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ABSTRACT 

Nanosheets are a class of materials defined by extreme anisotropy, typically with widths 
and thicknesses on the order of micrometers and nanometers, respectively. These materials are 
often synthesized from a bulk ceramic using soft-chemical processing to exfoliate individual 
sheets or clusters of sheets. Nanosheets are advantageous to applications dominated by surface 
chemistry, for example photocatalysis and electrochemistry. Titanate and niobate nanosheets 
have been extensively studied for these applications, The layered titanate-niobate nanosheets 
defined by the chemistries HTiNbO5, H3Ti5NbO14 and HTi2NbO7 demonstrate photocatalytic 
behavior and interesting colloidal properties due to the liquid crystalline nature of nanosheet 
colloids. In this work, colloidal suspensions of single-layer titanate-niobate nanosheets were 
synthesized by exfoliation of the parent oxides. AFM showed single layer sheets to be between 1 
and 2 nm thick, while XRD measurements showed a mean restacking distance between 2 and 2.5 
nm. This restacking distance was shown to vary approximately 6 Å, presumably due to 
displacement of H2O as suggested by FTIR.  Nanosheet colloids displayed liquid crystalline 
behavior which could be eliminated in favor of new mesophases by reducing pH or by adding 
various salts such as Na2SO4 in a process called reassembly. Adding acid resulted in gelled 
colloids defined by a sharp increase in viscosity below a critical pH of approximately 6. 
Rheological and diffraction measurements support a gelation mechanism resulting from the 
excluded volume effect and electrostatic repulsion between sheets. Adding a salt, however, 
resulted in flocculated nanosheets without an accompanying viscosity increase. Flocculation 
proceeds by some face-to-face restacking of neighboring nanosheets into tactoids which are 
themselves assembled into an edge-to-face 3D network. XRD patterns suggest tactoid 
thicknesses of 4-6 sheets. Powders prepared from assembled gels or floccules possessed unique 
mesostructures dependent on their colloidal processing as shown by BET and SEM. Assembled 
gels were found to be mostly mesoporous and dominated by small pores formed between 
restacked sheets, as indicated by average pore widths between 6-15 nm and large N2 adsorption 
hysteresis. Assembled floccules were significantly less mesoporous with essentially no 
adsorption hysteresis and larger pores averaging between 20-27 nm formed between linked 
tactoids. UV-visible adsorption spectra showed band gaps to be reduced from 4.1 eV for the 
parent phases to 3.6 eV for the exfoliated nanosheets. Reassembly with various cations raised the 
band gaps to 3.9-4.1 eV. Each chemistry demonstrated photocatalytic hydrogen production with 
a co-catalyst when exfoliated or reassembled. Exfoliated H3Ti5NbO14 producing the most 
hydrogen at a rate of 426 µmol H2/hr/g, whereas HTiNbO5 produced the least hydrogen.  
Assemblies of commercial TiO2 photocatalyst and exfoliated HTiNbO5 nanosheets were found to 
be highly photochemically active without an additional co-catalyst, producing 412 µmol H2/hr/g. 
Exfoliated nanosheets were also found to photocatalytically decompose methylene blue with 
exfoliated H3Ti5NbO14 demonstrating the highest decomposition rate. Photocatalytic behavior 
was therefore found to vary with nanosheet chemistry but not crystallographic motif. 
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INTRODUCTION 

The desire for high efficiency and environmentally benign energy sources has long 

prompted the development and study of novel materials. Photocatalysts in particular have 

received significant focus since the discovery of water splitting over TiO2 in the early 1970s.1,2 

Since then, applications have grown to include photocatalysts for chemical synthesis, 

bioremediation, solar energy conversion, and sensors.2,3,4,5 Photocatalysis is the process where a 

photo-excited electron participates in or promotes a chemical reaction. If water is catalyzed, then 

the reaction 2𝐻#𝑂 + 	  𝛾 → 2𝐻# + 𝑂#  requires a photon with an energy greater than 1.23 eV 

(photon wavelength of approximately 1 µm) to proceed.6 No known materials are photocatalytic 

at this energy however. Instead, reported photocatalysts typically function in the near-UV to UV 

spectrum and with poor performance. Poor performance primarily results from a poor ability to 

generate electron-hole pairs, or the majority of photo-generated electron-hole pairs recombining 

due to an unfavorable environment for electron-hole separation.  Therefore, the bulk of 

photocatalyst research is directed towards improving adsorption into the visible spectrum and 

improving efficiency. An assortment of techniques may be employed towards both ends. The 

formation of surface defect states may serve as electron or hole traps which complicate pair 

recombination. In a similar fashion, co-catalysts may be deposited on the photocatalyst surface to 

capture photo-generated electrons and promote a surface reaction.7,8,9 Commonly used co-

catalysts include NiO, RuO2, Pt, and other precious metals. 

The most promising photocatalysts employ multiple methods to promote catalysis and 

may be derived from novel materials such as nanoscrolls and nanosheets.10,9,11 The latter have 

evolved from ceramic materials defined by a 2D layer structure which can be chemically 

processed to exfoliate and separate discrete sheets. Nanosheets intrinsically possess extremely 

high surface areas and anisotropy which facilitates rapid charge transfer from the bulk to reaction 

sites on the surface.12,13 Moreover, their extreme anisotropy modifies the electronic structure 

through the phenomenon of quantum confinement which shifts the band edge relative to the bulk 

ceramic. Quantum confinement typically widens the bandgap; however, photocatalysis will be 

promoted if quantum confinement narrows the bandgap and enhances adsorption in the visible 

spectrum. Sarahan et al.14 reported narrowed band gaps in exfoliated K4Nb6O14, reporting band 
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gap energies of 3.56 eV for the parent phase, and 3.52 eV and 3.30 eV for tetrabutylammonium 

hydroxide (TBA) exfoliated nanosheets and nanoscrolls respectively. Allen et al.15 reported a 

similar trend in layered titanates, reporting a band gap energy of 3.54 eV for K2Ti4O9 and 3.00 

eV for the TBA exfoliated nanosheet.  However, Sakai and others16,17 have reported widened 

band gaps in exfoliated Ti0.91O2
-0.36, niobate, and titanate-niobate nanosheets. 

To date, several nanosheet systems have been explored for photocatalysis and other 

applications. They include titanates15, 9, 18, 19, 20, niobates21, 22, 23, 24, 25, 26, 27, 28, layered double 

hydroxides and clays19, 29, 26, among many others. While these studies have driven our 

understanding of nanosheets and their photocatalytic behavior forward, few (if any) have 

explored the influence of chemistry among a mixed transition-metal system or the influence of 

motif on photochemical performance. The titanate-niobate nanosheets, whose parent phases are 

defined by the chemistries KTiNbO5, K3Ti5NbO14, and CsTi2NbO7, are uniquely suited to 

explore both aspects. Each chemistry consists of metal-oxygen octahedra arranged in layers 

separated by A-site alkali atoms occupying the intersheet gallery. Polyhedra formed by Ti and 

Nb are arranged in doublets or triplets of edge-shared octahedra which are then corner shared. 

The three phases are therefore distinguished by the ratio of Ti to Nb and by the arrangement of 

metal-oxygen octahedra. Studying the photocatalytic behavior of each phase allows trends with 

chemistry or structure to be discerned. 

Most studies report synthesizing nanosheets via soft-chemical exfoliation processes to 

form suspensions. The parent oxide is first ion-exchanged to incorporate protons into the 

intersheet gallery, followed by exfoliation with a cationic polymer such as tetrabutylammonium 

hydroxide. The resulting colloidal nanosheet suspensions demonstrate liquid crystalline behavior 

at appropriate volume loadings. In this state, the suspension may experience a nematic phase 

transitions in which nanosheets spontaneously align into semi-ordered domains upon the 

application of shear.30,17,9, 31,32,33 Liquid crystalline nanosheet suspensions may then be processed 

to form nanosheet assemblies through the addition of acid, base, or salts.  

The properties of layered oxides are highly dependent upon the interlayer cations and 

even interlayer water. Lucht et al.34 used quantum simulations to show that the electronic 

structure of layered birnessite MnO2 may vary dramatically with different interlayer cations. By 

exfoliation and re-assembly, as well as by direct ion exchange24, one may alter the properties of 

layered oxides. Nanosheets may also be restacked with different nanosheets or assembled into 
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composites. Examples among the literature include assemblies of niobates,35, 36, 29, 37, 26, 38, 23, 39, 28 

titanates,31,19, 40,41 layered double hydroxides,19 graphene and graphene oxide,40,41 aluminosilicate 

clays,29, 37, 26, 38 and manganates.42, 43, 44 

In general, the self-assembly of nanosheets may be classified as gelation or flocculation. 

Both mesophases have been extensively studied in the literature for various colloidal systems in 

addition to other nano-particle morphologies.45 In this study, gelation refers to a high-viscosity 

colloid in which particle motion has been arrested, whereas flocculation is the apparent 

aggregation of particles without an increase in viscosity. Two microstructural schemes have been 

proposed to explain gelation in nanosheet systems.  The first is the ‘house-of-cards’ structure 

composed of edge-to-face arranged sheet-like particles bound through electrostatic attraction and 

assembled into a long-range network.46, 47, 48, 49, 50 The second is the excluded volume structure in 

which significant accumulation of charge to the nanosheet surface electrostatically repels 

particles and results in arrested motion.51, 52, 53, 54, 55, 56, 57, 58 Several authors have reported the 

latter structure for gels in nanosheet systems.59, 37, 60, 61 

In brief, nanosheet colloids may experience an isotropic to nematic phase transition in 

which the system transitions from a disordered state to a state where particles are arranged into 

domains of roughly parallel nanosheets. The phenomenon was explained first for rod-like 

particles by Onsager51 who detailed the relationship between system entropy and the excluded 

volume. The excluded volume is the space surrounding a particle into which another particle is 

repelled and cannot enter. At high particle concentrations, the accumulated excluded volume 

results in the system attempting to minimize its free energy by maximizing free-volume entropy 

at the expense of translational and orientational entropy.51,52 The result is arrested particle motion 

and particles adopting a parallel orientation. If instead the excluded volumes are expanded in a 

system of constant concentration, then a similar result may be achieved as shown in this study 

and for gels of other nanosheet systems.59, 37, 61, 60 

Flocculation, however, is the result of an entirely different process. The most reasonable 

microstructure is the ‘house-of-cards’ structure composed of edge-to-face arranged particles 

bound through electrostatic attraction and assembled into a long-range network.46, 47, 48, 49, 50  

Gelled and flocculated mesophases therefore represent significantly different colloidal 

microstructures. Powders prepared from these assemblies should display microstructures 

reminiscent of the nanosheet colloid. The literature has provided no report specifically 
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investigating the relationship between colloidal behavior in nanosheets and the assembled 

nanosheet mesostructures. 

Colloids of titanate and niobate nanosheets have been extensively studied in the 

literature.29, 37, 62, 26, 38 However, colloidal mesophase behavior of exfoliated HTiNbO5 has only 

been reported by Nakato et al.63 who also demonstrated pH-induced gelation of exfoliated 

K4Nb6O17 nanosheets.37 Nakato proposed that the system gelled at low pH due to strong 

electrostatic repulsion between particles (the excluded volume microstructure). Nakato also 

noted flocculation with the addition of KCl but did not explore the phenomenon further. 

Colloidal behavior of the other layered titanate-niobates, K3Ti5NbO14 and CsTi2NbO7, has not 

been investigated to date. The titanate-niobate nanosheets demonstrate behavior as 

photocatalysts,24, 64, 31 electrochemistry,17, 33 catalysts,65, 66 and as dielectrics.67, 68, 69 

Whereas these reports detail the extensive applications of titanate-niobate nanosheets, 

none endeavor to discuss their gelation and flocculation behavior and the resulting assemblies.  

This work reports how either gelation or flocculation may be induced in exfoliated titanate-

niobate nanosheet suspensions by adjusting pH or by adding various salts or bases. Rheological 

studies were conducted to identify the critical pH below which gelation occurred. Flocculation 

was found to progress gradually with the addition of salts.  X-ray diffraction (XRD) patterns of 

gelled and flocculated nanosheets were measured in situ to probe their short-range structure. Dry, 

powdered assemblies were formed from both mesophases by drying their respective suspensions.  

The mesostructures of gelled and flocculated assemblies were found to vary significantly, as 

documented by XRD, scanning electron microscopy (SEM), and specific surface area (BET) 

measurements. Gelled assemblies were found to be dominated by slit-like mesopores while 

flocculated assemblies possessed macropores. Photocatalytic and optical properties of liquid 

crystalline and assembled nanosheets were also explored. To that end, UV-vis spectra were 

collected on each chemistry’s parent and exfoliated form to quantify changes in band gap and 

adsorption behavior. Optical adsorption spectra have also been collected on nanosheets 

assembled through gelation and various flocculants to quantify the band gaps dependence on the 

self-assembly process and the flocculating cation. Photochemical hydrogen production and 

methylene blue dye degradation tests were then performed to measure photocatalytic behavior of 

each chemistry. Lastly, a composite of commercial TiO2 photocatalyst (P25) and exfoliated 

HTiNbO5 was assembled and measured for hydrogen production. The composite was found to be 
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highly photochemically active without any additional co-catalyst. The ability to control the 

structure of titanate-niobate nanosheet assemblies is therefore demonstrated. Photocatalytic 

behavior of these nanosheets in their exfoliated form, assembled, and as composites is also 

demonstrated.  
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EXPERIMENTAL 

A.   Nanosheet Synthesis 

Parent phases of KTiNbO5, K3Ti5NbO14, and CsTi2NbO7 were synthesized by reacting 

dry TiO2, Nb2O5, K2CO3, and Cs2CO3 powders. Starting materials were analyzed by XRD to 

confirm purity then blended in the appropriate molar ratios and vibratory milled in isopropanol 

(for KTiNbO5 and K3Ti5NbO14) or toluene (for CsTi2NbO7 due to the solubility of Cs2CO3 in 

isopropanol) for 60 minutes. Milled reagents were dried in air to recover powders, hand mixed 

for homogeneity, and calcined in a covered crucible to 1100° C for 24 hours. A sample of 

reacted powder was hand ground and analyzed by XRD. The reacted powders were then 

dispersed in isopropanol before vibratory milling for 60 minutes, dried, and recovered for the ion 

exchange step. 

 In a typical ion-exchange reaction, 0.5 g of reacted parent phase was dispersed in 50 ml 

2N HCl, sealed in a 50 ml centrifuge tube, and ultrasonicated in a bath for 4 hours with frequent 

mixing to redispersed settled powder. The suspension was centrifuged and the supernatant 

replaced with 50 ml of fresh 2M HCl for an additional 4 hours ultrasonication. Suspensions were 

repeatedly centrifuged and rinsed with DI water until pH neutral. A small sample of the ion-

exchanged suspension was analyzed by XRD to confirm a shift in the interlayer stacking distance 

caused by protonation. Tetrabutylammonium hydroxide was added to the protonated suspensions 

in a 1:1 TBA:H molar ratio (i.e. one mole TBA per mol HTiNbO5, three moles TBA per mol 

HTi5NbO14, etc) and ultrasonicated for 4 hours. The exfoliated suspensions appeared opalescent 

when shaken or stirred. Suspensions were aged overnight allowing unexfoliated material to settle 

while nanosheets remained suspended. The supernatant was carefully decanted, preserved in a 

sealed tube, and stored in a dark environment. Small samples were dried onto zero background 

XRD holders and analyzed by XRD to confirm exfoliation. One milliliter samples were removed 

from each suspension and dried to 500° C in separate crucibles to measure solids concentration. 

 

B.   Assembly 

Gels were formed by adding 1 M HCl drop-wise to agitated suspensions until the 

viscosity increased dramatically or a desired pH was achieved. For XRD measurements of wet 

suspensions, gels were centrifuged to concentrate the solids then loaded into a zero background 
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holder with a 1 mm deep sample well. Moisture content in the suspended sample was not 

adjusted or controlled during the XRD measurement; however, samples remained wet and 

without signs of dry spots. Nanosheet films for XRD were prepared from gels by allowing small 

samples to dry in ambient conditions onto a zero background holder. Thermogravimetric analysis 

(TGA) samples were prepared by acidifying 1.5 ml samples to pH 1, centrifuging and rinsing 

with deionized H2O repeatedly, and allowing the centrifuged pellet to dry at 50° C. Dry 

assemblies were prepared by inducing gelation, centrifuging and rinsing until pH neutral, and 

allowing the final pellet to dry in air at 50° C. 

 Floccules were prepared by adding 1 M salt solution (Na2SO4 in H2O unless stated 

otherwise) drop-wise while stirring until supernatants appeared clear. XRD measurements of wet 

suspensions were performed in the manner detailed previously. TGA samples were prepared by 

centrifuging and rinsing flocculated nanosheets five times and allowing the final pellet to dry at 

50° C.  Dry assemblies were prepared by adding salt until the supernatant appeared clear, 

centrifuging and rinsing with DI H2O three times and rinsing with isopropanol three times. The 

final centrifuged pellet was redispersed in isopropanol and boiled vigorously in a beaker covered 

with foil to produce fluffy powders. Dry gel and flocculated assemblies were hand milled and 

stored in static-free, sealed sample tubes in a dark, desiccated environment. 

 BET samples were prepared from the aforementioned gelled and flocculated powders. 

Fifty milligrams or more of powder was loaded into a dry sample tube of predetermined weight. 

Sample powders were further dried and de-aired at 150° C with flowing N2 gas for 24 hours 

immediately before measurement. At least the minimum level of liquid nitrogen was maintained 

within the Dewar flask throughout measurement. BET samples prepared in this study were not 

de-gassed under vacuum or temperatures exceeding 150° C. 

 

C.   Photocatalysis 

For those samples with a co-catalyst, Pt nanoparticles were deposited at 1 weight percent 

by photocatalytic degradation of chloroplatinic acid (H2PtCl6•xH2O). Samples were suspended in 

de-oxygenated DI water, loaded into an Ar glove box, thoroughly mixed, and illuminated by a 

500 W Xe lamp for one hour. The suspensions were centrifuged and rinsed with DI water thrice 

before photocatalysis measurements. All hydrogen evolution samples were suspended in 

solutions of 50 ml H2O and 2 ml glycerol (to scavenge photo-generated holes).70 
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Photocatalytically generated hydrogen was measured in a custom built recirculating gas system, 

wherein the sample was loaded into a sealed quartz vessel and stirred by a magnetic stir rod. The 

system was purged with N2 until no atmospheric oxygen was detected by gas chromatograph 

(GC). Samples were illuminated by a Xe lamp operating at 500 W and otherwise shielded from 

ambient light. Evolved gasses were analyzed by GC. 

 Photocatalytic dye degradation was measured on 50 mg samples suspended in 50 ml of 

150 µM methylene blue solution. Suspensions were allowed to equilibrate in the dark for at least 

one hour prior to measurements. Three ml of suspension was removed from the reaction vessel at 

specific times, loaded into a quartz cuvette, and analyzed for optical adsorption in transmission. 

First order kinetics were used to model decay behavior. 

 Band gaps and UV-Vis adsorption spectra were measured in diffuse-reflectance mode for 

powdered samples. A baseline spectrum was collected on a clean silicon wafer. Samples were 

then finely ground and dispersed in isopropanol by using an alumina mortar and pestle and 

deposited drop-wise onto the wafer for measurement. Suspended (exfoliated) samples were 

loaded into a quartz cuvette for transmission measurements. Baseline spectra were collected on 

quartz cuvettes loaded with the appropriate suspending fluid. 

 

D.   Apparatuses 

XRD measurements were performed on a Bruker D8 Advance in coupled theta-2θ mode 

with Cu Kα radiation. Samples were spun at 30 rpm. The X-ray source and detector were set to 

fixed-slit openings unless specified otherwise. SEM measurements were performed on a FEI 

Quanta 200F ESEM operating in high-vacuum mode with Au-Pd sputter coated samples. TGA 

measurements were performed on a TA Instruments SDT Q600 simultaneous TGA/DSC with 

flowing air atmosphere. FTIR was measured in transmission on thin powdered samples deposited 

onto a clean sapphire substrate. BET was performed with a Micromeritics Tristar II 3020 N2 

BET. Viscosity was measured on a TA Discovery rheometer in parallel-plate geometry with a 60 

mm spindle and 1 mm separation gap. Steady-state shear rates were studied between 105s-1 - 10-

2s-1 and at room temperature. XPS spectra were collected with a Phi Quantera SXM Scanning 

XPS/Microprobe with monochromatic Al kα radiation. Transmission and diffuse-reflectance UV-

Vis spectra were collected on a Perkin Elmer Lambda 950 and 900, respectively. 
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RESULTS AND DISCUSSION 

A.   Ion Exchange and Exfoliation 

Unit cell data and illustrated crystal structures for each chemistry are provided in Table I 

and Figure 1a-c. Each chemistry consists of metal-oxygen octahedra arranged in layers separated 

by the A-site alkali atoms occupying the intersheet gallery. Ti and Nb are assumed to be 

randomly dispersed on the in-sheet metal sites. The polyhedra formed by Ti and Nb are arranged 

in doublets or triplets of edge-shared octahedra which are corner shared. Alkali ions compensate 

for the negative charge on each sheet.  The three chemistries are therefore distinguished by the 

ratio of Ti to Nb and by the arrangement of metal-oxygen octahedra. Theoretical surface areas 

were calculated assuming full exfoliation into individual sheets (Table I). 

 
Table	  I:	   	  Structural	  Data	  For	  The	  Chemistries	  Employed	  In	  This	  Study.	  “Motif”	  Refers	  To	  The	  Grouping	  Of	  Edge-‐‑

Shared	   (Ti,Nb)-‐‑O	   Polyhedra.	   Theoretical	   Specific	   Surface	   Area	   (tSSA)	   Considers	   Single	   Sheets	   As	   Flat	  
Surfaces.	   Theoretical	   Specific	   Surface	   Charge	   (tSSC)	  Denotes	   The	   Charge	   Per	  Unit	   Area	   For	  One	   Sheet	  
Only.	   Solids	   Loading	   Specifies	   Approximate	   Nanosheet	   Mass	   Per	   Volume	   As	   Measured	   Following	  
Exfoliation.	  

Chemistry Space 
Group 

a (Å) b (Å) c (Å) tSSA 
(m2/g) 

tSSC 
(C/g) 

Concentration 
(mg/ml) 

KTiNbO5 Pnma 6.459 3.792 18.472 670 -436 6.2 
K3Ti5NbO14 C2/m 18.371 3.794 9.199 752 -519 2.2 
CsTi2NbO7 Pnam 9.326 18.412 3.798 707 -318 4.7 
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Figure	  1.	  Illustrated	  structures	  of	  (a)	  KTiNbO5,	  (b)	  K3Ti5NbO14,	  and	  (c)	  CsTi2NbO7.	  Interlayer	  alkali	  ions	  have	  been	  
omitted	  for	  clarity.	  Dashed	  lines	  denote	  the	  unit	  cell.	  

 
All three chemistries showed protonation following two ion exchange reactions and 

successful exfoliation with TBA, in agreement with earlier work.64, 31, 33, 68, 17 XRD patterns 

demonstrating the protonation and exfoliation of KTiNbO5 are shown in Figure 2. Figure 2 

shows only 00l basal reflections from exfoliated nanosheet films due to restacking and preferred 

orientation that occurs during drying onto the sample holder, an effect also noted in earlier 

work.71 Therefore, (00l) reflections are only the result of the mean intersheet separation distance.  

Measured intersheet spacings varied between 2.0-2.5 nm, presumably due to varying amounts of 

interlayer water and the orientation of intercalated TBA. Atomic force microscopy (AFM) 

images shown in Figure 3 give nanosheet thickness between 1.2-1.7 nm, similar to the AFM 

profile measured by Osada et al68, corresponding to a nanosheet monolayer with a hydration 

shell. Fenter et al revealed the presence of adsorbed water extending 2.1 Å above the (110) 

surface of rutile and approximately 3 Å above the basal surface of muscovite.72 Considering the 

high surface charges of the nanosheets employed in this study (see Table I) it is certain a similar 

water layer has been formed.  Although the exact nature of the hydration layer was not explored, 

a rudimentary analysis reveals that a bare nanosheet approximately 10 Å thick flanked by two 

water layers 2-3 Å thick, totaling 14-16 Å, is feasible and explains the thicknesses measured by 

AFM. The proposed restacking scheme, presented in Figure 4, yields sheet thickness consistent 

(c)	  (b)	  (a)	  
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with XRD and AFM measurements.  XRD measures the mean restacking distance between 

nanosheets, their hydration shells and intercalated TBA, which total approximately 23 Å. AFM 

measures the thickness of single sheets with only a hydration shell. Restacking behavior without 

additional processing was not found to vary significantly between the three chemistries used in 

the present study. 
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(b)	  

(a)	  
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Figure	   2.	   XRD	   patterns	   for	   (a)	   KTiNbO5,	   HTiNbO5,	   and	   exfoliated	   HTiNbO5;	   (b)	   K3Ti5NbO14,	   H3Ti5NbO14,	   and	  

exfoliated	  H3Ti5NbO14;	  (c)	  CsTi2NbO7,	  HTi2NbO7,	  and	  exfoliated	  HTi2NbO7.	  Exfoliated	  samples	  were	  dried	  
at	  room	  temperature	  onto	  flat	  XRD	  sample	  holders.	  Peaks	  are	  denoted	  beneath	  patterns	  as	  tick	  marks	  
from	  available	  PDF	  cards:	  (KTiNbO5)	  04-‐‑009-‐‑8714,	  (HTiNbO5)	  04-‐‑011-‐‑3432,	  (K3Ti5NbO14)	  04-‐‑010-‐‑0680,	  
(CsTi2NbO7)	  04-‐‑012-‐‑8410,	  and	  (HTi2NbO7)	  00-‐‑054-‐‑1154.	  	  

 

 
Figure	  3.	  AFM	  images	  for	  exfoliated	  HTi2NbO7	  showing	  nanosheet	  thicknesses	  of	  (a)	  1.7	  nm	  and	  (b)	  1.2	  nm.	  	  

 

(a)	  1.7	  nm	   (b)	  1.2	  nm	  

(c)	  
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Figure	   4.	   Proposed	   restacking	   scheme	   for	   the	   nanosheets	   studied	   using	   exfoliated	  HTiNbO5	   as	   a	   prototype,	   as	  

measured	   by	   XRD	   and	   AFM.	   Ti/Nb-‐‑O	   octahedra	   are	   illustrated	   as	   polyhedra	   for	   clarity,	   however	   the	  
model	  was	  constructed	  using	  space-‐‑filling	  atoms.	  	  

 
Heat treatment at 200° C and/or acid treatment to neutral pH reduced the d001 distance by 

approximately 5 Å, as shown by XRD patterns in Figure 5. Heat and reduced pH eliminate 

intergallery H2O and/or compress the hydration shell.  Infrared spectra provided in Figure 6 

show the C-H stretching bands centered at 2880 cm-1 and 2970 cm-1 remain following acid 

treatment, suggesting that TBA remains attached to the nanosheets throughout these processes. 

Intensities of the C-H stretching bands were reduced significantly for exfoliated HTiNbO5 

samples flocculated with Na2SO4 and boiled in isopropanol. However, the broad –OH vibration 

band centered at 3350 cm-1 suggests C-H stretching may be due to intercalated or latent alcohol 

used in the drying stage as discussed in detail later. Moreover, infrared spectra showed UV light 

to be inefficient for removing TBA by decomposition as shown by Figure 7. These results show 

H2O	  

H2O	  

H2O	  

H2O	  

Nanosheet	  

Nanosheet	  

TBA	  

16	  Å	  

23	  Å	  
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that intercalated TBA is not displaced during gelation, but may be displaced during flocculation. 

Exfoliated nanosheet suspensions appeared opalescent due to their liquid crystalline nature. 

Spontaneous alignment of particles under application of shear (e.g. stirring) results in 

interference as observed by the cross-polarized photograph in Figure 8. Inducing gelation or 

flocculation eliminated liquid crystalline behavior, and therefore these methods were pursued to 

facilitate assembly of the nanosheets with controlled mesostructures. 
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Figure	  5.	  XRD	  patterns	  of	  exfoliated	  HTiNbO5	  dried	  as-‐‑prepared,	  following	  acid	  treatment	  to	  induce	  gelation	  at	  

pH	  6,	  heat	  treatment	  to	  200°	  C,	  250°	  C,	  and	  treated	  to	  pH	  6	  followed	  by	  250°	  C.	  

 

 
Figure	  6.	  Infrared	  spectra	  for	  exfoliated	  HTiNbO5:	  Na2SO4	  flocculated	  and	  boiled	  in	  isopropanol,	  gelled	  with	  HCl	  at	  

pH	  3.98,	  and	  gelled	  at	  pH	  0.98.	  
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Figure	  7.	  Infrared	  spectra	  for	  exfoliated	  HTiNbO5	  with	  intercalated	  TBA	  exposed	  to	  500	  W	  Xe	  lamp	  for	  0,	  60,	  120,	  

and	  240	  minutes.	  

 

 
Figure	  8.	  Image	  of	  suspended	  exfoliated	  HTiNbO5	  under	  vigorous	  stirring	  as	  viewed	  through	  crossed	  polarizers.	  

Image	  width	  corresponds	  to	  approximately	  5	  cm.	  
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B.   Self-Assembly by Gelation and Flocculation 

1.   Gelation 
Adding hydrochloric, nitric, or sulfuric acid to nanosheet suspensions resulted in a 

distinct viscosity increase and loss of liquid crystalline behavior below a critical pH. Figure 9 

demonstrates the gelled system’s resistance to flow compared to a flocculated suspension.  The 

optical micrograph of gelled exfoliated HTiNbO5 provided in Figure 10 shows a uniform 

dispersion of nanosheets in suspension.  Viscosity curves provided in Figure 11 demonstrate the 

rapid onset of gelation below a pH of approximately 6. Further decreases in pH resulted in a 

maximum viscosity followed by a viscosity decrease without returning the system to a liquid 

crystalline state, a phenomenon also noted by Nakato.37 Maximum viscosities were measured at 

pH values of 3.26, 4.50, and 4.02 for exfoliated HTiNbO5, H3Ti5NbO14, and HTi2NbO7 

nanosheets, respectively. These values roughly correlate with nanosheet concentration but not 

specific surface charge (See Table I). The suspension with the highest solids loading (exfoliated 

HTiNbO5), displayed a maximum viscosity at the lowest pH, whereas the lowest solids loading 

(exfoliated H3Ti5NbO14) displayed a maximum viscosity at the highest pH. To further test 

dependence on nanosheet concentration, an additional suspension of exfoliated HTiNbO5 was 

diluted to one-fifth of the original solids loading and adjusted to various pH values. Considering 

one-fifth of the H3O+ concentration at a pH of 3.26, the diluted suspension should display a 

maximum viscosity at approximately pH 3.96.  Indeed, the maximum viscosity was observed 

near pH 4.00. The viscosity change is subtle at such low concentrations, however. 
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Figure	  9.	   Image	  of	  exfoliated	  HTiNbO5	   flocculated	  with	  Na2SO4	  (left)	  and	  gelled	  with	  HCl	   (right).	  Tube	  height	   is	  

approximately	  3	  cm.	  Concentration	  of	  Na2SO4	  was	  0.04	  M	  and	  pH	  of	  gelation	  was	  1.5.	  

 

 
Figure	  10.	  Optical	  micrograph	  of	  gelled	  exfoliated	  HTiNbO5.	  Image	  captured	  through	  a	  40x	  objective	  and	  crossed	  

polarizers.	  

 

Flocculated	   Gelled	  
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Figure	   11.	   Viscosity	   at	   0.1/s	  measured	   as	   a	   function	   of	   pH	   for	   suspensions	   of	   exfoliated	  HTiNbO5	   (diamonds),	  

exfoliated	  H3TiNb5O14	  (squares),	  and	  exfoliated	  HTi2NbO7	  (circles).	  

 
Shear-stress viscosity curves were measured for nanosheet suspensions as prepared at 

high pH, pH at maximum viscosity, and at low pH, as shown in Figure 12.  As-prepared 

nanosheets demonstrate weak connectivity as evidenced by low stresses throughout the measured 

shear-rate range. Further, the spontaneous arrangement of nanosheets into a discotic liquid 

crystalline mesophase at higher shear rates results in a linear relationship between stress and 

shear. Gelled nanosheets demonstrate high stresses throughout the measured shear-rate range due 

to intersheet connectivity and the same linear relationship at high shear rates. Measurements on 

the lowest pH gels revealed a discontinuity at approximately 10/s. This feature might be 

explained by shear banding, a rheological phenomenon due to competing colloidal interactions.73 
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(a)	  

(b)	  
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Figure	  12.	  Stress	  curves	  measured	  as	  functions	  of	  shear	  rate	  and	  pH	  for	  suspensions	  of	  exfoliated	  HTiNbO5	  (a),	  

exfoliated	  H3Ti5NbO14	  (b),	  and	  exfoliated	  HTi2NbO7	  (c).	  	  

 
X-ray diffraction patterns of wet suspensions was used to find evidence of nanosheet re-

stacking in the suspensions. None of the gelled nanosheets investigated in this study displayed 

short-range restacking while in suspension as shown by the absence of (001) diffraction peaks in 

Figure 13. In-sheet hk0 reflections are observed in Figure 13 since nanosheets are sufficiently 

large in lateral dimension to allow diffraction from in-plane crystallinity. The d002 and d022 for 

exfoliated H3Ti5NbO14, and d200 and d202 for exfoliated HTi2NbO7 have negligible intensities 

based on diffraction patterns for the ion-exchanged phases, however the d200, d020, and d220 for 

exfoliated HTiNbO5 are expected to be observed. The broad hump between 10-55° 2θ was the 

result of water scattering in the wet gel. Water scattering overwhelmed many diffracted 

intensities at the low solids concentrations used for these measurements. 

 

(c)	  
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Figure	   13.	   XRD	   patterns	   of	   wet	   suspensions	   of	   exfoliated	   HTiNbO5,	   exfoliated	   H3Ti5NbO14,	   and	   exfoliated	  

HTi2NbO7	  gels.	  Suspension	  pH	  was	  approximately	  1.5.	  Measured	  in	  reflection	  geometry	  with	  variable	  slit	  
source	   and	  detector.	  D-‐‑spacings	   and	  Miller	   indices	   are	   labeled	   for	   observed	   reflections	   in	   accordance	  
with	  the	  peak	  indices	  of	  the	  parent	  phases.	  	  

Gelled nanosheets restacked when dried as a film resulting in diffraction patterns 

containing only (00l) reflections with locations that varied with pH, as shown in Figure 15-

Figure 17. Preferred orientation implies sheets were repelled in suspension and could freely lay 

flat during drying.  For exfoliated HTiNbO5, shown in Figure 15, the d001 decreased by 4.5 Å 

when pH was adjusted from 11 to pH 6, followed by another decrease of 8 Å when pH was 

reduced from 6 to pH 0.99. Patterns measured at pH lower than 3.76 show systematically absent 

even-d00l reflections. The change in interlayer configuration which occurred below pH 3.76 can 

be interpreted as ordering of neighboring nanosheets into coherently diffracting stacks, in other 

words, crystallization. Using the Scherrer formula, 𝜏 = 0.89𝜆 𝛽cos	  (𝜃)  74, 75, the estimated 

thickness of these coherently diffracting stacks is 79 Å or 7-8 sheets. In effect, sheets no longer 

restacked randomly but instead adopted a periodic restacking structure with an intersheet 
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distance (d001) of 10.6 Å by pH 0.99. Systematically absent even-d00l reflections could only result 

from a recrystallized sample. Elucidating the exact behavior of these nanosheets at low pH was 

not a goal of the present study but should be considered for future work. 

The decrease in interlayer spacing and crystallization could be interpreted as the 

expulsion of water and/or TBA from the interlayer gallery. At low pH, hydronium (H3O+) ions 

adsorb onto the nanosheet and screen the negative surface charge, thereby eliminating the 

attractive potential among the sheet, water, and TBA. If TBA is ignored, then the number density 

of water (𝜌89:,<= = 33.4	   89:
@AB, where 𝜌89:,C= = 𝜌89:,<=

D
B = 3.2 89:

@A
)72 reveals that a decrease of 

12.5 Å corresponds to a thickness of approximately 4 water molecules, behavior similar to the 

swelling of clays. Extending this argument reveals that 10 moles of H2O are expelled per mole 

HTiNbO5 when decreasing the pH from 11 to 0.99. Applying this procedure to exfoliated 

HTi2NbO7 reveals 6 moles of H2O are expelled per mole HTi2NbO7 when pH is reduced from 11 

to 0.99. This behavior may be the result of changes in the surface functional groups because of 

the pH-dependent surface charge.  For example, the rutile form of TiO2 is known to present a 

range of Ti-O and Ti-OH protonation states as the pH varies.72 TGA measurements collected on 

exfoliated HTiNbO5 gelled at pH 1 revealed 13% mass loss between 100-800° C, as shown by 

Figure 14. This mass loss corresponds to approximately 1.8 moles H2O per mol HTiNbO5. This 

is greater than what’s required for complete surface charge compensation (1 mol H3O+/mol 

HTiNbO5) suggesting that additional labile water is present. TGA measurements for gelled 

H3Ti5NbO14 and HTi2NbO7 revealed mass losses corresponding to 4.5 and 2.5 moles H2O per 

mole of nanosheet respectively. Both possessed approximately 1.5 additional moles of water than 

the minimum required to fully compensate for surface charge (assuming H3O+). Flocculated 

nanosheets possessed similar, albeit slightly lesser, quantities of adsorbed water. TGA data on 

gelled and flocculated nanosheets shows that a significant quantity of water is bound to the 

nanosheets regardless of the colloidal processing technique. The data is summarized in Table II. 

Restacking behaviors with pH for exfoliated H3Ti5NbO14 and exfoliated HTi2NbO7 

(Figure 15 and Figure 16 respectively) are more complex than for exfoliated HTiNbO5. For both 

chemistries, the peak designated as the (001) shifted to shorter d-spacing with decreased pH. 

However, scattering at lower angles increased significantly below pH 5 for exfoliated 

H3Ti5NbO14 and below pH 3 for exfoliated HTi2NbO7. By pH 1, a new peak at approximately 36 

Å had developed without corresponding higher-order peaks. This behavior suggests that low pH 
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modifies the nanosheet surface in some way to induce a complex restacking scheme which 

cannot be simply explained as water expulsion. 

 
 

 
Figure	  14.	  TGA	  curves	  for	  exfoliated	  HTiNbO5,	  exfoliated	  H3Ti5NbO14,	  and	  exfoliated	  HTi2NbO7	  reassembled	  with	  

Na2SO4	  or	  HCl.	  

 
Table	  II:	  Summarized	   TGA	   Data	   For	   Exfoliated	   HTiNbO5,	   Exfoliated	   H3Ti5NbO14,	   And	   Exfoliated	   HTi2NbO7	  

Reassembled	  With	  Na2SO4	  Or	  HCl.	  

 MolH2O/molnanosheet 
Assembling Species HTiNbO5 H3Ti5NbO14

 HTi2NbO7 
Na2SO4 1.12 4.42 2.10 

HCl 1.77 4.46 2.48 
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Figure	  15.	  XRD	  patterns	  for	  dry	  films	  of	  exfoliated	  HTiNbO5	  treated	  to	  pH	  11,	  pH	  6.00,	  4.57,	  3.76,	  2.48,	  1.53,	  and	  

0.99.	  Measured	  in	  reflection	  geometry.	  

	  

Figure	  16.	  XRD	  patterns	  for	  dry	  films	  of	  exfoliated	  H3Ti5NbO14	  treated	  to	  pH	  11,	  5.98,	  5.05,	  4.01,	  3.01,	  2.02,	  and	  
0.98.	  	  
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Figure	  17.	  XRD	  patterns	  for	  dry	  films	  of	  exfoliated	  HTi2NbO7	  treated	  to	  pH	  11,	  pH	  6.34,	  4.98,	  3.99,	  2.98,	  1.93,	  and	  

0.99.	  	  

 
The data presented in Figure 9-Figure 17 provide strong evidence for gel microstructures 

similar to those noted in clay and niobate systems.25, 37, 26 As opposed to the ‘house of cards’ 

microstructure formed through electrostatic attraction, strong electrostatic repulsion and the 

formation of an electric double layer bound to the nanosheet surface (i.e. the excluded volume) 

results in a mesophase transition at low pH. Overlapping double layers result in a jammed 

microstructure and arrested particles thereby producing a gel.59, 76, 60, 61, 37, 51  Moreover, shear-

stress curves reveal increasing stress at higher shear rates.  If the sheets were assembled into a 

house-of-cards network, high shear rates would reduce network connectivity and result in lower 

stress. Increasing stress is likely due to electrostatically repelled sheets being forced into one 

another. 

However, this explanation alone cannot explain why gelled nanosheets settle 

spontaneously (Figure 18a-g), can be centrifuged out of suspension, or form flocs when 

extremely dilute. It is speculated that nanosheet gels are instead the result of two contributions.  

First, the formation of an expansive double layer bound to the nanosheet surface leads to arrested 

particles through the previously defined mechanism.  Second, the expansive double layer shifts 

the minimum energy (equilibrium) distance significantly far away from the nanosheet surface 
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resulting in microstructures nonetheless bound through electrostatic forces. Sufficiently low pH 

will compress the double layer, unjam the microstructure, and decrease viscosity thereby 

allowing electrostatically linked particles to settle. 

 

 
Figure	  18.	   Images	  of	  exfoliated	  H3Ti5NbO14	  treated	  with	  HCl	  to	  pH	  4.90	  (a),	  4.08	  (b),	  3.05	  (c),	  1.97	  (d),	  1.36	  (e),	  

0.90	   (f),	   and	   0.38	   (g)	   having	   been	   allowed	   to	   settle	   for	   24	   hours.	   The	   volume	   of	   each	   sample	   was	  
approximately	  4.5	  ml.	  Dashed	  line	  denotes	  approximate	  liquid	  height.	  

 

2.   Flocculation 
The addition of non-acidic salts to nanosheet suspensions resulted in a system 

significantly different than a gel, as shown by optical images in Figure 19 and Figure 20. 

Flocculation begins immediately upon the addition of salt and proceeds gradually until all 

nanosheets have flocculated. A concentration of 0.034M Na+, for example, was found to 

complete flocculation regardless of the chemistry or of the sodium salt used. It should be noted 

that this concentration of salt is less than that predicted for complete screening by the DLVO 

theory (approximately 0.1M).77 Tested salts include LiOH, Li2CO3, Li2SO4, NaOH, Na2SO4, 

KCl, Cs2CO3, BaSO4, and the nitrates of La, Ni, and Mn. At similar concentrations as Na salts, 

KCl was found to flocculate exfoliated HTiNbO5 and exfoliated HTi2NbO7, but not exfoliated 

H3Ti5NbO14. Cs2CO3 was found to be ineffective as a flocculating agent (as discussed in the 

following section). Flocculation did not result in a viscosity change until the flocculates were 

concentrated following centrifugation.  X-ray diffraction patterns of flocculated systems show 

characteristic hk0 peaks corresponding to in-sheet reflections and a broad reflection at low angle 

roughly corresponding to a (001) spacing of 18 Å. Figure 21 shows these patterns. 
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Figure	  19.	  	  Image	  of	  exfoliated	  HTiNbO5	  flocculated	  with	  Na2SO4.	  	  Image	  corresponds	  to	  a	  length	  of	  approximately	  

5	  cm.	  No	  additional	  processing	  had	  been	  performed	  after	  flocculation.	  

 
Figure	   20.	   Optical	   micrograph	   of	   exfoliated	   HTiNbO5	   flocculated	   with	   Na2SO4.	   Image	   captured	   through	   a	   40x	  

objective	  and	  crossed	  polarizers.	  

 
The presence of a broad (001) peak at approximately 18 Å for wet flocculated exfoliated 

HTiNbO5 indicates restacking normal to the [001] direction. This peak was observed at slightly 

different positions between measurements, most likely due to varying quantities of interlayer 

water. Using the Scherrer formula, the measured tactoid thickness is 66 Å or roughly five to six 

sheets. By comparison, Onoda et al. simulated restacked Ca2Nb3O10 nanosheets to be seven 

sheets thick based on a random restacking model.71 Similar stacking thicknesses have also been 

reported by Gunjakar et al.19 who reported 4-7 layers in layered-double-hydroxide/titanate 

hybrids and by Kobayashi et al.11 who reported crystallite sizes of 4-5 nm in scrolled niobates. 

Flocculated nanosheets of exfoliated HTi2NbO7 showed an extremely weak (001) reflection, 

while exfoliated H3Ti5NbO14 did not appear to display an (001) reflection at all. Each chemistry 

possessed a reflection at approximately 48° 2θ which corresponds to the short axis of each unit 
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cell (see Table I). The peak at 27° 2θ for flocculated exfoliated HTiNbO5 corresponds to the 

(200) reflection. 

Flocculation is proposed as a two-step process mediated by the cation. First, the 

positively charged ions accumulate on the nanosheet surface and neutralize the negative sheet 

charge, allowing neighboring sheets to restack into tactoids thereby lowering system entropy. 

Second, the significantly reduced double-layer allows neighboring tactoids to link edge-to-face. 

The result is an apparent aggregation of restacked nanosheets into a house-of-cards type 

structure. Curiously, heating a suspension of exfoliated HTiNbO5, for example, also resulted in 

flocculation which reversed upon cooling. The zeta-potential’s dependence on temperature has 

been reported previously and may partially explain this phenomenon.78,79  

 

 
Figure	  21.	  XRD	  patterns	  of	  exfoliated	  HTiNbO5,	  exfoliated	  H3Ti5NbO14,	  and	  exfoliated	  HTi2NbO7	  flocculated	  with	  

Na2SO4,	   rinsed,	   and	   suspended	   in	  H2O.	   Concentration	   of	   Na2SO4	   in	   the	   suspension	  was	   approximately	  
0.04	  molar.	  Measured	  in	  reflection	  geometry	  with	  variable	  divergence	  slits.	  
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3.   Liquid crystals 
The addition of a high atomic number alkali cation such as Cs+ for exfoliated HTiNbO5 

and exfoliated HTi2NbO7 or K+ for exfoliated H3Ti5NbO14 resulted in an enhanced liquid 

crystalline state that was neither gelled or flocculated. Like flocculation, the process proceeded 

gradually until the concentration of salt exceeded approximately 0.04M. This state was observed 

as having noticeably increased opalescence relative to as-prepared nanosheet suspensions. 

Diffraction patterns of suspended and dry Cs2CO3 treated exfoliated HTiNbO5 are shown in 

Figure 22.  Suspended nanosheets show typical hk0 peaks from in-plane diffraction and weak 

(001) diffraction at 12.1 Å. Allowing suspensions to dry with complete preferred orientation 

resulted in (00l) reflections with a d001 of 12.1 Å. These observations suggest the formation of 

tactoids with inter-sheet distances of 12.1 Å. Estimated crystallite size via the Scherrer formula is 

89 Å or approximately seven sheets. While small alkali cations with high charge densities 

promote restacking of nanosheets, K+ and Cs+ cations have low charge densities and therefore 

may be unable to link neighboring tactoids. Different behavior between chemistries with respect 

to the introduced salt is likely the result of differing sheet charge and hydration shells. 

 
Figure	   22.	   XRD	   patterns	   for	   exfoliated	   HTiNbO5	   treated	   with	   Cs2CO3	   in	   suspension	   and	   dried	   as	   a	   film.	  

Concentration	  of	  Cs2CO3	  was	  approximately	  0.04	  molar.	  
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C.   Self-Assembled Microstructures 

1.   Gelation 

A gelled suspension composed of electrostatically repelled sheets should form a 

microstructure dominated by face-to-face restacking once dried. As a result, the dry assembled 

gel should possess significant mesoporosity from the pores formed between restacked sheets. A 

BET adsorption/desorption isotherm, pore size distribution, and SEM micrographs for gelled 

exfoliated HTiNbO5, shown in Figure	   23 and Figure 24, respectively, support this hypothesis. 

Measured specific surface areas for an assembled exfoliated HTiNbO5 gel was 37 m2/g. The type 

IV isotherm and large type H4 hysteresis loop shown in Figure	   23 indicate mesoporosity due to 

agglomerates of plate-like particles and slit-like pores, according to the IUPAC classification.80 

The pore size distribution also provided in Figure	   23 reveals the majority of pores ranged from 

15-85 nm indicating a substantially mesoporous structure. Pores of this size would not be formed 

between perfectly parallel restacked sheets, however. They are therefore likely the result of 

misaligned or crumpled sheets that have generally adopted face-to-face restacking, thereby 

producing narrow slit-like pores. SEM images in Figure 24 show this crumpled type of 

microstructure.	  

	  

 

(a)	  
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Figure	  23.	  BET	  isotherms	  and	  pore	  size	  distributions	  (insets)	  for	  (a)	  assembled	  exfoliated	  HTiNbO5,	  (b)	  exfoliated	  
H3Ti5NbO14,	   and	   (c)	   exfoliated	   HTi2NbO7	   gels.	   Pore	   size	   distributions	   were	   calculated	   from	   the	   BJH	  
adsorption	  with	  a	  Halsey:Faas	  correction.	  

 

(b)	  

(c)	  



	  35	  

 
 
 

 
Figure	  24.	  	  SEM	  image	  of	  freeze	  dried	  exfoliated	  and	  gelled	  HTi2NbO7	  assembly.	  

 
XRD patterns collected from powdered gels show poorly crystalline structures. Estimated 

crystallite sizes range from 7-9 nm. Observed peaks roughly correspond to the original axes 

perpendicular to the stacking direction and the measured (00l) located between 5-10° 2θ. Explicit 

pattern indexing was not possible; however, the patterns did not correspond to the decomposition 

products of each chemistry. XPS spectra shown in Figure 26 reveal the chemistry of assembled 

gels to be composed of Ti, Nb, and O without any other major elements. No K peaks were 

observed for exfoliated HTiNbO5 or exfoliated H3Ti5NbO14, while a trace quantity of Cs was 

observed for exfoliated HTi2NbO7. No significant shifts in peak shapes corresponding to changes 

in the valence state of Ti or Nb were observed between chemistries. 

 

5	  μm	  
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Figure	  25.	  XRD	  patterns	  for	  assemblies	  of	  exfoliated	  and	  gelled	  HTiNbO5,	  H3Ti5NbO14,	  HTi2NbO7	  powders	  dried	  at	  

75°	  C.	  	  D-‐‑spacings	  are	  provided	  for	  primary	  peaks.	  Samples	  were	  measured	  in	  reflection	  geometry	  with	  
variable	  divergence	  slits.	  	  

	  



	  37	  

	  

 

(b)	  

(a)	  
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Figure	   26.	   XPS	   survey	   spectra	   of	   exfoliated	   and	   HCl	   gelled	   (a)	   HTiNbO5,	   H3Ti5NbO14,	   and	   HTi2NbO7.	   Auger	  

transitions	  and	  XPS	  peaks	  are	  labeled	  accordingly.	  High	  resolution	  XPS	  spectra	  of	  (b)	  Ti	  2p,	  (c)	  Nb	  3d,	  (d)	  
O	  1s	  peaks	  for	  each	  chemistry.	  

	   	  

(d)	  

(c)	  
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2.   Flocculation 
In contrast to a gel, flocculated nanosheets dominated by edge-to-face restacking should 

possess very little mesoporosity given the assumption that measured mesoporosity is the 

interlayer galleries formed by restacked nanosheets sheets. The BET measurements and SEM 

images provided in Figure	   27 and Figure 28 respectively confirm this hypothesis.  BET 

isotherms show minimal hysteresis, implying an open network of larger pores.  Pore size 

distributions revealed a significant quantity of pores greater than 50 nm, indicating a 

macroporous structure. BET data for gelled and flocculated samples are summarized in Table	   III. 

Whereas the small mesopores in gelled assemblies are the result of restacked sheets, the large 

macropores observed in flocculated assemblies are produced by the interstices between 

significantly misaligned sheets in a house-of-cards type assembly. The absence of a mesoporous 

structure dominated by large pores is observed in Figure 28, contrary to the gelled assemblies. 

Similar to gelled assemblies, diffraction patterns of assembled flocculated nanosheets reveal a 

poorly crystalline solid with estimated crystallite sizes ranging between 7-9 nm (Figure 29). 

Observed peaks roughly correspond to the original axes perpendicular to the stacking direction 

and the measured intersheet separation distance located between 5-12° 2θ. XPS spectra shown in 

Figure 30 reveal the chemistry of assembled floccules to be composed of Ti, Nb, O, and Na 

(primarily observed by its Auger transition at 496 eV) without any other major elements. No K 

peaks were observed for exfoliated HTiNbO5 or exfoliated H3Ti5NbO14, while a trace quantity of 

Cs was observed for exfoliated HTi2NbO7. The small O 1s peak at 535 eV in Figure 30d is most 

likely due to intercalated isopropanol and not water due to this peaks absence in Figure 26d. The 

O 1s peak from Na-O bonding overlap the primary Ti/Nb-O peak at 530 eV. 	  
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Table	   III:	   	   Specific	   surface	  area,	   average	  pore	  width,	   and	   specific	  pore	  volume	   (BJH	  adsorption)	   for	   gelled	  and	  
flocculated	  exfoliated	  nanosheets.	  

Assembly Chemistry 
BET 
SSA 

(m2/g) 

Average Pore 
Width (nm) 

Specific Pore 
Volume (cm3/g) 

Gelled 
HTiNbO5 37 5.8 0.2 
H3Ti5NbO14 126 8.0 0.6 
HTi2NbO7 147 14.7 0.7 

Flocculated 
HTiNbO5 72 26.7 0.4 
H3Ti5NbO14 116 26.1 0.8 
HTi2NbO7  63 20.1 0.3 

 
  
 

 

(a)	  
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Figure	  27.	  BET	  isotherms	  and	  pore	  size	  distributions	  (insets)	  for	  (a)	  assembled	  exfoliated	  HTiNbO5,	  (b)	  exfoliated	  
H3Ti5NbO14,	  and	  (c)	  exfoliated	  HTi2NbO7.	  Exfoliated	  suspensions	  were	  flocculated	  with	  Na2SO4,	  boiled	  in	  
IPA,	  and	  subsequently	  heated	  to	  400°	  C.	  Pore	  size	  distributions	  were	  calculated	  from	  BJH	  adsorption.	  

 

(b)	  

(c)	  
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Figure	  28.	  	  SEM	  image	  of	  freeze	  dried	  exfoliated	  and	  flocculated	  HTiNbO5	  assembly.	  

 
Figure	   29.	   XRD	   patterns	   for	   exfoliated	   and	   flocculated	   HTiNbO5,	   H3Ti5NbO14,	   and	   HTi2NbO7	   assemblies.	  

Suspensions	   were	   flocculated	   with	   Na2SO4	   to	   a	   concentration	   of	   0.04M.	   Samples	   were	   measured	   in	  
reflection	  geometry	  with	  variable	  slits.	  

 

5	  μm	  
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(a)	  

(b)	  
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Figure	  30.	  XPS	  survey	  spectra	  of	  exfoliated	  and	  Na2SO4	  flocculated	  (a)	  HTiNbO5,	  H3Ti5NbO14,	  and	  HTi2NbO7.	  Auger	  

transitions	  and	  XPS	  peaks	  are	  labeled	  accordingly.	  High	  resolution	  XPS	  spectra	  of	  (b)	  Ti	  2p,	  (c)	  Nb	  3d,	  (d)	  
O	  1s	  peaks.	  

(c)	  

(d)	  
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D.   Photocatalysis 

1.   Optical Properties of Nanosheets 
Diffuse reflectance UV-vis spectra demonstrated unique absorbance in the UV and 

visible range once phases were exfoliated as shown in Figure 31a and b.  Measured band gaps 

are summarized in Table IV. Exfoliated nanosheets possessed band gaps reduced from 

approximately 4.1 eV for their parent phases to approximately 3.6 eV due to the quantum 

confinement effect. For comparison, Akatsuka et al. found the chemistries TiNbO5
−, Ti2NbO7

−, 

and Ti5NbO14
3− to have band gap energies between 3.7-3.5 eV.17 The band gaps of the parent 

oxides have been reported elsewhere as between 3.5-3.6 eV, however.81,17 Although the quantum 

confinement effect is often used to widen the band gap, thereby preventing electron-hole 

recombination in photocatalytic systems, a reduced band gap allows more wavelengths to be 

adsorbed and may improve photocatalysis. 

 
Table	  IV:	  	  Summarized	  Band	  Gap	  Energies	  For	  Parent	  And	  Exfoliated	  Phases.	  

Phase Parent 
Eg (eV) 

Exfoliated  
Eg (eV) 

ATiNbO5 4.1 3.6 
A3Ti5NbO14 4.1 3.6 
ATi2NbO7 4.1 3.6 
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Figure	  31.	  UV-‐‑vis	  diffuse	  reflectance	  spectra	  for	  (a)	  KTiNbO5,	  K3Ti5NbO14,	  and	  CsTi2NbO7	  (b)	  exfoliated	  HTiNbO5,	  

exfoliated	  H3Ti5NbO14,	  and	  exfoliated	  HTi2NbO7.	  

 
 

(a)	  

(b)	  



	  47	  

In other systems, the band gap varies significantly with different A-site cations.7, 34. Lucht 

et al. demonstrated this behavior in birnessite manganese oxides, showing direct and indirect 

band gap shifts of over half an eV for certain intercalated cations.34  Therefore, reassembling 

nanosheets with various electrolytes may allow control over the band gap, while also introducing 

unique adsorption features. Successful reassembly was demonstrated with acid (via HCl) 

resulting in a gel, while Li, Na, K, Cs, Mn, Ni, La, and Ba salts resulted in flocculates. Although 

reassembled nanosheets possessed larger band gaps increased relative to films prepared without 

an electrolyte, no significant trend could be discerned among the studied intercalated cations.  

Diffuse reflectance UV spectra are provided for exfoliated HTiNbO5 as a prototype in 

Figure 32. Figure 32a shows band gaps between 3.9 eV and 4.1 eV for exfoliated HTiNbO5 

treated with various alkali salts. Figure 32b further shows that the exfoliated HTiNbO5 band gap 

does not vary significantly from approximately 3.95 eV when reassembled with Mn, Ni, La, or 

Ba salts. Ni and Mn flocculated HTiNbO5 nanosheets turned pale green and black respectively 

once repeatedly rinsed with H2O and dried, suggesting the formation of a surface oxide layer or 

color centers which may give rise to other interesting properties. 

The poor dependence of band gap on intercalated cation may be due in part to the 

microstructure of the reassembled flocculates.  As detailed in the previous sections, flocculated 

nanosheets form tactoids several nanometers thick composed of several face-to-face restacked 

nanosheets.  The tactoids then restack edge-to-face forming a long range network structure which 

is not entirely eliminated when dried. This structure differs from those of Kato and Lucht who 

explored band gap energies in bulk materials.7, 34 Therefore, the quantum confinement effect 

which initially reduced the band gap is not totally eliminated and the measured band gap depends 

not only on the flocculating cation, but also the tactoid size and network structure. 
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Figure	  32:	   	  Diffuse	   reflectance	  UV-‐‑vis	   spectra	   for:	   (A)	   exfoliated	  HTiNbO5	   reassembled	  with	  HCl	   (●),	   LiOH	   (◼),	  

Na2SO4	  (◆),	  KCl	  (▲),	  and	  Cs2CO3	  (▼).	  Curves	  have	  been	  offset	  for	  clarity,	  and	  dashed	  lines	  were	  added	  to	  
resolve	  band	  gap.	  (B)	  exfoliated	  HTiNbO5	  reassembled	  with	  BaSO4	  (●),	  La(NO3)3	  (◼),	  Mn(NO3)2	  (◆),	  and	  
Ni(NO3)2	  (▲).	  

 

2.   Photocatalytic Hydrogen Production 

Nanosheets and P25 without Pt co-catalyst produced little hydrogen after four hours. 

However, Figure 33 shows a significant improvement in yields after loading 1 weight % Pt.  

Exfoliated H3Ti5NbO14 showed the largest hydrogen evolution rate at 426.0 µmol H2/hr/g 

followed by exfoliated HTi2NbO7 and exfoliated HTiNbO5 at 117.1 and 24.6 µmol H2/hr/g 

respectively.  This result suggests a trend may exist with Ti:Nb ratio and therefore chemistry, but 

not crystallographic motif. Evolution rates of H2 are summarized in Table	   V. It should be noted 

(a)	  

(b)	  
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that in addition to adding a co-catalyst, Pt loading also replaced the suspension medium with 

fresh DI water free of soluble ions.  It is not clearly understood how TBA interferes with 

photocatalytic reactions.  However, assembling (flocculating) nanosheets with aqueous salts such 

as Na2SO4 allowed nanosheets to be centrifuged from suspension and rinsed.  Flocculated and 

rinsed exfoliated HTiNbO5 produced hydrogen at a rate of 4.2 µmol H2/hr/g. In contrast, Pt-

loaded and flocculated exfoliated HTiNbO5 resulted in an improved hydrogen yield, whereas Pt-

loaded exfoliated H3Ti5NbO14 and exfoliated HTi2NbO7 produced less hydrogen after 

flocculating. These yields are tabulated in Table	   V. Flocculating nanosheets with transition 

metals did not improve photocatalytic hydrogen yields. 

 

 
Figure	  33.	  	  Hydrogen	  yields	  for	  nanosheet	  suspensions	  with	  1%	  Pt	  and	  P25	  with	  1%	  Pt.	  
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Table	  V:	  Measured	  Hydrogen	  Rates	  For	  P25,	  Exfoliated	  HTiNbO5,	  Exfoliated	  H3Ti5NbO14,	  and	  Exfoliated	  HTi2NbO7	  
Nanosheets	  With	  And	  Without	  Pt	  Co-‐‑Catalyst.	  

 H2 Yield (µmol H2/hr/g) 

Phase No Pt 
(unflocculated) 

1% Pt 
(unflocculated) 

1% Pt (flocculated) 

P25 22.4 2905.6 NA 
Exfoliated 
HTiNbO5 

1.1 24.6 58.4 

Exfoliated 
H3Ti5NbO14 

11.9 426.0 196.1 

Exfoliated 
HTi2NbO7 

7.4 117.1 47.5 

 
 Self-assembly of flocculated nanosheets allows solids to be collected and dried into a 

high surface area powder.  Hydrogen evolution rates are provided for these powders in Table VI. 

With the exception of exfoliated HTiNbO5, less hydrogen was evolved from the flocculates 

compared to the original suspended nanosheets. Further heating the flocculates produced no 

significant change in hydrogen evolution rates. Decreased rates are most likely due to the 

diminished surface area and increased band gap of flocculated powders compared to as-prepared 

(discrete) nanosheets. Heating of nanosheet assemblies has been shown elsewhere to improve 

photo-activity.10 

 
Table	   VI:	   	   Measured	   hydrogen	   rates	   for	   exfoliated	   HTiNbO5,	   exfoliated	   H3Ti5NbO14,	   and	   exfoliated	   HTi2NbO7	  

flocculated	   with	   Na2SO4,	   rinsed,	   boiled	   in	   IPA	   to	   produce	   a	   high	   surface	   area	   powder,	   heated	   to	  
temperature,	  dispersed	  in	  H2O,	  then	  loaded	  with	  1%	  Pt.	  

 H2 Yield (µmol H2/hr/g) 

Chemistry 
1% Pt 

(unflocculated 
& suspended) 

Dry (75° C) Dry (400° C) 

Exfoliated 
HTiNbO5 

24.6 47.4 28.6 

Exfoliated 
H3Ti5NbO14 

426.0 21.2 37.6 

Exfoliated 
HTi2NbO7 

117.1 16.4 14.7 

 
 Having demonstrated that flocculated nanosheets yield less hydrogen than the initial 

suspension, their primary benefit may be to produce composites with other materials. For 

example, a composite of P25 and exfoliated HTiNbO5 mixed in a 4:1 ratio can be readily 

flocculated with Na2SO4, rinsed, and dried into a homogeneous powder which remained stable 
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when redispersed in H2O. This composite produced 412 µmol H2/hr/g without the addition of 

any co-catalyst as shown in Figure	   34. Loading this composite with 1% Pt increased the 

hydrogen yield to 2112 µmol H2/hr/g, which represents a slightly lesser yield than P25-Pt alone. 

The improved performance of P25-nanosheet composite may be explained as follows. The small 

bandgap of P25 (rutile specifically) enhances photogeneration compared to the HTiNbO5 

nanosheet.  The photogenerated electron may then migrate from rutile to electron traps located in 

anatase before finally migrating to electron traps and reaction sites located on the nanosheet 

surface.82 Intimate mixing and the high surface areas of both P25 and the nanosheets facilitates 

charge transfer between different particles. Excellent P25 performance with Pt, but poor 

performance without suggests that P25 photogenerates electron-hole pairs well, but fails to 

prevent recombination or migrate electrons to the surface for catalysis unless a suitable co-

catalyst exists. Meanwhile, the HTiNbO5 nanosheets offer poor performance independent of 

whether a co-catalyst is used or not, suggesting that the nanosheet does not possess a suitable 

environment for photogenerating electron-hole pairs. Therefore, the nanosheets in a P25 

composite do not act as generating sites, but instead act only as electron traps and reaction sites. 

When Pt is added to the composite, the need to migrate electrons to the nanosheet is rendered 

irrelevant since electrons generated within the P25 can readily transfer to the Pt surface sites.	  

 

	  

Figure	  34.	  Hydrogen	  yields	  for	  P25,	  exfoliated	  HTiNbO5,	  and	  their	  composites	  with	  and	  without	  Pt.	  
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3.   Methylene Blue Dye Degradation 
Methylene blue may be used as an indicator molecule to test reactivity towards organic 

contaminates.10 Resulting UV-vis spectra and percent methylene blue are provided in Figure 

35a-e and summarized in Table VII. Adsorption peaks were integrated to find intensities rather 

than using absorbance maxima due to the dynamic nature of the absorption peaks. 

 

 

(a)	  

(b)	  
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(c)	  

(d)	  
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Figure	   35.	   UV-‐‑vis	   transmission	   spectra	   for	   (a)	   exfoliated	   HTiNbO5	   ,	   (b)	   exfoliated	   H3Ti5NbO14,	   (c)	   exfoliated	  

HTi2NbO7,	   (d)	   water	   and	   methylene	   blue,	   (e)	   rate	   law	   decoloration	   calculated	   from	   peak	   areas	  
integrated	  between	  400-‐‑800	  nm	  in	  a-‐‑c.	  Correlation	  coefficients	  are	  provided	  in	  Table	  VII.	  

	  

Table	  VII:	  Methylene	  Blue	  Decomposition	  Rates,	  Correlation	  Coefficients,	  Theoretical	  Specific	  Surface	  Area,	  and	  
Theoretical	  Specific	  Surface	  Charge	  For	  Each	  Chemistry.	  	  

 

Exfoliated 
HTiNbO5 

Exfoliated 
H3Ti5NbO14 

Exfoliated 
HTi2NbO7 

Rate 𝒍𝒏 𝑰
𝑰𝟎

𝟏𝟎𝟑  -1.935 -4.566 -1.157 

R2 0.875 0.967 0.957 
tSSA (m2/g) 670 752 707 
tSSC (C/g) -436 -519 -318 

  
Nanosheets suspensions turned violet when combined with methylene blue which shifted 

the adsorption spectra significantly compared to methylene blue without nanosheets, suggesting 

that methylene blue was adsorbed onto the nanosheets surface. Strong adsorption may alter the 

electronic structure of the nanosheet and result in non-linear reaction rates. The adsorption peak 

at approximately 300 nm (Figure 35d) was overwhelmed by nanosheet band gap adsorption and 

the primary methylene blue adsorption peak at 660 nm (Figure 35d) was blue-shifted 

approximately 100 nm (as indicated by 0 min spectra in (Figure 35a-c). After 30 minutes, this 

peak was farther blue-shifted or eliminated altogether in the case of exfoliated HTi2NbO7.  

(e)	  
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All nanosheet phases demonstrated exponentially decaying adsorption allowing for these 

systems to be evaluated by a first order kinetics model. Rate constants provided in Table VII 

show exfoliated H3Ti5NbO14 to be most active, followed by exfoliated HTiNbO5 and then 

exfoliated HTi2NbO7. The significantly stronger decomposition of methylene blue by exfoliated 

H3Ti5NbO14 compared to the other chemistries further suggest motif has little to no contribution 

on photocatalytic behavior. Unlike photocatalytic hydrogen production however, methylene blue 

decomposition did not suggest a definitive trend with chemistry (i.e. ratio of Ti:Nb). With that 

said, the highest ratio chemistry, H3Ti5NbO14, decomposed methylene blue at a significantly 

greater rate than the other chemistries. This behavior has been reported elsewhere, for example 

by Akatsuka, who ascribes electron-hole recombination centers to the presence of multiple metal 

cations.17 
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CONCLUSION 

 Nanosheets of HTiNbO5, H3Ti5NbO14, and HTi2NbO7 were synthesized by protonation 

and exfoliation of their ceramic parent phase. The resulting nanosheet suspensions appeared 

opalescent due to their liquid crystalline nature which facilitated controlled reassembly with 

acidic or cationic species. Reducing the pH of the nanosheet suspensions resulted in a gelled 

mesophase in which the effect of overlapping excluded volumes arrested particle motion and 

therefore yielded a high viscosity colloid. The viscosity was only found to increase below a 

critical pH (between 5-6). Diffraction patterns of gelled nanosheets revealed no short-range 

intersheet reflections but possessed in-sheet reflections reminiscent of the parent unit cells. 

Restacking schemes as explored by XRD were also found to vary as pH was reduced. The 

decrease in interlayer spacing and apparent recrystallization may possibly be due, in part, to the 

expulsion of interlayer species and/or hydronium. 

Adding various salts to the nanosheet suspensions resulted in flocculation which occurred 

without an increase in viscosity. The flocculated mesophase, in contrast to a gel, is suggested as 

the result of restacked nanosheet clusters bound together into a long-range network via edge-to-

face attraction between clusters. It was hypothesized that the structure of dry nanosheet 

assemblies should be reminiscent of the gelled or flocculated mesophases which produced them. 

BET measurements on dry gels revealed strong hysteresis and mesoporosity due to the formation 

of small slit-like pores formed between restacked sheets. Floccules, however, revealed very little 

hysteresis and much larger pores due to the formation of voids between tactoids. 

X-ray diffraction patterns of gelled and flocculated powders could be roughly indexed in 

terms of the parent phase unit cells. band gap energies of the parent phases, exfoliated, and 

reassembled nanosheets were studied using diffuse-reflectance UV-Vis spectroscopy. The band 

edges were found to decrease from approximately 4.1 to 3.6 eV after exfoliation. Band gaps 

increased to energies between 3.8-4.1 eV when reassembled with various cations, although no 

clear trend could be discerned with the flocculating cation used. The exfoliated nanosheets were 

found to be weakly photoactive without a Pt co-catalyst as measured by H2 yield. However, 

photoactivity improved more than an order-of-magnitude with 1 wt% Pt co-catalyst. Photo-

degradation also revealed activity towards methylene blue. In both cases, exfoliated H3Ti5NbO14 

demonstrated the highest activity due to the high ratio of Ti:Nb. Composites were formed by 
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flocculating P25 and exfoliated HTiNbO5 nanosheets according to the methods detailed in this 

study. The composite demonstrated significantly improved H2 production without Pt co-catalyst 

compared to P25 or exfoliated HTiNbO5. The present study has therefore demonstrated reliably 

controlled HTiNbO5, H3Ti5NbO14, and HTi2NbO7 nanosheet assemblies via their colloidal 

processing. The photoactivity of titanate-niobate nanosheets and their assemblies has also been 

demonstrated. Nanosheet reassembly with various metal cations may allow for unique properties 

- photocatalytic, optical, or otherwise - to be discovered and exploited. 
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FUTURE WORK 

 Explicitly studying the long-range structure and connectivity of gelled and flocculated 

titanate-niobate nanosheets is an interesting, albeit underdeveloped, aspect of this study. To that 

end, small angle x-ray and neutron scattering have been successfully employed to study other 

colloidal systems and could be applied to the mesophases reported here. 

83,84,45,85,30,60,61,47,86,59,37,87,88 Using these techniques in conjunction allows the shape and size of 

sheets, nanosheet clusters, and arrangement of sheets to be studied in great detail. The evolution 

of a nanosheet colloid from isotropic to gelled may also be studied by measuring small angle 

patterns at various pHs, much like this evolution has been studied as a function of concentration 

and aspect ratio for other systems.87 Neutron total scattering and x-ray reflectivity (XRR, 

following Fenter et al.72) may also be employed to study the hydration behavior of these 

nanosheets. X-ray reflectivity requires samples with restacked sheets and is therefore appropriate 

to study films (e.g. Figure 15-Figure 17) but not colloidal suspensions (e.g. Figure 13 and Figure 

21). One particularly interesting application of both neutron scattering and XRR would be the 

restacking behavior of titanate-niobate nanosheets as a function of pH. Figure 15 through Figure 

17 reveal peculiar restacking and morphological changes when pH is sufficiently reduced. 

Neutron scattering and XRR may be used to study water and other intercalated species 

(especially organics, for example TBA) between sheets, while x-ray scattering would be better 

suited to explore the nanosheet structure itself. Such a study should include assemblies carefully 

produced at various pHs, allowing BET to explore the mesostructure of assembled nanosheets 

throughout their structural evolution from high to low pH. 

 Various changes in the nanosheets from high to low pH, and perhaps by other treatments 

as well, may yield properties advantageous to photochemistry and electrochemistry. Explicitly 

linking improvements in photochemical yield to structural (or electronic) changes within the 

nanosheet or on the nanosheet surface will benefit the development of future catalysts.  An 

investigation of electrochemical behavior is absent from this study due to the difficulty in 

producing repeatable and reliable electrochemical cells from low conductivity nanosheets. An 

industrious investigator may discover interesting behavior in titanate-niobate nanosheets by 

employing and expanding upon the various techniques presented in this study. Of particular 

interest is the role crystallographic motif and chemistry (Ti/Nb ratio) play in promoting 
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electrochemical intercalation. X-ray scattering and NMR or neutron scattering (depending on the 

intercalating species) are ideal techniques to probe the nanosheet surface structure at various 

stages of the electrochemical cycle. Concurrently, XPS and XANES should be used to study the 

redox behavior of Ti and Nb in these nanosheets. 
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