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ABSTRACT

Zhixiang Lua In-situ NMR Studyof Molecularand lonic ProcessaasideCarbon Nanopores
(Under the direction ofYue Wu)

Interactions of siple ions with water and interfaces play critical salemany
electrochemical and biological pr@sesTheyareespecially significanin nanoconfined
regionsandhavea profound impactn many applications, for instance nanofluidics and
supercapacitorg.his dissertatiommploysa nuclear magnetic resonance (NMR) technique to
studytheir influenceon theionic processes sidecarbon nanopore3o characterize the carbon
micropore strutire, a convenient NMR method is established by taittjmagic angle
spinning (MAS)spectrunof theadsorbed wateA density functional theor{DFT) computation
of thenucleusindependent chemical shift (NIC8ields a quantitative relationship betwdép
NICS valuesand the micropore sizeThe @rbon micropore size and distribution are derived
from the chemical shift and the spectrum lineshape. For aqueous elecirdidesncharged
carbon nanoporethe neasurement of ion concentraticeseals awgbstantiakelectroneutrality
breakdownThespecific ion effectand iorion correlations are shown to play crucial roles in
determining the degree of electroneutrality breakdown. The importaticesaf interadbnsis
further revealed by the asymmetric and nonlinear responsas @fncentrations to the charging
of theconfining carbon wallsSuch informations obtainedvith a carbon supercapacitouilt
into the NMR probeThe NMR observationsire validated pa numerical calculatioof theion
distributionin thenanoporesising the generalized PoissBoltzmann (PB) equation,
demonstrating thahe nonelectrostatimterfacial interactionsan indeed dominate the

electrostatic interactiorend leado the breakdown of electroneutrality inside nanoconfined



regions.Interfacial bn hydratioris an essential part of the specific ion effetisingin-situ**Na
and™F NMR on carbon supercapacitors with different carbon pore,dipeovide a molecular

scale understanding of tipermeation and dehydratioh ionsin voltagegated carbomanopores.
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CHAPTER 1 INTRODUCTION

1.1 Motivation
1.1.1 Specific lon Effects andthe Hofmeister Series

lons are hydrated in aqueous electrolytes; the hydration structure and dynamics can be
quite complex with interactions suchtagsdispersion forces artie hydrogen bonding playing
important roleg1-13]. The poperties of ion hydration vary significantly from ion to ion, even
amongst ions with the same electrovalerey.F and ), thusthey ardon-specific in contrast
to the Coulomb interactions. Wheheions in solutions are presented with an interface,
unexpected phenomenanemerge because of the interplay betwienon, the solvent water
and the surface via Coulombic and-gpecificnonelectrostatimteractionsStrongly hydrated
ions such as'Fand N& mayprefer the bulk aqueous environment &ast of the interface
between water anahydrophobic surface; in contrast, weakly hydrated roagprefer the
interface[14-18], as demonstrated in Figure 1.1.

lons vary in their effects on other fundamental properties of ionic solutions. Seikics
ion effects have both fascinated and challenged the scientific community over more than a
century, dating back to the report Bsanz Hofmeisteabout ionic properties, arranged in series,
with respect to their relative influence on the precipitatioagyf whiteproteinsfrom aqueous
solutions[19-22]. This seriesnamed the Hofmeister seri@gs found later to apply to a whole
range of phenomena including viscosity, surface tension, freeainjgepressioand water
activity coefficientetc.[17,18,23,24], with only minor changsof the order depending on the

property investigated
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Figurel.1l: The pecific ion effects omheion distributionnear the solution/air interfacexd):
Snapshots of the molecular dynamics simulatidie oloring schemés: water oxygen, blue;
water hydrogen, gray; sodium ions, green; chloride ions, yellow; bromide ions, orange; iodide
ions, magera (e-h): Densities (normalized by the bulk density) of water oxygen atoms and ions
plotted vsthe zdistance in the direction normal to the interface. The colors of the curves
correspond to the coleof the atoms in the snapshdtgs)]



Belowis the generally acceptechnking for anionsalthough minor differences exist in

different studie$17,18]:

Co” SO S0 H,PO] F CI' B NO;3 I' Clo; SCN
The anions to the lefsideof CI' are called kosmotropes (structurekers), which promotine
saltingout of proteins, increase the surface tension of aqueous solution, and inddegange
of other effects. In contragheanions to the righsideof CI' are called chaotropes (structure
breakers), which promoteesaltingin of proteins, decrease the surface tension of aqueous
solution, and also inducevade range of other effect3.he rankingor cations is much less
sysematicand isbased on the saltingut efficiency. Some cations of intereatge rankedbelow
[18,26]:

Li* Na* K" AI®* NH,” H*

Although the Hofmeister series is a fundamental framework to study many kinds of
biochemical systems involving salty solutions, timelerlying mechanism of igeneral
applicabilityremained unclear for a long time. In the last two decades, the Hofmeister e$fect ha
received unprecedented attentiBriargeamountof experimental and theoretical wovkasdone
to studythe specific ioneffectsattheinterface[14-16,27-50], leading to exciting discoveries
such aghesurface enhancement of halidéd-16,29,35,51-54] and insights into the Hofmeister
series which reflectthe systematic variations ithe specific ion effect$17,18,20,24,26,46,55
59]. Experiments indicatthattheion has negligible effects on the water structure beyond the
first hydration shel[60], disproving the longpeld speculation that the Hofmeister effisaue
to therelative ability of iongo changehe water structure network (water structure
maker/beaker). Insteadthedirection interactions witlthe surface play an impant and

perhaps a dominant role in the interfacial specific ion effd€48,23,24,61-65].



Another important area, less explored by experiments, isothgequencesf the specific
ion effects inthe nanoconfined spac@lthoughthetheoretical investigationsf nanoconfined
electrolytes are extremely actij@6-71], experimentatepors remain scarcg/2-81]. The
prevalentsurfaceselectivetechniques for the study tifespecific ion effectssuch aghe
vibrational sum frequency generation spectroscopy (VSH&¥econd harmonic generation
spectroscopy (SHG) artbe X-ray photoelectron spectrosco@re not applicable for

nanoconfined electrolytes

1.1.2 Nanoconfined Electrolytes

Nanoconfined fluidsespecidly nanoconfined water, are ubiquitous in natame often
exhibit intriguing propertief72,82-86]. An important special subject of nanoconfined flugls
that ofionic solutions In particularaqueous ionic solution & subject of vital importance but
also a subject with major open questifd®,7-10,12,60,87-91]. Nanoconfined fluidare
relevantto many scientific disciplines ranging fraime energy storaga supercapacitors and
fuel cells[92-117, to water desalinatioj113-115), to proteirs andion channel$116117], and
to nanofluidic§11812(Q.

How ions distribute anchigrateinside the nanoconfined space is one of the central and
basic scientific questions in nanoconfined electrolytethémanoconfined environmerthe
influence of the solvennediated interfacial effects is amplified due to riblatively small
fraction of the bullphase As such, unusual phenomena could emerge in nanoconfined ionic
solutions, with different ions of the same valence exhibiting véfgrdnt propertie§121,127,.
The complexityand subtlety otheionic processem thenanoconfinemerure reflected by the
fact that despite the Nobel Prize winning work on the structuré afrkchannel over a decade

ago, the detailed mechanism of ion selettiis still hotly debated123124).



The importance of nanoconfined fluids is also exemplifie@amhnologicabhpplicatiors
such asarbon supercapacitors. A major puzzle in the last decade is the anomalous capacitance
increase in pores less than 1 98], shown in Figure 1.2. An explanation could not heeced
without looking at the ion distribution inside the nanopores. However, theoretical and
experimental developmesin this areaarefar from sufficient Supercapacitgrstoreesnergy in
the electric double layer (EDL) formed at the interface betweerdhd electrode and the liquid
electrolyte. But the EDL theory based onty@lectrostatic consideratigrsuch as the Gouy
Chapman theorys not applicable in the scenarios of high electrolyte concentration and high

electrode voltage.

15 T
(AT I I

pw resulis ’%
(g L

o (CH,CH,) N+ BF,
0.68 nm diameter| | 0.33 nm diameter

=/

10

©

& O -
%
5t y 1o Traditional view

Normalized capacitance(uF/c )

&

- @
----- i O

TiC-CDC

NMAC & SMAC
B.C & Ti;AIC-CDCs
(8]

[26]

Q¢rme

0 1 2 3 4 5
Average pore size (nm)

Figurel.2: The dependence of specific capacitance on the pore size of carbon materials. The
capacitance increases sharply when the pore size is less than 1 nm. A quantitative explanation
cannot be achieved without looking at the ion distributions which are strafigbted by the

specific ion effects in nanoconfinemefa9



The GouyChapman theory sobs the PB equation with simplified assumptiatere
ions are treated as point charges interacting with their mean fiethesalvent is treated as a
structureless continuurithe nolecularscale structuresionelectrostaticon-surface interactions
andion-ion correlations are ignore@he Gouy-Chapman theorgredicts a uniform ion
distribution near an uncharged surface, which contradicts witNMibisimulation shown in
Figure 1.1 Modified theories accounting for the finite ion s[£§,12512€¢], dispersive force
[52,53125127-129, and ionion correlationg52,53,125127-129 are just emergindut ther
application inthenanopore confinement has not been verified by experiments. Moreea€s n
all theoretical simulations of nanoconfined electrolytage usedhe charge neutralitgondition
as a starting point when tleonfining walls are not charged. This is intuitively expected since
substantial charge imbalance could be energetically unfavorable due to the strong electrostatic
repulsion, especially insidee nanoconfined region. However, swhassumption is questiable
As we can see in Figure 1.Btons and anions are separated near the interfegidelthe very
small nanoconfined spadeow would the tendency of charge separation induced by the
interfacial specific ion effestnegtiate with theelectroneutrality condition? Cahecharge
neutralitybe violatednsidethenanoconfined space? What other unusual consequenctgecan

specific ion effet lead t@

1.1.3 NMR Approach for Nanoconfined Electrolytes and Specific lon Effects

The objective of this dissertation is to emptbg NMR technique to investigate
nanoconfined electrolytes. The nanoconfinement is providechigh quality activated carbon
derived fromthe polymer polyetheretherketongPEEK) [130-133. Compared to other
activatel carbons made from natural product precurdgbisPEEK-derived carbon has several

advantaged-irstly, it hasalow density ofdefecs and functional groups. Secondtiie pore size



is able to be tuneffom 0.5 nm to 2 nm by controlling the physical activation condition. Thirdly,
it consists of mainly mi@pores (less than 2 nm) and has a very narrow pore size distribution
(PSD). All these properties are critical to investigate the manifestatibie sppecific ion effects

in nanoconfined electrolytes and their pore size dependence.

Figurel.3: lllustration of an electrochemical system consisting of nanoconfined electrolytes in
equilibrium with a bulk phase. The PEE}€rived activated carbon provides the confinement
and its surface charge can be tuned byyapglvoltage. Electrolyte properties such as the ion
distribution are important for many applications but are very challenging for experimental
investigations.

NMR is a quantitative, ioiselective and neimvasive technique well suited for
investigating flids in porous materiglespeciallyin activated carba[77,13413€]. Previous
NMR studies have investigatégdrogen storaggl33, electrolyte organizatiofil36, andwater
adsorptior[137] in activated carbons. The uniquenesthefactivated carbon system is tlilage

electrolyte confined ithe nanoporesasa different chemical shift frorthe electrolyte outside

[133138139. As a result, we have a fiagprint to selectively study nanoconfined electrolytes



in equilibrium with a bulk phase, as illustrated in Figure 1.3. Many insights on the ion
distribution and transport can be gained by quantifying the average ion concentration in the
nanopores.

The rok played bythe specific ion effects can be evaluated in two ways. One is to
systematically explora series o€lectrolytes wheréhe anionsarechosen from the Hofmeister
series and are known to vary in their interfacial interactions. The other watyretthe surface
charge on the confining walls, as shown in Figure Th&. ontributions fronthe electrostatic
andnonelectrostatimteractions can then be separated. Owing to the good conductivity of
activated carborthe surface charging can be egsalchieved by applying voltage on the carbon

electrodes as it is usually done in a carbon supercapacitor.

1.1.4 Dissertation Outline

Chapter 2 describes the synthesis and characterizatibaPEEK-derived activated
carbon. A series of activated carborthwdlifferent pore sizes and narrow P3®sbtained. A
convenient NMR method based e NICS mechanism is established to charactehezePSD
of theactivated carba) with the aid oDFT calculatiors to establistthe quantitative
relationship between ¢hNICS value and the pore size.

Chapter 3 reports the NMR measurement of the average ion concentrationthmside
carbon nanopores for a series of sodium salts whose anions are chosen from the Hofmeister
series.The gecific ion effects on the electroneality breakdown are evaluated. The dependence
of theion concentrations otie surface charging is measured by ithaitu NMR on a carbon
supercapacitor. The role ioh-electrostatic iorsurfaceinteractions and ioion correlations are

discussed.



Chapter 4 focuses on the numerical calculatiotheion distributions insid¢he
nanopores to elucidate the mechanisrtheklectroneutrality breakdown. The generaliR&l
eqguation accounting faheion-specific interfacial interactions is solved batkide and outside
the nanopores simultaneously. A new boundary condition permitting induced surface charge is
employed.

Chapter 5 reports tha-situ NMR observation otheion permeation and dehydration in
thevoltagegated carbon nanopores. A molectdaale understanding is provided tbeion
transport into nanopores whose size is comparable to thatbgidm size, shedding lights on

the physics otheinterfacial specific ion effects in nanoconfinement.

1.2 NMR Principles
NMR is the main techniquesed in this dissertation to probe the molecular and ionic
processes inside activated carbon nanopores. A brief review of the NMR principles is provided

here before discussing tiresitu NMR results.

1.2.1 Magnetization

A nucleuswith spin quantum numbérhasanangular momentu® andmagnetic
moment [ JQwhered is thePlanck constardndf is thegyromagnetic ratioTable 1.1 lists
thegyromagnetic rati for nuclérelevant to this dissertatiohenanucleus is placed in an
externalstaticmagnetic fieldBy alongthe zdirection the interactiorenergy splits into 21
levels Em:-/—n(fﬁo =m gB, with the magnetic quantum numimer~ -, F 1+ [ »1l-.In

thermal equilibrium, the probability for the spin to stay on each energyftéleis the

Boltzmann distributionP, exp(-%) ﬂexp%fo . The net magnetization &f non
B

interacting spinss [140141]



J mg B
] mexp(foJ)
M, =Ng ™ g BBO (1.1)
a expC—")
a ety 5

In the high temperature approximation, geB, <« kT, this redees to

_Ng *BI(I +1)
o 3K, T

(1.2)

Tablel.1: Nucleusgyromagnetic rati@and natural abundan¢®42]

Nucleus| Spin | Natural Abundance (%] g (106 rados 0'3) %(MHZ d"l)
H 1/2 ~100 267.522 42.577
H 1 0.015 41.066 6.536
g 3/2 80.1 85.847 13.663
¥ 1/2 1.1 67.283 10.708
15N 1/2 0.37 -27.126 -4.317
19 1/2 ~100 251.815 40.078
“Na 3/2 ~100 70.808 11.269

The nucleaspin pecesses along the external magnetic fagld isgoverned by the

Hamiltonian
H = gBOIZ (13)
The pecession angular frequendynown as the.armorfrequency, isw= -g,. Herethe

positive and negative signs @mean different ggcession directions.

If an oscillating magnetic field dhe Larmor frequencys appliedperpendicular to the

static field, sayg, = B cos@vt X, the macroscopic net magnetization is then tipped away from

10



the zdirection.After the perturbation, the macroscopic net magnetizatiecepses alonthe
static fieldBy and generates an oscillatiatgctromagnetisignal that can be picked by a

sensitive radidrequency detector. This signal is often referred tthafee induction decay

(FID).

1.2.2 Relaxation
Two relaxationprocessesre important inthe NMR: the transverse relaxation artbe

longitudinal relaxation. In the classical picture, Blech equations describe the time evolution

of the net magnetization:

dM M

X = M B X
ot a9 ) T
M, - (M B) M (1.4)
a YT, '
dM M_-M

z — M :B z 0
it a( ). T

whereT; is the transverse relaxation time ands the longitudinal relaxation time. After the
perturbation which moves the net magnetization from z directiog threction, the evolution of
the macroscopic magnetization has the form:
M, =M, sin(wt)exp(t T,)
M, = M,cos@t )exp(t-T, (1.5)
M,=M, -M,exp( t-IT,)
For spin >1/2 nuclei such 43\a, the electric quadrupole coupling plays a dominant role.
For spin 1/2 systems, the most important relaxation mechanism is the tspaghdipolar

coupling between spins. The rotational and translational motion of the molecule results in a

fluctuating magnetic field at the site of spins. For molecules containing only two spins of the

11



same type, such a8 in H,0, the intramolecular dipoldipole interaction dominates the

relaxation process, and the relaxation times are givg¢h4%y

:% L) 432 W]
s (1.6)

b2[3J(0) BIW) 2I(2w)]

N—|||4 e

whereb = ﬂ 92 is the dipoledipole coupling constant (s the intramoleculadistance

between the two spins) adw) = is the spectral density, i.e. the Fourier transform of

t,
T

the autocorrelation functiorr ( is the correlation time).

1.2.3 Chemical Shift

The local magnetic field that a spin sees is not exactly the same for all spins even when
the external magnetic fielg0 is very uniform. It depends on the local electronic environment

because electrons are magnetic. This resuttianges in the Larmor frequency. The frequency
shift depends on the magnetic field strength, but the ratio of the shift over the Larmor frequency
is fixed, and this is called the chemical shift in diamagnetic materials, the Knight shift in metals,
and theparamagnetic shift in paramagnetic materials. The expression for the chemical shift is as

follows:

a=2"% (1.7)

wherewy, is the Larmor frequency of a reference compoursdraimethylsilanéTMS) is usually

used as the reference ft, *3C and®*Si.
The chemical shift is very useful in probing the local structure and environment. In this

dissertation, the chemical shift in two scenarios is of particular interest. One is the chemical shift

12



of hydrated ions wigh reveals important information on the hydration number. The other is the
chemical shift in the activated carbon nanopores. The sensitive dependence of the chemical shift

on the nanopore size provides a unique way to measure thELBgD

13
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CHAPTER 2 PROBING CARBON MICROPORES BY NUCLEUS INDEPENDENT
CHEMICAL SHIFT

An accurate determination dthe PSDof activated carbois a challenging problem
especiallyfor the subnanometesized micropores. Here, a simple room temperature method is
introduced for determininthe PSDof activated carbons based tie 'H MAS NMR spectrum
of adsorbed wateilhe observed NMRhemicalshift is determined by thdICS mechanismA
DFT computatiorof the NICS yields a quantitative relationship between the obsesivenhical
shift and the micropore siz€hisrelationship provides a direct link between lineshapeof the

'H MAS spectrumend the PSD

2.1 Introduction

Activated carbons (ACs) are widelyagsin many applications suchaater treatment,
chemical purificationcatalysisandenergy storage devicgt]. All these applications depend
strongly onthe porous structuref cabonscharacterized by a complex netwadnsistingof
microporeg< 2 nm), mesopore§2 ~ 50 nm), and macropores> 50 nm[2]. In particular, the
micropore network with characteristic pore sibetow 2 nm plays crucial role The alsorption
isotherm measuremeistthe conventionahpproacto characterizéhe PSD Amongtheprobe
molecules (He, Ar, By CO,, H,0 etc.) theN, adsorption at 7K is the mosfrequentlyused for
ACsbOcharacterizatiofi3]. Severatheoreticamodelsareemployed tointerpretsuchadsorption
isothermsand to derivehe surface areandPSD Here, the most weknown is theBrunauer

EmmettTeller (BET) equationfor the interpretation ahe N, adsorption isotherm. However,
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this methodails in micropores wherethe micropore fillingis an importanadsorption
mechanisnbut it violates the assumptions tfe BET theory[2].

Alternativemethodssuch as th®ubinin-Stoeckli equatiof4] havealsobeen proposed
to determinghe PSD of micropose However this equation is serempirical It is based on the
assumption of &aussiarPSDand requires the knowledge of the binding engdglyRecently
therelationship between MNor Ar isotherms anthe pore sizehas beempredictedusingthe DFT
[5-7]. This method needs information treinteraction potentials and requires isotherms
measured at esémely low relative pressufPy<10° (P, is the saturated vappressureyvhich
is very time consuming. Besid#g adsorption isotherm measurengseveral other methods
for characterizinghe PSD of ACshavealsobeenintroduced, includinghe NMR cryoporometry
[8], relaxometryf9], anddiffusometry[10]. However complicated experimental methods and
techniquesre required in thesspproaches

Simple characterization methods are highly desirédni@ convenient and reliable
measurement afarbon PSBin the micropore rangeHere anovelmethodis introducedo
characterizéhe PSD bytaking a room temperatutel MAS NMR spectrum of &nown quantity
of water added to the AC sample. This approach is made possi@dBHly calculation othe
NICS[11], which establisrea quantitative relationship betwea&e micropore size arttie
NICS in ACs. This methot applicableo samples withgraphitelike local internal surfaces
which can producaNICS. It only requires taking on#d MAS spectrum othe water/carbon
mixtureand involves no additional knowledge suchhasinteraction potentials adsorption

mechanisrms.
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2.2 Experimental Details and DFT Calculation
2.2.1 Sample Preparation

The high temperature polymer PEEMas used to preparthe ACs by a method slightly
modified from thepreviously reportegrocedurd12]. The sample preparation procésdivided
into two stepscarbonizéion and activationThe carbonizatiorproces<reates very small
micropores and provides seeds for further micropore growth upon activEtieictivation
processnlargeghemicropores byahigh temperature ¥0 vaporreacting withtheweakbonds

in the carbonized samplBuring the carbonization,1 g of granulated VictréxPEEK™

was
placed in theenterof a tubular furnacandheated under argon flow to 0Qvith a ramp rate

of 45€/min. After 30 min at900C, t he carbonized chunkgerecooled down to room
temperature mder argon flow and then ground into fine particles of approximately 0.5 mm in
diameter. The ground materiabs heated up again to 900C and activated untthexwater vapor
carried by the Ar gas flow for a chosen time period before cooling down to rogperatureA
longer timeactivationleads taalargermicroporesizeandalargerburnoff value (BO) which is

defined as the ratio difie mass reductioduringthe activation stefo the sample mass befaiee

activation but aftethe carbonizationBO =(m, -m,)/ m, wherem, is the mass aftehe

activation andm, is the mass beforthe activation but aftethe carbonizationThe PEEK

precursotoses approximately 50% ats mass in the carbonization step. Hutivated carbon
samples labekdbased on its B@alug for instanceP-92 represets an AC sample witaBO
valueof 92 %. Here APO represent srangmisgon plectton ur s or

microscope (TEM)mage ofthe P-92 AC sample.
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Figure2.1: TEM image of acarbon sampleith BO =92% activated aB0CC .

2.2.2 NMR Experiment

The'H MAS NMR spectumwasrecordedn a 9.4 T magné#00 MHzfor *H) with a
TECMAG APOLLO spectrometeanda ChemagneticdmmMAS probe About 10 mgcarbon
powderwas loadedinto theMAS rotor with anair tight O-ring plug.The'H spectrumwas
acquired at a spinning speed of 8 Kldk NMR spectrain this chaptemweretaken under 8 kHz
MAS unlessotherwisespecified) A backgroundH MAS spectrum of the dry sample stored in a

desiccatomwasfirst recorded. Ihad a weak featureless broad peal66jppm, containingabout

43 10° protons/gramandwassubtractedrom all thespectra presented in thikapter After

that, aknownamount of distilled watewasinjected into the sampleontainingMAS rotor using
a syringeWaterwasadsorbed in the micropores immediately affterinjection and the sealed
samplereachedequilibriumin less than 5 min amonitored by the NMR spectrahe amount of
water addedo the AC sample weadetermined both by the volume of injected water and by

measuring the weight change of the MAS rofar.verify the reversible water adsorptiontire
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microporesthe samplevasdried in a desiccator for 48 howaierthe NMR experimentnd the
background spectrumastaken again. Thawvo background specti@efore adding wateand
after drying in a desiccatpwereidentical, indicating that no permanent chemical bards
formed in the process of the experimdrite water loadingvasalso implemented by placirAC
samplesn asaturatedvater vapoat room temperature f@0 hours The’H MAS spectra of

wate loading bythevapor adsorptioand bytheliquid injectionwerecompared.

2.2.3 DFT Calculation Approach

All theDFT computation resultsereobtainedusingGaussian 0901[13]. The internal
surface structure of AGsasmimicked by the central carbon ringtbf circumcoronene
molecule (shown in Figure 2.2)lhe circumcoronene structureasoptimized atthe B3LYP/6-
311G(d) leve[14]. TheNICS wascomputed by the Gaugadependent Atomic OrbitglGIAO)
method[15-19]. Theghost atonj20] usedto probethe NICS wasplaced at three different
locationsin the center ringnamely,above theing center above the carbon atom and abdve
C-C bondcenter as illustrated in Figure 2.2. Afach location, the NICS valweasevaluated as a

function ofthedistance to the carbon surface.

e J 9
J“““‘J
J““““‘J
s, o N . &
Atom Position "‘JO‘;"‘J‘J“
J“““‘J‘J
29 % 9% 9%
9 9 9

Figure2.2: The nolecular structure of circumcoroneaedthe three locations of thghost atom
(purple dots)
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2.2.4 Chemical Shift Mechanismin AC Micropores

The chemical shift mechanism resulting frémeinteratomic ring currensud as that of
a benzene molecu|@1], has beemecognized for a long tim@22,23]. Thediamagnetic response
of thecyclic conjugated\ electonsin benzendo theapplied magnetifield leads to an upfield
chemical shif{21,23]. This effecthas beembserved ifH NMR specta for several different
adsorbatessuch as hydrogd24], water[25], ammonig 26] andothers on the surface of
aramatic systemsSince the chemical shift due tothe diamagnetic and paramagnetic effects of
the ring curent associated witthe aromatic and andromatic compound, is independeruf
theprobe atomAn upfield NICS valueindicates the existence of a diatropic ring curré®?].
Therefore he ®-called NICS indexs widely usedor characteriing the aromaticity and
antiaromaticity{11,27,28].

As expected fere is als@ largeNICS effect inACs. Figure 2.3showsthe staticH, *°F,
and®*Na spectra of 1M NaBF; aqueous solutioimjected intoa P-40 sample. Two well
resolved peaks are clearly observed in all three spattedeft pealof the'H spectrumpeak A,
is due tathewater stored in large mesopores /@ndnacropores. lis slightly shiftedupfield by
0.1 ppm compared to that thfe bulk water due to the isotropic bulk magnetic susceptibility
effect. Since the whole sampéxperienceshe identical isotropic bulk magnetic susceptibility
effect it is suitableto use peak A asreferencdor measuring th&lICS value Setting the
chemical sHt of theleft peak as O pprfor all three nuclei, the right pegkseak B on all three
spectraexhibit the same chemical shift-of.7 ppm.Peak Bis associated witthewater adsorbed
insidethemicroporeq25]. The upfield shift of peak B with respect to peak A is due tiNIES
effect[21-23]. It is not related to any effect of chemical bondsiriceall three nuclei exhibit the

same chemicalhsft.
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Figure2.3: Static'H, *°F, ?®Na spectra of a0 AC sampléfilled with 1 M NaBF, solution.The
left peak peak A) is setas the referenc® (ppm and the right peak@eak B)of all three nuclei
exhibit the ame chemical shift 6f7.7 ppm due tthe NICS effect.

2.2.5 DFT Calculation of NICS

The NICS valuas a function othedistance between the probe atom andctrbon

surface(carbon atom centerp’(r) , can beobtained from the DFT calculatig@9]. Here the

central carbon ring dhe circumcoronene moleculs usedo model thecarbonmicropore

surface Figure 2.3. Theshieldingtensorof theNICS can then bealculatedusing the DFT

methodat the position specified lifie NICS probeatom. The calculatioresult ofa’(r) is

shown inFigure2.4a. The NICS athree differentocations namely,above theing center
above the carbon atom and abtiveC-C bond centerare nearly identical when the distamde

larger than 0.32 nm. Sintlkee water moleculeeamot approach the surface closer than this

distance,d(r) is assumedb beindependenof the horizontal positionn a graphitic surface.
Fortheconveniencef calculation a’(r) is fittedempiricaly in the region0.3 nm¢r ¢3.0 nn

with a stretche@xponential functiong/(r) = Aexpg {r /ro)" . An excellent fittingis obtained
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with the parameteA =24.6 °1.2 ppn, 1, =0.23 °0.01 nn, and 6 =0.75 °0.0Z as shown in

Figure 2.4.
a 8
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O over the carbon atom
6 A over the bond center
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Figure2.4: (a) The dependence tieNICS on the distancéom the moleculdo the surface
obtained bya DFT calculation. Thre@robe atomocations are useaver the ring center, over
the carbon atom, and over the bond center of the central carbon ring of circumcoronene. The

solid line is ae mp il fitoftha numericald(r) with a/(r) = Aexpg {r /r,)” . The inset

shows the difference between the DFT calculation and the)fithe relationship between the
pore sized (atom center to center forstit-shaped poneandthe averaged NIC$®/, . deduced

avg
from Eq. @.2). The solid lines ane mp i fitiof¢cha humerical result with Eg2@3). The inset
shows the difference between the values from Eq. (2.2Egn@.3).

28



2.2.6 NICS Averaging in Slit-Shaped Pres

A simple exchange model is assumed to corrétedlICS-related isotropic chemical
shift with the pore size. As shownkigure 2.5, inside a slghaped porg30], water molecules
are distributed throughout the internal spatthe microporesOn the NMR timescale of 10 ms,
a water moleculeanexplore all the nanopore spamecause of its fast translational motion
Since tke NICS is a function ahedistance from thenolecule to thesurface, as shown Figure
2 4a,the measured NIG&lated isotropic chemical shit a fully filled micropore igheNICS

averaged over the pore space and can be calculated as

d-w d -w d w
fya(r)dr ffd - r)dr (gfjdr
%Vg(d): Wd-W + d -w 2 Wd w (21)
ﬁdr cﬁ dr ﬁ

where d, . is the averaged NIC$,is the pore widtl{from carbon center to carbon center) of

avg
the slitshaped poreandw, chosen af.32 nm[24], is the closest distance betwaba water
hydrogen andhe carbonlayer. TheNICS contributios from boththe carborsurfacesretaken

into account in Eq.2Z1).

Figure2.5: lllustration of water molecules inside a shiaped pore of widtt (carboncenter to
carboncerter).w is the closest distance that water molecules can approach the surface.
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2.2.7 Correlation betweenthe Pore Size andhe Chemical Shift

By plugging d(r) :Aexpg {r Ir,)" into Eq. @.1), the averaged NIC®alue] ,c an

then be cal cul abhpeod eadlbsyiaz ef uncti on of

d,,(d) = Fel)’ gr (22)

The function in Eg.4.2) can be inverted numerically to obtain ttependencef the
pore sized on| and this numer i Eigubdagad,folthecosvensemce wn
of future usage, the numerical resuldofersu$ I Bttede mp i Ir with thd following

function
d=Aexp( 4,/ g Aex{ 4/, dd, (2.3)
The fitting paemeters areA =16.1 °0.2 nn, g, = 0.531 ©.008 ppr, A, =3.83 °0.05 nn,

d,= 3.75 0.06 pprandd,=0.57 °0.01 nn. As shown in Figure 2.4lanexcellentfit is

achieved Figure 2.4b shows th#tewater contained ithe mesoporetarger than 3 nm produces
a NICS value less than 2 ppm, which will contribute to peak A rather than peak B due to its
exchange withiheintergranular water. Peak @®rresponds$o thewater contained ithe
micropores ¢ ¢ 2 nm).

A complete micropore filling is important for the application of this model, espg 6l
large micropores. Figure Za&omparetheH MAS NMR spectrum of a® sample with water
adsorbed under saturated water vapessurdor 20 hours with that blgquid water injection.
After 20 hoursexposure tahe saturatd water vapoythe mass ratiof theadsorbed water t8-0
is 0.19.1ts spectrum shows a single pealaBdthewateris onlyadsorbed intéthe micropores.

The AC external surface is hydrophotiteereforeno significant water condensationcurs The
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internal surfaces ofllathe accessible micropores yea graphitelike surfacestructure giving
rise toanearlyidentical NICS Further wateinjection with a syringeincreases the water to AC
mas ratiofrom 0.19to 0.39 At this point,peak Aemergesbut peak Bremairs the sameThis
indicates thathe microporesrealready fully filledwith waterduring the20-hourexposure to
thesaturated waterapor. Theadditionalwaterinjectedonly goesto thelarge mesopores afut
macroporesgiving rise topeak A.For comparisonjquid water is injected intadry P-O AC
sample directlyandthe spectrungFigure 2.@) showsan identicapeak Bwith that after 2éhour
exposure tahe saturatedvater vapor. Thus, the water injection method atsuilts infully filled
micropores.

Figure2.6b showsthe'H MAS NMR spectra of a2 AC sample filled with different
amount of water byheliquid water injectiorusing a syringeHere, peak B appeairsst and
grows in intensity as the amount of adsorbederincreases. After the mass ratio of water to
carbon reaches 1.42, peak A starts to emerge while peak Bystoyiag It is noticed thatn
Figure 2.®, peak B shifts gradually towaasmaller NIG valueas its intensity increases with
increagdwater filling. A 0.7 ppmchemical shifdifferenceis observedetweerthe spect of
partially filled andfully filled P-92. When a small amount of water is initially addetbithe
micropores, water molecules greeferentially adsosdxdon the surface and spend, on average,
more time near the surface where the NICS effect is large. With more water added, the pore
space is gradually filled up arldewater distribution averaged ovéme is close to the volume
average used in ER.L). Therefore, the measured NKe&ated isotropic chemical shift (shift of
peak B with respect to the shift of peak A) of a fully filled micropore would have a less negative

value (lower field) compared tbat of a partially filled micropore, as shownFigure 2.®.
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Figure2.6: (a) *H MAS spectra of water in a® AC sample with different water fillinmethod:
Adsorption in saturatewater vapopressurdblack), vapor adsorptiofollowed byliquid water
injection (ed); liquid water injectiorby asyringe blue). The inset shows thaverlay ofthe

three spectralrheidenticalpeak Bindicates thathe microporesrefully filled by each method.
(b) *H MAS spectra of water in a®2 AC sample at different water filling level with
water/carbon mass ratio ranging from 0.38 to 1.83.cheenical shift of peak B at low filling
level (0.38) differs by 0.7 ppm from that fodly filled micropores (mass ratio 1.42 and above).
There are some sharp peaks in peak A, wiach probably due to water in mgsoes or
intergranular space that aregkg&d uner MAS.
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2.2.8 Micro pore Volume

Theamount ofwater alsorbed insid¢he micropores can be measurgdantitativelyby
theNMR andcan be used to calculate tiécropore volume. Sincthe'H MAS NMR spectra
clearly resolve the peak associated wiith water irthe micropores from the peak associated
with thewateroutside the amount of water insidbe micropores can be easily determined from

the known amount dheadded water and the ratio of peak B intensity versus the total spectral

intensity The total micropore volume per unit mass of AC samyle, m,, can be calculated by
Vool b My (2.4)

where m, and m, are the watemassandthe AC samplemass respectively,”,, =0.9 g/cni is

thewaterdensity in microporeg31], A, is the total spectral intensity, and), is the intensity

of peak B.

N 54
42

A\ N
4 2 0 -2 -4 -6 -8-10-12-14
Chemical Shift (ppm)

Figure2.7: *H MAS spectra of watefilled AC samplesBO valuesareindicated in the figure.
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After thepore sized as a function gf  being establishedit is straightforwardo
calculatethe dominant pore size tife micropores in an AC samplesingthe chemical shifof
peak B The'H spectra of watr-filled ACs samples with different BO valuaseshown in
Figure 2.7 Table2.1 summarizes the information extracted from the spectra including the

measured/,, and the corresponding pore sieas well as the micropore volume ahd

avg

micropore surface are@he poresizedefined as the surface to surface distaadetermired by

d =d .34 nmwherethe carbon atom diamet€r.34 nm is takenfrom the solid-solid

Lenrard-Jones interaction paramef{&2]. The micropore internal surface area is calculated from

thepore volume anthepore width d by

—_ 2\/B
m, Qf

(2.5)
The 92% and 0% BO AC samplasealso characterized kifie nitrogen adsorption
isothems (Figure 2.8. Thetypical Type | adsorption isotherm indiesthatthe dominat pore

type isthe microporeThe BET area (5 points fitting tterelative pressure randgem 0.05to

0.3) andthetotal pore volume othe 92% BO samplare 2888 nf/ cand1.55 cni/g,

respectivelyThe 0% BO sample hd3.18 Crﬁ/ ( total pore volume. The micropore volume

calculated byhe MAS NMR methodagreesrery well with the nitrogen adsorption method in
boththe 92% and 0% BO samples as shown in T&ile As discussed in secti@B.4, he
internal surface oflbaccessible mioporeshas graphitelike structure thus the specific surface

area(SSA)of the AC sampls should be smaller than the theoretiS&lA of grapheng2360
m?/g). Therefore, th&SAof the 92% BO samplealculatecby the present methodl@12 ni/ ¢)

is quitereasonable
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Figure2.8: Nitrogen gas adsorption isotheswf 0% BOand92% BOAC samples. P/Hn thex-
axis is the relativpressure of nitrogen gas at 77K.

Table2.1: The MAS NMR characterization cAC samples with different BO valueEhe

chemical shift opeak Bis referred to wateiH outside the nanoporesis the carbompore size
from carbon center to carbon center assuming-alsiped pored* = d-0.34 nmis the effective
pore size from carbon surface to carbon surface.

. . Micropore Micropore
BO(%) C::tsre ?Erl)gm) Por(enrsrlged Por?nsrinz)ed VoIl;ne surfagg area

(cm/g) (mg)
0 -9.3 0.92 0.58 0.19 642
15 -8.3 1.02 0.68 0.25 747
29 -7.2 1.15 0.81 0.38 928
42 -6.5 1.25 0.91 0.51 1117
54 -5.8 1.38 1.04 0.67 1290
65 -5.3 1.47 1.13 0.88 1553
74 -4.8 1.59 1.25 1.00 1603
82 -4.4 1.71 1.37 1.18 1719
89 -4.3 1.74 1.40 1.39 1992
92 -3.9 1.89 1.55 1.48 1912

2.2.9 PeakBroadening and PSD

Compaedwith the static spectra, thell width at half maximum(FWHM) of the 'H

spectum under MASIs significantlyreducedrom 4.6 ppm to 1.3 ppnas shown irFigure 2.9
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Althoughthe peaks oboth the static and MAS spectra hdlke same averagdemical shifs,
thelargeanisotropidoroadeningn the static spectxobscureshe contribution oftheintrinsic
NICS distributionassociated witthe PSD.In the MAS spectratheansotropic broadening is
removed 33] andthe linewidth of peak B is dominated the PSD Thetransverse relaxation
time T, under MAS is aboud ms, which contribute to an intrinsic line broadening 0f13 ppm
This ismuch smallecompared to the observed FWHM of 1.3 ppmajcatingthatthe peak
width is mainly determined byhe NICS distribution.Thereforgit is possible taerivethe PSD

from the MAS spectrum.

— MAS
... Static

==
L " 1 " 1 " 1

6 4 2 0 -2 -4 -6 -8 -10 -12
Chemical Shift (ppm)

Figure2.9: The'H spectra of water in a2 AC sample. The static spectrum (dashed line, red)
has a FWHM of 4.6 ppm and the MAS spectrum (solid, black) has a FWHM of 1.3 ppm.

The function othepore volumeversusthe pore sizeV (d), is neecd to calculate the
PSD.The pore volume distribution functicm(d) can be calculated from the MAS NMR
lineshapel (a) by

V= (ddd © If)d §d) =1( F¥(d)dd (25)
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Therefore vV (d)” 1(d) dd). Thisrelates théSD, V (d), to the MAS NMR lineshape ()
andthe chemical shifpore size relationshig (d), whered (d) can be obtained directly by

taking the derivative of the function in EQ.Z) with respect ta. TheNMR spectran Figure
2.7 can then bérandormedinto the PSDswhich are shown irFigure 2.10 The distributioris

scaled so that the araader the curves proportional to the total pore volume listed in Table

0.035
0.030 + —0 Wit% BO
z —— 15 wi% BO
= 0.025¢ 29 wt% BO
= —— 42 W% BO
= 0.020 54 wi% BO
“E
& —— 65 W% BO
E 0.015 74 Wt% BO
—— 82 W% BO
g 0.010+ —— 89 Wt% BO
0.005 —— 92 wit% BO
0.000 .

10 15 20 25 30 35
Pore Size (nm)

Figure2.10: ThePSDs obtained fromthe'H MAS NMR spectraAs the BO value increases, the
average pore size and the PSD increases. For the 15 BO and 29 BO samples, the pore size is not
very uniform because the activation extent is not the same for the interior and the edge of an
PEEK patrticle.

Since the NICSféect is a local effect, it does not require the surface tgraphitelike
continuously over a large scale. It is important to realize that the NICS NMR porometry
technique is not an atomsxale structural imaging technique. It protiesiocal structue
averaged over a certain length scale and measures the average pore #ietleagth scale.

The arbonization temperature arucial parameter ithe sample preparation for making the

surface locallygraphitelike. All the AC samples discussed Inig workarecarbonized at 90€C.
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Graphitic crystalline domins can be clearly observed in the TEM imBoyesamples carbonized
atatemperature above 1080 (Figure 2.11). High carbonization temperature makeatomic

hybrid orbital predominantly $gike rather than shlike, and makes thgraphitelike domain

larger. The structural model employed floe NICS calculation is circumcoroneng.larger

graphitelike domain could give rise taslightly larger(on the order of 1 ppri29]) NICS effect.

This would give rise to an uncertainty in the determined pore size of approximately 0(68 nm

8%) for an average pore size of 1 nm (carbon atom center to center) and 0.36 nm (or 18%) for an

average pore size of 2 nm (carbon atom center to center).

Figure2.11: A TEM image ofa0% BO sample carlmized at 1100C. Graphitic crystalline
domains can be clearly observed.

As mentioned abovéhe NMR porometrybased on the NICBeasures the average pore
size over a certain length scale. This length scalleeaveraging is determined by the diffusion
lengthl of the probing molecule (#® in the current experiment) over the NMR time s¢afe,
whichi s about 600 €s i n Simcethediffugion eoefficiendof water b on sy ¢

moleculesand BR,' ionsinsidethe AC micropores arenthe order ofl0*° m?/s [34,35] and
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10 m?/ s [36] respectively, the estimated diffusion range duthi@gNMR time scalds about

600 nmfor water ands0 nmfor BF;'.

Figure 2.2 compaesthelineshape ofhe'H and'°F spectraThe spectra arscaled to
havea similarintensityin peak Bfor the convenience of lineshape comparigesmwe can see,
'H and*F have very similar lineshape except for the small hump on the right shouttetef
spectrumThisis due to some smathicroporesthatare accessible to water tt tothe BF,'
ions. The similar lineshapketween'H and*F spectra indicasthat the length scale e
averaging in the NICS NMR porometry technique is around 60 nm oiTlessiffusion of
water molecules can be restricted within micropores by barriers stich@se throat. As it
was reported37], whenthe probe molecules enter th@croporespacethey tend to stay in this

space and the diffusion coefficienttbe probe molecules confined insittee ACmicropores

can be very small43 10* n¥ /< for ethanol) and the length scale of averaging can be even

smaller than 60 nm.

Peak A

4 2 0 2 4 6 -8 -10-12 -14
Chemical Shift (ppm)
Figure2.12: *H, %F MAS spectra of a2 AC sample filled with 1M NaBFsolution.
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Nevertheless, 81PSD measured lige NICS NMR porometry is a courggrained one
over the length scale de diffusionaveraging. Ithe AC samples where micropores and
mesopores are mixed in a very short length séalexample, less thdf nm, the NICS NMR
porometrywould then provide a pore size averaged ¢wemicropores anthe mesopores. In
this case, peak B will merge with peak A and this could occtlreisampleswvith avery high
BO value[24]. Figure 2.13 compares the waterspectra in B89 and P94 AC samples. There
is clearly a qualitative change in the spectrum of @4 AC sample Here, peak B nearly
collapss andmergeswith peak A. The high degree of activation creatést ofopen structures
where water molecules raffectively go througkhe micropores anthe mesopores over the
time scale ofY, causing the merging of pedakandpeakB. This averaging effect gives rise to a
seemingy smaller micropore volume in-84 even though thBO valueis higher. In this cse,

the present technique is no longer effectorea quantitative pre structure characterization.

—r-94
—==-=P-89

-8 -10

Chemical Shift (ppm)

Figure2.13: TheH spectra of water in-B9 (daskdotted line) andP-94 (solid line) AC samples.
The intensity (spectral area)ssaled bythewater/ACmassatio.
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2.3 Conclusions

NMR is a powerful tool for studying porous media. The NICS NMR porometry technique
introduced here is suited for investigating activated carbons with pore size gshail@rnm, a
challengingpore size range for traditional characterization methods.slihigletechniqueoffers
informationon the pore sizePSD, pore volume, and surface ale& based omroom
temperaturéH MAS NMR spectrum oH,O adsorbed ithe carbonmicropores. Because of the
NICS effect, adistinct chemical shift is identified forJ@ moleculesdsorbed insidéhe
micropores. The total micropore volumetl& ACs can be calculated from the intensity of the
peak associategith water inmicropaes and the total amount of wasgtded tahe sample. A
straightforward relationship between tR8D and théineshape of th#1AS NMR spectrums
establishegallowing the determination of theSDfrom the lineshape of thé MAS NMR
spectrum. All theseramade possible by DFT calculations which establistuhetion ofthe
NICS versus the distance between the paiben and the graphitic surfadeis expected that
this function iswidely applicable for materials with local surface structsigslar toa graphitic
surface sothe only remaining task ithefuture usage of this method is to take a room
temperaturéH MAS spectrum witla known quantity of water added tioe sample. From this

the micropore size distribution cae derived in atgightforward way.
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CHAPTER 3 ELECTRONEUTRALITY BREAKDOWN AND SPECIFIC ION
EFFECTS IN NANOCONFINED AQUEOUS ELECTROLYTES

In the previoushapter, a unique NMR method svastablished to identify nanoconfined
molecules in activated carbons. Hétakeadvantage of this teelectively investigatearious
sodium salts aqueoedectrolytes in nanoconfinement whetheinterfacial interactions play
critical roles. Specificallyl study howthe ion distributiorin nanoporess affected bythe
nonelectrostatimteractions Thisis a challenging problem that cannot be approached by other

experimental techniques.

3.1 Materials and Methods
3.1.1 Nanoconfined Electrolytes Peparation

Similar to hapter 2, liehigh quality nanoporous carbon derived frBIBEK polymer
wasusedto provide the hydrophobic nanoconfinemedless specified, all results discusged
this chaptewereobtainedon activated carbo®-40, which has amverage pore sizaf 0.9 nm
determined by the MAS NMR methaatroduced in the previous chaptérctivated carborP-92
(averagepore sizel.9 nm)wasalso used andiasspecified when itvasencountered

A series ofsodium saltsvaspurchased from Sigmaldrich and used as purchased
without further purification. The purity is >99.0% expect for NaBf8%). The aqueous
electrolyteswereprepared to contaihmol kg* Na" cations except for NaF (OrBol kg*
because of its lower solility in water). A simple procedureasfollowed for preparing the
nanoconfined aqueous electrolyte. ;rg e r all electr8lydewasinjected into 20 mg 20

sample. The mixturerasthen tightly sealed in an NMR sample tubet@Phas a pore volume of
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0.5cm® g therefore 3@ L electrolyte is sufficient to fill the nanoparand about two thirds of

the electrolyte is left in the intergranular space.

3.1.2 Static NMR on Uncharged R40

The'H, #Na, *°F (for NaF and NaBg, and™N (for NaNQ;, **N enriched) stat spectra
on the electrolyte 20 mixtureweremeasured with a 400 MHz pulsed NMR systempatn
temperatured93 K). A singlepulse sequenogasused forthemeasurement and the last delay
was set long enougso thatthe signalwas fully recovered after each scaieacquisitionof the
FID signalwas starteht 5 e&s after the 90 degTinsidethePdl s e .
40 nanopores vgashown to be the same as'Nathe intergranular space as well ashiapure
aqueass electrolyte solutiorin addition therewereno ?*Nasidebands under 7 kH4AS. All

these indicate that the quadrupole interaction effect is negliggoifor the**Na NMR.

—— NMR spectrum
- = = Na" out of pore
- = = Na' in pore
peak sum

8
-

-
= E E m m m m om m = ="

o T T T T

6 12 8 4 0 -4 8 -12 -16 -20
**Na chemical shift (ppm)

Figure3.1: The ceconvolution of*Na spectrum to obtain the intensities of ions inside and
outside the nanopores.
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To calculatgheion concentrations inside nanoporé® two peaks in theNa NMR
spectruni representing ions in the nanopores and iorike intergranular space, respectiviely
are deconvoluted to obtain the intensi#gs(inside nanopores) amg,; (outside nanoporesas
demonstrated in Figure 3.$ince the total number of Naations(n,) associated with the entire
NMR spectrums known based on the amount of the injected electrolyte, the portiontimside

P-40 nanopores could balculated by
3 g — (3.1)
Using the same procedure the amounts of water inside and outside nanopores cambeedet

From these numbers the Nabncentratiort insidethe P-40 nanoporesan be calculatedhe

concentrations of Bf and NQ' inside and outsidéhe nanopores can be determined similarly.

3.1.3 In-situ NMR on P-40 Supercapacitor

As a model system to investigate electrolyte properties under nanoconfinement, the
electric conducting property dieactivated carbasis an additional benefit which allovedine
control of the surface charge to tune the electrostatic interactiongs Haisieved by
incorporating a device similar to a supercapagites] into the NMR probe Themodified
supercapacitor designskown in Figure 3.2. The supercapacdonsistof two electrodes made
of pure P40 separated by a glass fiber and immersed in the aqueous electrohaekg’
NaBF, or NaNG). Each electrode is 3 mm long and 2.5 mm in diameter. One electrode is
shielded with a copper foil so that the detected NMR signal comes only from a singladelect
Voltageis applied between the two electrodesthe charging processations are driven away
from the surface and anions are attracted to the surfate positiveelectrodesuch that the net

ionic charge on the electrolyte side balancesetbetric charge on the carbon surface.
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Figure3.2: An illustration of themodified supercapacitduilt into the NMR probe for
controllingthe P-40 surface charging. The devicensistf two P40 electraes immersed in
theelectrolyte and separated by a glass fiber. One electrode is coveaedpper foil to enable
asingle-electrode NMR measuremenhich is carried ouin-situ when \oltage is applied
betweerthe two electrodes.
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Figure3.3: Plots of targing voltage vs. time and current vs. tiffiee voltage is increased by

0.1V every 4 hours. A current spike is observed immediately after the voltage inbesasise

of thecapaciive charging.The chargingrocessisually takes about 2 h because the device is

not optimized for fast chargin@o binder or carbon black is added to increase the conductivity
and the electrode is very lon@he electric current is not zero affeh probably due to the

leaking current or some slow processes in the nanopores. Such slow processes are usually not
useful for supercapacitors that undergo fast charging or dischaggirtge spectrum takexdter

3.5h chargngis used for analysis.
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In-situ *°F and®*Na NMR experimerstarecarried out on a homemade probe which is
equipped with a charging system controlled by Labview. T48 §upercapacitas charged
from O V to 1.0 V with a &tp of 0.1 V. Figure 3.3 shows the typicalves ofchargingvoltage
vs. time and current vs. time. Each constant voltage step is held for 4 hours. A current spike is
observed immediately after voltage is increasedicating the capacitor charginghe current
drops to a small value after about 2 hours, indigagiquilibrium is reached. The small current is
probably due to leakag® slow ionic processes in the ultromicroporBise gatic NMR spectra
areacquiredafter 3.5h charging for each steporthe'®F NMR, the spirlattice relaxation time
(T2 is 0.7 sand the last delay is 5 Bor?®Na, Ty is 20 msandthe last delay is 0.5 $he

charging has little effect of, Y, and the 90 degree pulses for bbfhand*Na.

3.2 Resultsand Discussions
3.2.1 Electroneutrality Breakdown in Nanoconfinement

Figure 3.4shows the normalized ion concentratioosy, wherec is the average ion
concentration ithenanopores anc is the injected electrolyte concentratiomd kg’ except
for NaF 0.8mol kg™ due to its lower water solubility), for NaF, NahlaBF, electolytes in P
40 and NaBFelectrolyte in P92. One of the surprising phenomena revealeshbasurements
shown inFigure 3.4is the drastic concentration difference betwtwtation andheanion,
particularly significant inthe nanoconfined aqueowtectrolytes of NaN@and NaBE. The
concentration inside nanoporesis,;=1.92 for BR' andc/c;=0.64 for Nd. In the larger pore
sampleof P-92, theion concentration insidéhe nanopores is/cy=1.34 for BR' andc/co=0.70
for Na'. The anomalous conceation difference is a strong indication of the neutrality

breakdown of the total charge inside the nanopores. As expecteaiene ofelectroneutrality
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breakdown is less in-B2 which has larger porebleverthelesstheelectroneutrality breakdown

is still significant.

2.4 B 1 1 1 1 T 1 1 1 1
S - :
L 20 — L 4 P-92 1
S g6 NO, \
CH ’ BF,
"E »

8 1.2 Z _____ |\_|a_+ _____ ) _—
c = ¥
o . ™ Na N
g 0.8 : l \¢
S 04F,+F .
00O N
NaF NaNO3 NaBF4

Figure3.4: The @tion and anion concentrations of NaF, NaN&hd NaBE electrolytes inside
theP-40 nanoporesThe NaBF, electrolyte in a larger pore size sam{#e92) is also shown for
comparisonThe error bar igalculated usinghe error propagation method taking into account
the standard error of the NMR spectrum deconvolution

The possibility that the electrolyte neutrality might be maintained by other iongsuch
H*, OH orthetrace impurities can be ruled out in the current experimental approach. Take NaF
electrolyte in P40 as an example to estimate the amount'ainid OH. The PEEKderived
activated carbon is of high quality ahds a low density cfurfa@ functional group§4,5]. So dl
the H and OH in this system are from water dissociation (depending on the point of zero charge
and pH, the activated carbon can be positively or negatively charged, but the source of the charge

still comes from water dissociati@md thesubsequeradsorption oH* or OH'). Since onlya

limited electrolyte is injected into the activated carbon, the electrolyte amount in the
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intergranular space is only about three titiesamountinsidethe carbon nanopores. The
intergranular electrolyte pH is measured to be 10 irslimey. Therefore the net charge due to

H* andOH' insidethecarbon nanopores is at ma@t 10 mol kg*, which is negligible

compared to the ion concentration insidenanopores (N20.17mol kg*, F 0.24mol kg?).

Similar estimate can be applied to other ions and the trace impurities (less than 1%) in the as
purchased chemicals. Even if the impurities are all segregated into the nanopores, the maximum
concentration is at most four times the impurity concentration in ttkegbedtrolyte. This would

give rise to an estimated impurity concentration of 0.Q4vkich is insignificant compared to

the charge imbalance on the order of 0.5 M. This shows that the electroneutrality breakdown
insidethe carbon nanopores is an intrinpioperty ofthe nanoconfined aqueous electrolytes in

this system.

3.2.2 Specific lon Effects on lon @ncentrations

Another intriguing phenomenon beyond the electroneutrality breakdovealed by the
data inFigure 3.4is the strong influence of anions theNa" concentrationAlthough the
experiments are carried out with similar electrolyte concentrations and electrolyte/carbon ratios,
the N& concentrations vary significantly among different electrolyfé®Na" concentration for
theNaF electrolyte in narpmres is highly suppressed while that for Nah&very close to the
injected electrolyte concentration. It is interesting to note that the anion concentration increases
in the order F< NO;' < BF,' with F concentration being also highly suppressedén th
nanopores while N§) and BR' concentrations being greatly enhanced. The RO;' < BF,'
ranking based on their concentrations is fully consistent with the ranking of the Hofmeister series

where the anions are known to have diffeadfinities towarda hydrophobic surfacfg].
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Figure3.5: TheNa'" concentration inside nanopores for different sodium salt electrolytes plotted
in the sequence of the Hofmeister seridee error bar is deduced using the same method
described in Figure 3.4.

The g/stematic tesbn a series of sodium salt diedytes whose anions are chosen from
the Hofmeister series S®< F < CI' < Br' < NO;' < I' < BF,' < ClO,, provides more insights
into the aniordependent Naconcentrations inside nanopores. The normalized averdge Na
cation concentratioo/cy for the sodiunsalt series is shown igure 3.5 TheNa' concentration
in thenanopores increases gradually from38i@, to NaClQ, following the anion Hofmeister
serieswith NaNQ; being a clear exception (and slightly for Nal). It is of note thaNa"
concentrationn thenanopores is highly suppresseai<0.2 for NaSO, and NaF, <0.4 for
NaCl and NaBr, and <0.7 for Nal and NaBEven though'land BR' areranked to the right
side (the chaotropic side) of NOn the Hofmeister series/c, =0.86for NaNQ; is significantly
higher than that of Nal and NaBHt is also of note that unlike other electrolytisgNa"
concentrationn nanoporesor NaClQy is substantially enhanced'¢=1.32) compared to the
bulk electrolyteconcentration. Becausdimited amount of electrolyte is added to the sample,

theNa' concentration outside the nanopores also differs fipmhe N& concentration in
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nanopores normalized by that outsidenanopores shows slightly different values frciay.
But thetrend oftheNa" concentration increases well athe NaNQ anomalyremainsthe same

The strongly aniomlependent Naconcentration insidthe carbon nanopores revealed by
the quantitative NMR analysis demonstrates the intriguing interplay between caticars@ars]
Na' is a strongly hydrated cation wigthydration free energy 687 kcal/mol, hydration number
of 5 to 6 in the first hydration shglf,8], and naaffinity towarda hydrophobisurfacg9]. In
fact, thestrong hydration leads to a free energy barrier ofre¢keT (T=300 K) or higher for
Na’ ions to entea hydrophobic nanopore witihe diameter less than 2 nfh(]. This is clearly
reflected by the low value @fcy<0.2 for N& in NaF. Theoespredict F < Cl' < I to be the
ranking based on theaffinity toward a hydrophobisurface9]. This trend is expected to hold
for most anions in the Hofmeister series where the hydration enthalpy becomes less negative
toward the chaotropic side of the selig$]. Inthenanopore confinement, the differention
water and iorsurface interactions among those anions lead to the differetieeNia” cation
concentration.

The gecific ion effects are ubiquitous in electrooheal and biological systems
[6,9,1213]. It is fascinating that h e effectsa hany different propertiesich as viscosity
[14,15] and surface tensidi21,33] all follow the same trend as described by Hofmeister
seres. The commonality heretheion hydration and the unique properties of water. It was
suggeste(i6] thatthe Jonedole coefficient Bin viscosityis positive (e.g., § whentheion-
water interaction is stronger thdre waterwater interactionwhereas it is negative whéime
waterwater interaction is stronger théreion-waterinteraction (e.g., BFand NQ'). In fact,
the sign change iB (positive to negative) is correlated witihe NMR observatiorthat theanion

concentration changes from being suppressed to being enhanced. This indicates that the relative
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strength otheion-waterinteractionversusthe waterwater interaction also plays a dominant role

in the specific ion effects inanoconfinement.

3.2.3 lon Distribution Theory
More insight i nt otheNaeoneentiatomoarsbe gamédlbyyence on
looking at the vanous factors determining the ion distribution near the interface. The ion

distribution for ioni with valencyz is given by[{16,17]

o —A@D (3.2

whereeis the elementary charg@, is the de Broglie thermal wavelength of ios; is the
chemical potential of ion y (X) is the electrostatic potential at the locatidnsidethe
nanoporesV:®!(x) is the ionsurface potential that depends on thespecificaffinity toward
the interfacg17,18], andcorr; (X) is the free energy contribution from ion correlations. For 1
mol L't monovalent ionsthe electrostatic correlatiga 9] is of minor importance anebrr; (X) is
dominated byexcludedvolume interactionscorr; (X) can be obtained from theoriesmolecular
dynamics simulationglL7] that include molecufascale structural informatiotn generalgcorr;
(x) depends on both the i@pecific shodranged pair potential and ti@n concentrations. The
latterare implicitly affected by the electrostatic potahy (x). The ion concentration measured
by NMR is the valuaverageaver the pore widthl:

"To- 7 wQw (3.3

ext

Althoughtheion-surface potentiaV;~" (x) depends on the distanibetween the ion and

the surfacg18,20], it is expected that the mean potendial for anionsin P-40 nanopores

defined by
AoB o - AoB w0 o Qw (3.9
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follows the anion ranking ithe Hofmeister series. As such, a larges  value for the more
chaotropic anion would lead to a higher anion concentratitme nanoporeand that would
attract more NacounterionslectrostaticallyOf course, this argument does not take into
considerations ahe ionion correlations (i.e0 & i & ).

Inelectrolytess, i ons don6t just interact with the
affected by the neighbimg ions through shoanged pair interactionghat is, the ionon
correlationsThese interactions also contribute to the total free energlaredan impact othe
ion distribution.The iorion correlations can hawectrostatic origia For instarce,if there is a
cation at positiom, therewill be a reduced probability to find another cation and an enhanced
probability to find an anion in its vicinity because of the Coulomb interactidresiorrion
correlationscan also havaonelectrostatiorigins. For instance, ions cannot occupy the same
position becausef theirfinite ion size Thisleads to the excludeeblume correlatiorf20,21]. In
addition,an attractive or repulsive potential can also be resulted from the ion hydration and the
watermediated interactiond.7,20]. The ionion correlations based dhe electrostatic and ion
specific int@actions are predicted to be of crucial importance in nanoconfined electrolytes
[17,19,22,23]. Although the preferentially adsorbed anions in the nanopores could attfact Na
cations via electrostatic interactions as demonstrated by the experiments, the higher Na
concentration associated withe NaNQ; electrolyte is not due to the anomalous interfacial
affinity of NO3', since its concentration is consistent with the ranking of the Hofmeister series,
i.e. lower than the Bf concentrationFigure 3.2. Clearly,theion-ion correlations must be
invoked to explain the abnormal Neoncentration in NaN© The orrelations of Nawith NO;'
appear to be stronger than that witland BR', suggesting a more negative mean correlation

(o & 1) for Na" inside the nanoporedefined by

54



AGB0éi i - AGBOET b Q® (3.5
It is interesting to note that the formation of solveeparated Naand NQ' ion pairs inthe bulk
electrolyte has been recognized by both computational and experimental [24@8s The
formation of solvenseparated Naand CIQ' ion pairs was also found thebulk electrolyte
[26]. Such moleculascale iorion correlations could become more significant at the interface
and inthe nanoconfined environmengiving rise to the observed anomaly in the Na
concentration of NaN@and the substantially enhanced dancentration inthe NaClO

aqueous electrolyte.

3.2.4 lon Concentrations in Charged Nanopores

To demonstrate how thenelectrostatispecific ion effectsincludingtheion-ion
correlationsdominate the electrostatic interactions inside the nanopores and lead to the
intriguing electroneutrality breakdowtihe dependence of then concentration the confining
wall suface charging is measured with ihesitu NMR [27-29]. Figure 3.6shows the ion
concentration inside-40 nanopores verstise charging voltage for NaBfelectrolyte The
anions and cations aneeasured by’F and®*Na NMR respectivelyWith positive charging (+V),
boththeNa" and BR' concentrations respond lineattythe charging voltage. The influence of
thenonelectrostatimteractions is reflected on the huge initial concentration difference at 0 V.
Because the surface is already crowded with anions at 0 V, further positive charging is unlikely
to bring in more anions to the surface whii@nonelectrostatimteractiondominates
Therefore, suchlinear behavior is expectdxcausehe ion concentration change is mainly due

to theions away from the interface and is affected by the chantje efectrostatic interaction
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Figure3.6: Nanoconfined ion concentrations for 1 mol'kg§aBF;, electrolyte in P40 versushe
charging voltageThe aror bars are calculated from the standard errth@®RNMR spectrum
peak fitting.

In contrast, both Naand BR' exhibit nonlinear behaviewith negative chargingY).
TheNa' concentration increases with voltage from 0 to 0.6 V but then starts to decrease with
further negative charging. Concomitantly, the initial linear decreae8f,' concentration
levels off beyond 0.6 V. The nonlinear behavior, particularly the unexpectetbNeentration
decrease with negative charging beyond 0.6 V, demonstrates the competing effect between the
ion-ion correlations and the iesurface electroatic interactions. The attractive Coulomb
interaction between Nand the negatively charged surface tends to bririgritathe nanopores
whereas the decreasedBEoncentration favors dragging Naut of the nanopores. When the
latter effect dominateshe Nd concentration can actually decrease with further negative
charging It is also interesting to note that even at 1.0 V charging, thed®Rcentration irthe

nanopores is still higher than that of Ndemonstrating the strong isuirface attractins that
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overcomes thenormous Coulomforces due to the net charge in the nanopores and the

repulsion betweetheanions and the negative charged surface.
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Figure3.7: Comparison ofheNa" concentrations(V)/c(0) for NaBF; and NaNQ electrolytes
versusthecharging voltageThe eror bars are smaller than the marker size.

The influence of ani o thsiondncotretansesavidencedd s b e
by comparingheNa" behaviordor NaBF, andNaNG; electrolytes shown ifigure 3.7 For the
convenience of comparison, the concentration has been normalized by their respective value at 0
V. With positive chargingtheNa" concentration in both NaBfand NaNQ decreasglinearly
becausét is mainly affected by the change in electrostatic interactidngiever, dastically
different behaviors are observetth negative charging: whiltheNa" concentratiorin NaBF,
electrolyte first increases then decreases, tHecblacentration for NaN§@charges much less
with charging voltage, indicating that the correlation betweehad NQ' is stronger than that

in NaBF,. The Coulomb attractiobetweerthe cationandthe negatively charged surface is
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completely compensated by the{imm correlations with drag Na out of the nanopores when

the anions are repelled from the nanopores.

3.3 Conclusions

In summarya quantitative NMR measurement was emplageidvestigate the
electroneutrality condition in nanoconfined aqueous electroltegbstantial eleconeutrality
breakdown of the total charge svabserved inside uncharged activated carbon nanoptres.
ion-specific interfacial interactions arldeion-ion correlationsverefound to play critical roles
in determining the extent of the electroneutrdbitgakdown. These effeatgerefurther
investigated in carged carbon nanopores whicl ke strong asymmetric respondastween
cations and anions to the confining wall surfalsarging Moreover theanion imposs agreat
i nfl uence on t hdheionadncooeglaions. behavi or vi a

This study demonstrates thgitaphitelike porous carbon provides an ideal model system
and the noveh-situ NMR approach opens a new avenue for quantitative experimental
evaluations of various iespecific interactions near the interface and under nanoconfinement.
Although our work is based on aqueous electrolytes, it can be generally applied to other systems
such as organic electrolgand ionic liquidswhere the strongpn-specific properties beyoritie
electrostatic interaction®.g. ion solvation, interaction with the surface-ion correlations) are
also of relevance. The NMR approach is also of great valumfoparing theoretical models
[20,30,31], where the possibility ahe nanoconfinemenrinduced electrolyte neneutrality is
often ignoredandthe neutrality of the total charge in nanoconfined regignssually assumea

priori.
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CHAPTER 4 NUMERICAL CALCULATION OF ION DISTRIBUTION IN SLIT
NANOPORE

In the previous chaptethe NMR experimenteveas the electroneutrality breakdown
inside carbon nanoporesid how it varies with the pore size and the ion propekiesel
propose a new moded solve the generalizéeB equation in slitshapechanopores. The
numerical calculatiosupportghe conclusion thahe electroneutrality breakdown is caused by

theion-specific interfacial interactions atideion-ion correlations.

4.1 Introduction

ThePB equation is widely used to predtbeinterfacial ion distribution anthedouble
layer force in electrochemistry, colloidal science, biological and geological pfi¥s3s
Several assumptions are made to solvePB@quation to obtain thedectrostatiqotential in the
diffuse layerFor examplejons are treated as point charges and the finite ion size is ignored
they only interact with the mean electrostatic field anchthreelectrostatinteractiongsuch as
the hydration shell overlapping in high concentrati@rs)not accounted fathe sovent is
assumed to be a continuum with a constant permittigity Because of these limitations, th8
eqguation is only appropriate for the situation of low salt concentssomaller than 0.2 M foa
monovalentlectrolytg andfor potentials not exa@eding 5680 mV. Significantimprovemens
havebeen made in the last two decaf#e41] in the quantitative prediction of the double layer
capacitance even for room temperature ionic liquids (RTlh finite ion size and the excluded

volume are taken into accoydt10,11]. The effect of ion polarizability and imagharge are
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considered5-7,9,10,12]. The $ortranged electrostatic amsbnelectrostaticorrelations beyond
the mean fieldnteractionsare also address¢8,11,13-15].

On a panarsurfacethesurface chargdensityis commonly used as a boundary
condition to solve thd®B equation16]. The surface chargesually results from ion adrption
to the surface apnization of thesurface functional groups. A zero net charge is assumed if there
is no specific ion adsorption and no functional group# ése case of thevater/air interface
[7,12] or theselfassembled monolay€eAM)-water interfacg6]. While this boundary
condition works well on electrochemical surfagethout nana@onfinemenor in large
nanochanne|st could not predict the observed electrolyte smeutrality in uncharged carbon
nanopores. A possible reasonhattinduced surface charge is not accounted for in the boundary
condition. Considering the increasing interest in the application of nanoelectroch¢ivstéy,
supercapacits [19-25] and nandtiidics [26-29], it is worthwhile to look for solutions based on

new models that do not require this boundary condition.

4.2 Theoretical Development
4.2.1 Nanopore Model
Thenanopore model is shown in Figure 4To large perfect conductor platesf{imite
electric conductivity) are separateddgtistanced to provide the 1D planar nanopore
confinementThe conductor plate assumption is to simplify the calculdiidithe methodology
can be generally applied to thin (hanometer théd$ and noaconducting confining materials
The pore center is locatedxat0. The nanopore waltl{einner surface of the plate) is located at
x; and the outer surfacéo(vardthe bulk solution side) is located»at Since a perfect conductor
is assumed, the thickness of the plate does not matter as all charges will be screened by the plate.

The ionhas aradiusa, which defines the closest distance fromion center to the surface, i.e.
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the Helmholtz pland.assuneinitially that cations and anions have the same radius|ased
discusdifferent ion radii & anda;). A monovalentiqueouslectrolytewith a concentratiorof
1 mol/Lis usedThesolventwater istreated as continuum with dielectric constagt=78.5.

At room temperatur@98K), the Debye length is 0.304 nm.

Figure4.1l: The 1D slit-shapedchanopore model. The electrodes are treated as two large perfect
conductorsThe pore center is locatedxat0. The inner surface of the plate is located; and

the outer surface is locatedxata is the ion radius which defines the closest distance from ion
center to the surface. The blue curve is an illustrative electenpalt distribution.

4.2.2 GeneralizedPB Equation

ThePoisson's equatian electrostaticselates the electric potentigl to the excess

charge density,

py = L (4.1)

e¢
whereUis the dielectric constant atglis the vacuum permittivity. The charge dengiig
determined byoththe concentratiasof cations and anions,

r=zckF +zcF (4.2)
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