be conductive. This makes it difficult to produce 

consistent and repeatable sensors via this method despite being able to make these films 

on a larger scale. As such, these sensors were not compared to the LbL polycation/Ti3C2Tx 

sensors. 

3.6. Comparison to Resistive Sensors in Literature 

The response of Ti3C2Tx and rGO based multilayers fabricated in this work was 

then compared to other resistive sensors as shown in Table 7. 

 

Table 7. Comparison of pH Range and Sensitivity for Resistive Sensors in 

Literature. 

Material pH Sensitivity pH Range Reference 

SWNT-PANI/PVA 20 kΩ/cm2/pH 1 – 10  77 

p-SWNT-PSS/PANI 4.56 kΩ/cm2/pH acidic region 

20.66 kΩ/cm2/pH basic region  

0.95 – 12  54 

Graphene 2 kΩ/pH 4 – 10  63 

MWNT 65 Ω/pH 5 – 9  78 

Pd 5 %/pH 4 – 10  80 

MWCNT/Ni 1 %/pH 2 – 10  81 

ES-PANI/PVB 0.28 MΩ/pH 1 – 8  79 

(PDADMA/rGO)5 0.6 kΩ/pH  3 – 7  This work 

(BPEI/rGO)5 0.6 kΩ/pH 3 – 7  This work 

(PDADMA/Ti3C2Tx)5 23 kΩ/pH 

48 kΩ/cm2/pH 

19.4 %/pH  

3 – 7  This work 

(BPEI/Ti3C2Tx)5 132 kΩ/pH 

228 kΩ/cm2/pH 

68.1 %/pH 

3 – 7  This work 

 

 

As compared to other resistive sensors in literature, Ti3C2Tx based sensors were confined 

to a smaller pH range due to the hastened oxidation of Ti3C2Tx in basic conditions.103 
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However, with the exception of  ES-PANI/PVB resistive sensors, Ti3C2Tx based sensors 

exhibited considerably higher pH sensitivities as compared to other resistive sensors in 

literature. For the ES-PANI/PVB sensor, the response was nonlinear which makes it 

difficult to compare to our work as the response verifies depending on what pH range is 

being examined. 

 The higher sensitivity of Ti3C2Tx based sensors is attributed to the hydroxyl 

surface groups. As the proposed mechanism of pH sensing for graphenic materials relies 

on the interaction of H3O
+ and OH- ions with the surface of the material, it is expected 

that having more active surface sites corresponds with higher sensitivities.62 

Additionally, Cai et al. has demonstrated that using LbL assembly results in better 

sensor performance as compared to other assembly methods due to the ordered structure 

obtained with LbL assembly.65 Due to these factors, it is expected that LbL assembled 

Ti3C2Tx based films will exhibit higher pH sensitivities, which was confirmed 

experimentally in this work. 
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4. SUMMARY AND FUTURE WORK 

4.1. Summary 

Herein, we have demonstrated the successful etching and processing of MAX 

phase powder to MXene nanosheets: Ti3AlC2 to Ti3C2Tx. Etching was verified with a 

variety of techniques including XRD, XPS, and SEM. The as produced nanosheets were 

then successfully used in the fabrication of nanometer scale thin films with uniform and 

well-defined layers. These multilayer films were subjected to pH response testing and 

showed, for the most part, a linear correlation of pH and film resistance. However, the 

response of the multilayers decreased throughout response testing, leading to the 

multilayers being considered single or few use due to their poor robustness. This 

robustness can be attributed to the behavior of Ti3C2Tx at extreme pH (e.g. acid induced 

crumpling of Ti3C2Tx in dispersion) and the increased rate of oxidation caused by full 

submersion of the multilayers in water for extended periods (24 hours of swelling in 

addition to the duration of the experiment).51 Despite the poor robustness of the film, the 

multilayers possess an extremely high sensitivity, outperforming that of other resistive pH 

sensors in literature.54,63,77,78,80,81 

 

4.2. Future Work 

Future work pertains to the application of Ti3C2Tx multilayers in sensing other 

environmental stimuli. One such application currently being explored is gas sensing. Due 

to the high surface area to volume ratio of Ti3C2Tx and surface functional hydroxyl groups, 

it is an ideal material for gas sensing. The target analyte molecules can readily diffuse 
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through the LbL assembled Ti3C2Tx multilayers and adsorb to the hydroxyl groups. The 

adsorption reduces the available number of charge carrier sites available which 

subsequently leads to increases in resistance. While there are existing Ti3C2Tx based gas 

sensors, we expect our assembly procedure to enhance the response of the film as the 

layered structure would facilitate diffusion by improving porosity of the multilayers and 

make adsorption sites more readily accessible.36,66,104 Additionally, we aim to explore the 

LbL assembly of films using other MXenes such as Nb2CTx, V2CTx, and Ti2CTx and assess 

the properties of the prepared films. 
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