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ABSTRACT: Metal oxide pseudocapacitors are limited by low ammmars @ & s = 5y 55 0y
electrical and ionic conductivities. The present work integrates dgfect =* " ... ] L] (RS T [ @ o

engineering and architectural design to exhibit, forghéme, o
intercalation pseudocapacitance in,Ge@n engineered chro-

CeQ, x nanoakes as thin as12 nm. Through simultaneous ™ “TFET:

regulation of intrinsic and extrinsic defect concentrations, charge™ """ O cross section |
transfer and chargdischarge kinetics with redox and intercala% ’

I CeO,., |
capacitances together are optimized, where reduction increa: sCe;he g . =)
gravimetric capacitance by 77% to 583 'F exceeding the s b - W
theoretical capacitance (562 F).gMo ion implantation andgNe, L

reduction processes increase the speapacitance by 133%, whilg Mao,,.

the capacitance retention increases from 89 to 95%. The role of ion-

implanted M&' is critical through its interstitial solid solubility, which is not to alter the energy band diagram but to facilitate the
generation of electrons and to establish the midgap states for color centers, which facilitate electron transfer across the band
thus enhancing n-type semiconductivity. Critically, density functional theory simulations revestlfifnettibat the reduction

causes the formation of ordered oxygen vacancies that provide an atomic channel for ion intercalation. These channels enc
intercalation pseudocapacitance but also increase electrical and ionic conductivities. In addition, the associated increased active
density enhances the redox such that the 10% of*trevéitable for redox (surface only) increases to 35% by oxygen vacancy
channels. Thesadings are critical for any oxide system used for energy storage systemsrdsothearchitectural design and
structural engineering of materials to maximize the capacitance performance by achieving accumulative surface redox
intercalation-based redox reactions during the charge/discharge process.

KEYWORDS:ceria 2D nanakes, ion implantation, defect engineering and architectural design,
oxygen vacancy ordering and channel formation, surface and intercalation pseudocapacitance

1. INTRODUCTION A state-of-the-art strategy is to generate ecsigtty higher

Metal oxide pseudocapacitors have become leading candid&{e& for electrolyte ion adsorption through atomic structural

for novel renewable enerav storage devices owing to thenglneering for improving ionic permeation, thus enabling
9y 9 9 'ftercalation pseudocapacitance. The mechanism of intercala-

greater power and_(ea)nergy densmes gompared to electn% pseudocapacitance is contributed from the intrinsic crystal
double-layer capacitorspnger cycling lives compared {0 girycture oering two-dimensional (2D) fast ion wiion

metal organic framework pseudocapacitamss oxidation  channels for ion intercalation/deintercalation by charging and

resistance compared to metal dichalcogenide pseudocapagicharging. However, the intercalation pseudocapacitor is
tors> However, the performance of transition metal oxide

pseudocapacitors such as RMMO,, and FgO; is limited Received: July 30, 2021

by surface-level reactiorfs.The main strategy used to Accepted: November 24, 2021
enhance performance is architecture engineering to synthesislished: December 7, 2021
2D morphology with high surface areas or heterojunction

engineering for hybrid capacitors, typically with graphene or

MXene>*°

© 2021 American Chemical Society https://doi.org/10.1021/acsami.1c14484

W ACS Publications 59820 ACS Appl. Mater. Interface821, 13, 5982059833


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoran+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sajjad+S.+Mofarah"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alan+Cen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Claudio+Cazorla"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Enamul+Haque"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ewing+Y.+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Armand+J.+Atanacio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Armand+J.+Atanacio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Madhura+Manohar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Corey+Vutukuri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joel+Luke+Abraham"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pramod+Koshy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Charles+C.+Sorrell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Charles+C.+Sorrell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.1c14484&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c14484?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c14484?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c14484?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c14484?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c14484?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aamick/13/50?ref=pdf
https://pubs.acs.org/toc/aamick/13/50?ref=pdf
https://pubs.acs.org/toc/aamick/13/50?ref=pdf
https://pubs.acs.org/toc/aamick/13/50?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.1c14484?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf

ACS Applied Materials & Interfaces WWW.acsami.org

As-Deposited

Auxiliary  Reference  Working (C)
Electrode Electrode  Electrode /

Local Acidic Local Basic g ' NiOOH

) VARIABLE SUT N,
FOR BEAM VERTICAL
CONTROL SCANNER WAFER - e(
ANALYZER v (TARGET) Y / / CeO
MAGNET NN 2 ;; NiO,
Nickel Foam
Mo-N,
HORIZONTAL A CeO
SCANNER e P X
ACCELERATION S . e )
TUBE . -r_/ 7 / Mo-implanted

4 Nio,

. ION SOURCE

Figure 1.Schematic of the synthesis process of ¢eénho akes on Ni foam substrates: (a) electrodeposition of Gethe substrate; (b)
schematic of the low-energy ion implantation method; (c) schemataraftdiypes of CeQ, on the Ni foam substrate (as-Deposited: after
drying at room temperature, air: after annealing in air &2 3990 after annealing in nitrogen at 3GQMo N,: after Mo ion implantation and
annealing in nitrogen at 300).

kel Foam

con ned by the nature of the material and only few electrod®mn and matrix ion. In the latter process, electrons can
materials show intercalation behavior, includidg MoG;, exchange between multiple dopant ions and matrix ions. These
WO;, Nb,Os, and TiQ (B).** *®While the structures of these mechanisms can be employed in pseudocapitance design and
transition metal oxides share the characteristic of possesgiegformance through the selection of acceptor versus donor
intrinsic structural channels, they were limited by intrinsic lo@oping nature, valence of the dopant ion, ready valence change
electric conductivify.Since cubic CeOdoes not possess through redox switching, and a controlled processing temper-
intrinsic structural channels, although it can be engineeredature and atmosphere to impose spetiuctural character-
the 2D form!,’ the prognosis for its application is as a surfacéstics.
redox pseudocapacitor. While some studies mention theConcerning architectural design, the dimensionality of
intercalation behavior in CgQhey do not provide any nhanostructures represents one of the principal regulators of
evidencé® ?° thus, there do not appear to be any reportsthe energy and power densities of electrodes. 2D nanomaterials
showing that Ce(has intercalation pseudocapacitance. Th® er advantageous electronic properties that facilitate
dense packing crystal structure-endowed intercalation abimghanced kinetics, deriving from high surface-to-volume ratios,
has not been explored. therefore enhancing active site concentrations and short

Concerning defect engineering, the most common approagh usion distances for charge transfer, thereby enhancing
is through acceptor doping, largely for the purpose dPnic charge transférHowever, it is evident that the active
increasing the oxygen vacancy concentratigi),(where sites are more likely to be located on the low-area nanosheet
V5 acts as active sites for surface adsotption’ A less- edge terminations rather than on the more stable high_—area
common approach is through donor doping, which creatdanar surfacés.Consequently, the application of speci
active sites in the form of metal vacancies of variable valer¢face engineering strategies to impose active sites on these
The major impact of these defects on the electrochemiclanes cers the potential for sigoant improvement in the
process of some metal oxide nanostructures recently has bgletionality of such materials. o
reported®® *° while the formation of substitutional and The present work combinedefect engineering and
interstitial solid solutions upon doping generally is associat@Fhitectural design. The architectural design leverages the
with charge compensation by ionic (by vacancy formation§@Pacity to synthesize pure ggOnanoakes using a
electronic (electron/hole formation), or redox 3{@e** emplate-free electrodeposition technique. The planar defect
switching) processes. Furthermore, such redox processes @¥gneering leverages formation of oxygen vacancy channels to
be imposed during electrochemical processing “StageEnhance intercalation capacitance behavior, and heteroatom-
Consequently, there is a critical but essentially unexplordgPlanted defect engineering is for redox charge compensation
role for dopant and matrix ions in charge/discharge ener the donor. from Mo ion implantation to facilitate
storage devices through the potential leveraging of both redggctroconductivity.
and ionic charge compensation mechanisms.

These charge compensation mechanisms can be moderatedRESULTS AND DISCUSSION
by the often-overlooked charge-transfer processes, intervalértee considerableexibility of the process and the capacity to
charge transfer (IVCT) and multivalence charge transf@ptimize the nanake morphology were demonstrated
(MVCT).*! In the former process, electrons exchange betwe¢hrough the various permutations of the experimental
two ions, typically between co-dopants or between the dopgmarameters, including elient precursors, temperatures, and
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d=36 nm

Figure 2.2D CeQ , nanostructural features of Ggano akes deposited on Ni foam substrates: (a) low-, (b) intermediate-, and (c) high-
magnication SEM images; (§ SEM image and corresponding EDS mapping of (e) Ce and (f) O; (g,h) HRTEM images; (i) SAED pattern; (j)
AFM image; (k) corresponding height fFpand (I) SEM image and thickness measurements.

substrates. The results of these studies are shiouurés S2  formation of a hydroxide/oxide layer on the surface of the

and S3 The schematic ofigure 1lillustrates that the Nifoam during the soaking in the electrolyte (containing the

application of such suitable experimental parameters can resultlizing agent NaOH) for 10 min prior to electrodeposition.

in the synthesis of free-standing Le@anoakes grown The formation of this layer was aomed by additional

approximately vertically on the substrate. As stated, followiRgurier transform infrared transmission (FTIR) spectroscopy

this stage, donor defects were imposed in the CeO data Figure SE° *® and energy dispersive spectroscopy

nano akes using Mo ion implantation. The defect equilibrigEDS) data Figure Syfollowing progressive soaking in the

subsequently were altered by atmospheric oxidation aetectrolyte for 0, 10, and 20 min. Consequently, the CeO

reduction in air and Nrespectively. This process also maynano akes can form directly on the Ni metal surface, and

have possibility to facilitate the imposition of acceptor Nsubsequent annealing in air grpxbbably would alter this

doping through dusion from the Ni foam substrate into the interface.

nano akes. During electrodeposition usindg V versus Ag/AgCl, the
The scanning electron microscopy (SEM) image shown ipH would be expected to increase from the initial value of 6 at

Figure S4eveals the formation of a surface layer that exhibitetie reduction of dissolved NQfrom Ce(NQ,)5-6H,0 and

drying cracks. The NH,O Pourbaix diagram, shown in NH,NO,) and at the decomposition of water

Figure S8*indicates that this as-electrodeposited surface layer < < . .

derives from what probably was sequentially layered Ni foam/ NOg> + HO+ 2  NO® 208 + 0.01V

Ni(OH) //NiOOH/NIO ,, as suggested by the thermodynamic 1)

study of this system by Barnard and Rafidétire critically, ) ) . .

the Pourbaix diagram shows that the application of a negative|\|o3S + HO+ 2e NO} 208 + 001V

voltage would shift the equilibria into the Ni metal @)

predominance region, thereby partially or completely removing

the passivating layer. The combined XPS, Raman, Pourbaixhe resultant basic pH is required for the successful

and thermodynamic stability diagram data indicate thpreliminary formation of Ce(Okpn the Ni foam
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ce + 308 Ce(OH) ) width, with serrated edges. Elemental mapping ofakeso
L a1 i by EDS Figure @ f) shows the base composition of the
The Pourbaix diagram for the systemHG®,”" shownin  ang akes (Ce and O). Critically, Mo could not be detected,

Figure SBreveals that the application of a negative voltaggnich is a result of the relative ion implantation dosage (1
would increase the deposition of Ce(Qxher than forming 15 3toms cn?), which previously has been shown to not

CeQ, . Thus,l_the Ce(OhI—Q _CeQ, conversion takes place yie|q concentrations saiently high for detectidf*®
during annealing. As there is excess oxygen in GE(DH) ognecially for thin cross-sectirisowever, the Mo dopant

this conversion, it can take place in both air and N concentration is calculated to b&.7 mol % $upporting
Since electrodeposition involves the application of a VOItagﬁformation)

it is possible to adapt the relevant g€roVink defect C : P ;
equilibria for this proce€sSince the standard reduction (H-lr?r]reEl\tl];gir:n;egS: I;ité%r;etraa)nzmjvsslotr;]eelser:ﬁ(t)r&r; CrEIr?/;CJuSJ(r:gpy

p%tlential generqted by thé‘t'e? Ce™ equilibrja s +1'72. . of the nanoakes; the enlargemerftiqure B) reveals the
V.~ the application of a negative voltage provides the drlvmrgano akes polycrystalline nature, as do the thickened
force for Ce reduction and ionic charge compensatich by Vdi raction rings of the selected ’area electroraction

formation in agueous solution according to (SAED) pattern Figure B. Atomic force microscopy

2C&.+ 4G+ H,O(agy 2e (ext) (AFM) data igure k) indicate that the thickness of a
CeO, 1 randomly selected naake was 36 nm.
2Ce+ 3CH+ ¥+ 20H (ag) =O49) Complementary SEM images of three rkes reveal
2 thicknesses in the range of 3@ nm. These data highlight the
) advantageous architectural features of the ahkaso for
For pure Ce®, subjected to derent atmospheres, the energy storage applications, which are high surface-to-volume
intrinsic redox defect equilibria are as foftbws: ratios and short cross-sectional pathways for charge transfer.
Reduction Furthermore, the defect equilibrium considerations support the
CeQ, 1 view that these nanostructures may be equipped with high
2Ces, + 44, 2Ce.+ 3¢+ VE+ Z049) densities of accessible active sites in the forms of the intrinsic
2 5) and extrinsic defects3GaMd*®%*, and \5.
S The role of defects in energy storage applications was
Oxidation investigated for the as-electrodeposited, Ca@no akes
Ce subjected to annealing under air or (dir and N,
2Ce, + 3CH+ Vo+ %Oz(g) & 2Ces+ 4G respectively) and as-electrodeposited, CesDibjected to

©) Mo ion implantation and annealing unde(Mb N,). The
nanomorphologies were not altered during any of these
rocesses.
The X-ray diraction (XRD) patterns iRigure S1khow
that the high roughness of the Ni foam prevents use of these
data for lattice parameter determination. However, essentially
fientical samples were depositedatrFTO substrates and
ion-implanted, from whichhe lattice parameters were

MoO;-4Ce04 suggest that these equilibria spontaneously shiﬂﬁgeggz d 332/ %g;’gld d;imgﬂgwasthgaa/egs megxurgci 32 the
Cé** to Cée*. Although this phase diagram does not indicat%trod ction of OXvaen vacancies cause Iatt'cg contraction
any solid solubilities, these@s often are not investigated as' uction ot oxygen v Ies causes atl ction.
part of the experimental studies. However, the nature of io'INSO' Mo ion implantation causes further lattice contraction,
implantation is such that stable or metastable solid solubility §f'iCh iS €xpected since, as will be discussed, the solid solubility

Mo in CeQ is implicit. The favored Mo valence that can resuff'echanism s interstitial. Since then, in the, Gefstal
during the processes of ion implantation and annealing undifucture, the central interstice is surrounded by eight oxygen

N, is shown in the Mo thermodynamic stability diagram©nS; which itself is surrounded by face-centered cubic cerium
(temperature pressure)ofure Sowhich indicates that o ions* the occupation of the central interstice with a cation
is the most stable valence. There is also no phase diagramVf cause lattice contraction.

These intrinsic defect equilibria would badanced by the
potential extrinsic defect equilibria established throug
Mo*®* jon implantation or i di usion (less probability)
from the Ni foam into the CeQ nano akes Table SXusing
Mo°* as a model)]. While there appears to be no phas
diagram for the system MBe O, there is one for the system
MoO; CeO.*? The intermediate phases M&Te0; and

The thermodynamic stability diagram for NyGHO, they conrm progressively greater surface tension upon the
pressures), shown ffigure S10conrms that Ni* is the introduction of oxygen vacancies and Mo ion implantation,
stable valence but also that the passivating layer would conBRgh of which cause surface contraction relative to the bulk and
of Ni(OH), + NiO. consequent resultant surface tension. The X-ray photoelectron

SEM images of the CeQnano akes are shown figure spectroscopy (XPS) data, which are discussed subsequently,
2a c. The low-magniation SEM image showing the Ni foam con rm the detection of surface Mo in the Mg sample.
(Figure a) reveals homogeneous deposition of,GeO Despite the inability of EDS to detect Mo, the combined
nano akes covering the surface. The intermediate-resolutiofRD, Raman, and XPS data are mutuallyrmatory in
SEM image Figure B) shows that the nanakes grow demonstrating that Mo is dissolved in the Cl@ice.
independently, thus avoiding coarsening by intergrowth. THarenthetically, it can be added that these data are consistent
high-resolution SEM imagé&idqure 2) reveals that the with both substitutional and interstitial solid solubility since
nano akes are laminated and curved and of several microk®®* is smaller than ¢&'’
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Figure 3.Defect analyses of Ce(nano akes using dérent techniques: (&) laser Raman microspectra (identically scaled intensities): (a) air,
(b) N,, and (c) Mo Ny; XPS analysis of Ce 3d: (d) air, (&) &hd (f) Mo N,; XPS analysis of O 1s: (g) air, (h) Bnd (i) Mo N, (the inset
image represents XPS analysis of Mo 3d); XPS analysis of Ni 2p: (j) air andr(#)()! PL spectra.

The Raman dataF{gure &,b) show that sample, N XPS data showed that Was not present but that the
enhanced defect-associated intensities db taed 2LO valences M6 and/or Md* are present, as these peaks cannot
peaks of CeQ, compared to those of sample air, which isbe distinguished. However, the thermodynamic stability
consistent with 3/ formatiori***° However, sample Mdl, diagram [Figure SPreveals that M0 is stable under all of
(Figure 8) showed decreased relative intensities, suggestifitg experimental conditions used. Although, as stated, the

that Mo has a partially reversingat. Supplementary Raman XRD, Raman, and XPS data are mutually supportive of the
patterns of the Ni foam and GeQsamples are shown in solubility of Mo in Ce§)the more sensitive technique proton-

Figure S13 induced X-ray emission spectroscopy (PIXE) was used for
The surface XPS data in the Ce 3d orbital are used féyrther conrmation. As shown Iagure S;4_pure Sl was M.o
distinguishing G&(at the binding energy o881 and 885 ion-implanted in order to cam the positions and relative

. _— intensities of the Mo peaks, and then, the spectra were
eV) and C& (at the binding energy 0B83, 889, and 898 btained for MoN,, thus conrming the solubility of Mo.

eV)*9 °1 The relatively subfurface defect is analyzed by O fSThe XPS data for NF{gure §K) con rm the presence of

XPS measurements of & (at a binding energy oB31  the components of the layered Ni-based structure. The
eV) and O Cé" (at a binding energy 0f529 eVy photoluminescence (PL) dat&igure § show that the
because of the higher penetration depth in O compared to thglcombination times are in the order Ni foam <Njo< N,

in Ce”®’ For CeQ ,, Figure 8@ i shows that the €& < ajr < as-deposited. However, since there is litdeeace
concentrations ([C§) were relatively high for CeQ and between MoN,, N, and air, this indicates that the charge
that sample Nexhibited the highest value, again consistentarrier diusion path is through the cross-sections of the
with V5 formation from atmospheric reduction undeifNe nano akes, which are of unchanging thickness. The XPS data
partially reversing ect of Mo also is cormed. for Ce and Mo are deconvoluted in order to elucidate the
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Table 1. Analysis of XPS Data for Pure and Mo-Implanted Ce@h Ni Foam

annealing atmosphere air N,

row parameter (atom %) CeO, CeO, Mo CeG Mo CeG, ,/CeO,
1 O/Ce ratio 3.53 5.27 4.48 0.85

2 Ce concentration 22.37 22.29 22.01

3 surfac@ Cée*/(Ce®* + Cé") concentration 11.89 27.67 22.52 0.81

4 subsurfabed Ce(0 Ce&* + O Cé") concentration 43.47 63.15 49.54 0.78

5 subsurfabed Ce*/surfacéCe* 3.66 2.28 2.19

6 hypothetical surfat®g concentration (atom %) 5.95 13.84 11.26

7 hypothetical subsurfda&; concentration (atom %) 21.74 31.57 24.77

8 Mo/Ce ratio 0.01

3gurface data based on Ce 3d XPS measurements as thesecti&a @Ce OH surface bond§Subsurface data based on O 1s XPS
measurements as these datectdD Ce subsurface lattice bonds.

e ects of ¥ formation from atmospheric reduction and critical importance of the' V') and the F* (V) color
doping from ion implantation Fable 1 Although the XPS  centers, which derive from the intrinSicdfor centers (),
data for Ni were obtained, they were not considered, since they these facilitate n-type semiconductivity. The presence of
are indicative of the Ni foam rather than Ni dissolved irthese redox reactions and color centers is indicated in the PL

CeG .
The data inTable lindicate the following:

data ofFigure § the peaks of which have previously been
attributed to these features and thexes of which have been

Row 1: The O/Ce ratios are >2, which suggest higtshown to be enhanced by Mo dopifi§.The same ect,

concentrations of cerium vacanciegJJVHowever, values
as high as 3.15 have been observed by GtAétough the

albeit less intense, would occur with substitutional Mo solid
solubility. To maintain charge balance, in the absenge of O

intrinsic defect equilibria would involve the creation ofgwo V (g), the oxygen vacancies must become neutrally charged and
from reduction and charge compensation from the creation bence F color centers: For substitution, the defect

one \, this actually would decrease the O/Ce ratio.equilibria are as follows:

Consequently, it is more likely that these data derive from Extrinsic

the fact that the beam for oxygen detection has a greater

penetration depth than that for cerftim.

Row 2: These data com that \t, does not form upon
reduction under Nor upon ion implantation and consequent

Mo substitutional or interstititial solid solubility.

Row 3: The surface [Egvalues are more than double for
CeG, , annealed under,dompared to when annealed in air,

resulting from Cé&

Ce** atmospheric reduction. Mo ion  with interstitial solid solubility, the ¥¢6Ce>*

Mo®€€€€€ext) + [ 6Ce, + 128+ 3%

ceo, Mo+ Ce+ 2C&4 120 S

+ 2V ©)

4Ceqt

The discussion of th@al column of'able lindicated that
Cée") ratio

implantation and solid solubility partially reverse this situatioghould be 1/6. The equilibriagg 9show that if substitutional
In terms of these two respective cases of intrinsic and extringygid solubility occurs, this ratio is 1/3. Consequently, this
defect formations, the defect equilibria (i.e., combined red%alysis supports the conclusion that the solid solubility

and ionic charge compensation) would be as follows:
Intrinsic

6ce, + 120 "% 6Ce, + 9+ 3%

1
+ 1-0.
> »(9) )
Extrinsic
MO + 1 6Coe+ 9O+ 39
Ce
Q M0i€€€€€€+ Mq€€€€§_ [2 GCQJ 9(% gﬁ
+ 2V + 12e (8)

mechanism is interstitial.

Row 4: The subsurface?Qvalues corrm the eect of
reduction under N and the partial reversal of the Ce
reduction.

Row 5: Comparison of the corresponding data in rows 2 and
3 (assuming one oxygen bonded to orfé) Galicates that
CeO, , annealed in air hag times as many subsurfac& Ce
ions as on the surface, while Ce@nnealed under,Mas 2
times as many. This shows that the reduction is not limited to
the surface and hence also involves the subsurface.

Rows 6 and 7: These data are calculated on the assumption
that two Cé&" are charge-compensated by ope(&f 7).
However, with Mo doping by ion implantation, this relation is
invalid because the external Mo dopant addition is charge-

Hence, the intrinsic defect equilibria during reductiorcompensated by the®e Cé* redox €q 9, although the
increase the [C§, but the extrinsic defect equilibria for [V§] becomes [¥].
combined Mo ion implantation and reduction result in Ce Row 8: The [Mo] solid solubility is1 atom %. It also
oxidation as the charge compensation mechanism. In realgypports the conclusion that.\does not form for charge
once the external (ext) Mo is implanted in a lattice site, charg@mpensation from Mo substitutional or interstititial solid
compensation must take place. As ion implantation is done slubility.
room temperature, ionic mobilities are very low, so it is likely Mo CeG, ,/CeO, , column: The nal column ifrable 1
that the charge compensatimechanism is electronic, examines the ect of simultaneous Tereduction from
specically n-type and thus generating electrons. The energyinealing under ,Nand Cé&' oxidation from Mo ion
band diagram, discussed subsequently, shows the probafmelantation. These data show that this reversal ratio is
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Figure 4 Electrochemical performance of CeBased nanakes: (a) CV at 1 mV% (b) specic capacitance at drent scan rates for aip, N
and Mo N; (c) CV curves of MoN, at di erent scan rates; (d) galvanostatic charge/discharge curves'ate Atgbility performance up to
2000 cycles at 100 m\Es(f) comparison plot showing selected high speapacitances of undoped and doped, ®egure and hybrid
pseudocapacitors in the present work and reported in the recent literature (correspond to the data andlafer&R: €3 i) deconvoluted
data for diusional and capacitive control at a scan rate of 18 bagad on CV: (g) air, (h) Nand ()Mo N,; and (j 1) deconvoluted data for
di usional and capacitive control as a function of scan rat@8 ¢V s%): (j) air, (k) N5, and (I) Mo N,.

consistent at 0.8, which suggests th&0% of the reduction Figure # conrms these comparative trends for CV at
is reversed by oxidation. This is very close to the expected radioerent scan rates. As the integrated CV area of a pattern
indicated ireq § which shows that one Mavould cause six  divided by the scan rate represents the amount of gravimetric
Ce* Cé" oxidations (17%). Although Méwould give a  charge stored by the sample, the application of a reducing
closer match, the thermodynamic stability diagram indicatatmosphere during annealing increases thecsagcitance.
that Md* should be the stable valence. The specic capacitances of air,;, Mnd Mo N, calculated

The electrochemical behavior of CeManoakes was from these CV curves are 328, 583, and 7641iegpectively.
investigated in 3 M NaOH aqueous electrolyte using cyclic It is notable that the value for Ge(nano akes annealed
voltammetry and charge/discharge chronoamperometric meth-air is approximately half that annealed ungdandy more
ods.Figure 4 shows CV at the scan rate of 1.9m\bf importantly, the latter exhibit a spectapacitance that
CeO, , nanoakes annealed in air or, Mnd CeQ , slightly exceeds the theoretical value of 6fe8B2 F g%
nano akes ion-implanted with Mo and annealed unger N The enhancements in specicapacitance from Mo ion
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Figure 5.(a) Density of states of stoichiometric €a@l nonstoichiometric CeQcalculated by DFT (the up and down arrows represent spin-
up and spin-down electrons, and the red dotted line indicates the relative Fermi level); (b) electronic conductjviieds CEQgQ@s a
function of charge carrier densfiy=(p-type conductivity, = n-type conductivity); (c) oxygen dsion coecients of Ce®and CeQ , by
classical molecular dynamics; (d) ball-and-stick representations of the ground-state geomgties ©@€Qe@alculated byrst-principles
methods; and (e) schematic of oxygen vacancy channel non-formation and formation mechanismd 6EQeQrespectively.

implantation and from decreasing scan rate anemeshin intermediate scan rate of 100 mV Ehe Ni foam shows the
Figure #. The latter is indicative of the necessity of low scalowest stability with a >30% decrease after 2000 cycles. In
rates (10 mV s?) in order to provide the electrolyte ions contrast, all three of the Ce@based electrodes exhibit high
su cient time to access active Sitds. contrast, the more  stabilities, where M®, has the highest stability at 95%
rectangular shapes of the CV curves at high scan efies ( retention and Nand air have 92 and 89%, respectively. Since
mV s?1), which avoid the generation of the redox peakghe linear segment of the curve commences at 500 cycles (97%
apparent irFigure 4, are necessary to allow the electrolyteretention), these data suggest a lifetime of >70,000 cycles.
ions to undergo reversible absorption/desorption. Figure #,d,e shows that Mdl, exhibits the best performance

In order to determine contribution to the CV data from Ni in terms of gravimetric capacitance, the discharge period, and
foam, galvanostatic charge/discharge curves of Ni foam agRpacitance retentiofigure # compares the data for the
the three electrodes were obtained through chronoampergravimetric capacitance and capacitance retention for the
metric measurements at a constant current of ﬁ_\mtgin present work in contrast with a range of other recent reports,
the potential window of 0 and 0.35 V versus Ag/AgCl, awhich are summarized ihable S3 Furthermore, the
shown inFigure 4. It is very clear that the Ni foam has very electrochemical mechanisms were investigated by deconvolu-
short charging and discharging times compared to the thréien of the CV data iffigure 4 using the Dunn methtid”
CeG, , nanoake samples, so it can be concluded that the D2 kvt kop2
e ect of the former on the latter is negligible. Previous work ~ ~ ™ ko (10)
has revealed that Celiased pseudocapacitorsesurom In eq 10k, is the slopé; is the ordinate intercept, anid
unbalanced rates of charging/discharging, where charging tafkes scan rate. The capacitive contkgl) (occurs at the
much longer than dischardif@his disadvantage can reduce surface, and the disional controlk\/2) occurs within the
both energy and power densities of such electrodes. Howewwrpsurface and bulk lay&igure 4 i shows capacitive and
the present work shows that the introduction of highdkd di usion contributions in total capacitance of giard Mo
metal ion implantation have the capacity to resolve thes$¢, samples at a scan rate of 10 nfVThe majority of the
issues. The datafingure 4 show that the respective charge/ di usion contribution in the \Nand Mo N, samples proves
discharge time ratios were 3.54, 1.56, and 1.33, thus indicatihg major role of vacancies in the formation of intercalation-
considerable improvement in balancing the two processéssed reactions during the charge process. The complete data
especially for Md\,. As shown iifrigure €, the capacitance contrasting these two components of the electrochemical
retention was studied by applying CV at 2000 cycles at ttmechanisms are shown figure 4 I. These data are
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Figure 6 XPS Ce 3d spectra following charging reduction and discharging oxidation using CV at a scan rate of 5 mV/s and potential window of 0
0.4 V vs Ag/AgCl: (a) air; (b) N (c) comparative [C§ data fromFigure @,b; and (d) schematic of charging and discharging processes of air,
N,, and Mo N,.

unambiguous in revealing thaudional control increases in based on the TB-mBJ exchamgerelation functional yield a
the order air N, < Mo N,, so reduction plays a sigaint band gap for pristine Cggdof 2.3 eV, which increased to 3.0
role in introducing intercalation capacitance. As these dag® for CeQ,sand 3.1 eV for CeQ, The calculated band
decouple the ects of reduction (sigiiant) and doping (less gaps of the latter two are reduced for spin up and increased for
signi cant) on the performance, they suggest mutuaspin down. Furthermore, the Fermi energy level (red dotted
contributions from these parameters on both the architecturahe) is shifted relatively from the top of the valence band for
design and the defect equilibria. pristine CeQqgto the bottom of the conduction band for both
The similarity of the PL datafigure Bis signicant in that CeQ, ;sand CeQ5, Thus, stoichiometric p-type Gggran
it demonstrates that defects are not the governing factor in the converted to n-type CgQthrough the introduction of
recombination time. Since the common factor in these sampl@sygen vacancies, which are charge-compensatéd by Ce
is the thickness, the recombination is dominated by th€e** redox, thereby introducing a magnetic moment.
di usion distance across the nakes. The impact of this Boltzmann transport calculations based on the DFT
directionality was examined by spin-polarized density funcalculation indicate that the electronic conductivity associated
tional theory (DFT) calculations of the lifting of the electronicwith a magnetic moment increases several orders of magnitude
spin degeneracy from Getdo CeQ , (Figure &). While with increasing [¥] at typical charge carrier concentrations of
pristine CeQ,,has a magnetic moment of 0 and so is non- 1°e per cni (Figure ).°% Furthermore, if holes are the
magnetic, CeQsand CeQsqexhibit net magnetic moments main charge carriers, the electrical conductivity behaves
of 0.5 and 1.0B per formula unit, respectively. Thesee analogously but only for carrier concentrations1@f h
magnetic moments are associated with conducting electrongascm, that is, n-type conductivity is likely to be signily
shown inFigure &. At the same time, the band gaps of thesdiigher than p-type conductivity at higher charge carrier
two samples are impacted sicanitly. The DFT calculations concentrations. These results show explicitly that the
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capacitance of Ce®ased materials can be improved byassociated reversibilifyigure @ ¢ shows the ects of
reduction, which enhances the ’[Ceand alters p-type these intrinsic processes on the’|Qd CeQ, , and reveals
conductivity to n-type conductivity, and the formation ofthe importance of the formation of the oxygen vacancy
charge-compensating oxygen vacancies, which enhance elegnnels, that is, the naakes annealed in air lacked the
tron conductivity. driving force for oxygen vacancy channel formation, so the
For Mo-doped Ce{) midgap state energy ranges frominitial [C€] was low (20.81%) and reduction charging
intrinsic and extrinsic defects for substitutional and interstitiatduced the [C&. Alternatively, oxidation charging only
defects of the three Mo valences, calculated by spin-polarizetially returns the [€8 to its previous level (19.15%). In
DFT calculation, are shownFigure S15These simulations contrast, the nanakes annealed in air, which contain oxygen
reveal that interstitial Mo and M&* generate shallow vacancy channels initiated and grown during annealing under
acceptor midgap states close to the valencé*bEnese N,, show a higher initial [€§ (24.51%), a similar reduced
have the capacity to result in free hole charge carriers, H@&e*] upon oxidation discharging, but an increase upon
interstitial M6" and MJ"* also generate deep trapping statesyeduction charging in [€% to a level greater than that
which can act as recombination centers. initially present (27.41%). These indicate that the presence of
In contrast, MY and the color centers*HVY) and F the oxygen vacancy channels allo®&% of the C& to
(VO’) generate intrinsic shallow donor midgap states close farticipate in redox, while the absence of the channels allows
the conduction band. These have the capacity to result in fresly 10% of the Cé to participate. This dérence suggests
electron charge carriers. Interestingly, these simulatiotigt 10% of the pseudocapacitance derives from the surface
indicate that the °Fcolor center (¥), that is, an oxygen but 25% derives from the bulk, thereby demonstrating
vacancy, is unimportant, as it corresponds to the conductisimultaneous surface and bulk intercalation pseudocapacitance.
band minimum (CBM). Ultimately, these data reveal that thé. schematic diagram of these charging and discharging
F* and possibly the *F color centers enable n-type processes is shownHigure @. For CeQ@ ,, the electro-
semiconductivity and that Mo doping itself serves only téhemical defect equilibria, which describe charge/discharge,
facilitate the probable formation of the color centers. Th#lustrate that C&is the active site for Nadsorption:
preceding data allowed DFT examination of the energiesReduction charging
associated with dirent congurations for the distribution of
oxygen vacancies. These calculations indicated that the lowesEee + 2G5+ N4 (exty e (ext)
energy was associated with the maximal posgblevi/, CeO, .
CeQ 5, More importantly, the datafigure 8 show that the [ CeeS Nd (add)+ 20 (11)
oxygen vacancies are ordered into channels of orthogonab L . .
orientationFigure & shows how surface reduction can initiate ©OXidation discharging
formation of an oxygen vacancy and that directional oxygen 2 ai
di usivity can result in channel formation across with thickness [Cege; Nd (ad9+ 2@
of the nanoake. e
HoweverFigure B shows that the narekes are randomly Cecet 2C
oriented polycrystals, without clear indication of the presencey
of discrete crystallite or grain boundaries. Consequently, tQ
channels between the parallel surfaces of thakesonust
be variably oriented, as the crystallites are randomly orient
Since these channels are lined with, @ee extra electron o formances are likely derived from tieeteof Mo redox
establishes a negatively charged _channel that facmtates IAed to Ce redox through IVCT:
transport of electrons and the trapping of holes. Since the PLgaquction charging
data indicate similar recombination times for the akes

Na (ext) e (ext) (12)

he Nd(ext) indicates Nasupplied externally as an
fectrolyte, e(ext) indicates electron supplied externally by
%Wer, and [Ge Na'(ads)] indicates Naadsorbed on C&

r Mo ion-implanted CeQ, the superior pseudocapacitive

either the dierences between the PL data are indicative of the cece C€0 ceece
di erent channel lengths or the charge carrier speed is Cefe+ 2%+ M‘ﬁ Cece+ 2%+ MQF

su ciently high to obscure any detectable path length 13)
di_erences. Oxidation discharging

The presence of these oxygen vacancy channels from
reduction has a criticale®t on the surface and intercalation  ce._+ 20+ MG€eee
capacitances because they are both large-scale electron traps CeQ
and volumes for cation intercalation. Furthermore, the data in Ce+ 20 MG (14)
Table landeq 8show that ion implantation of Mo results in
partial elimination of the [€& As the ion implantation is Consequently, IVCT provides a second driving force for
likely to be concentrated on the surfaces of theal@s the  Ce** switching in addition to the electrochemical redox
localized reduction in the number of*dens would not  reactions, where the direction depends on charging versus
result in the annihilation of\but in their conversion tasV  discharging and the extent depends on the dopant level. Since
and VO. Consequently, this would reduce the repulsiorion implantation is likely to concentrate Mo on the surfaces, its
between the electrolyte cations and the oxygen vacanciescts would be ampdid, thus increasing the impact of IVCT.
thereby enhancing intercalation. More broadly, this observation suggests the advantage of
In pseudocapacitors, the charging (reduction) and dischardecorating surfaces with Mo using other techniques that are
ing (oxidation) processes are based on transitions between tess complex than ion implantation, such as simple surface
valence states of metal ions of the relevant elécinddee a precipitation from a suspension during drying followed by
low redox potential would facilitate this switching andannealing.
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Finally, whileqgs 1land12indicate that C& Cé*is an ASSOCIATED CONTENT
intrinsic process through defect equilibration for pure CeO  *  gnnorting Information

egs 131nd14i_ndic_ate that this is an extrinsic process throughry,e Supporting Information is available free of charge at
IVCT for Mo ion-implanted CeQ. . _ https://pubs.acs.org/doi/10.1021/acsami.1c14484

XPS data combined with defect equilibria are emerging as , ,
powerful tools in the interpretation of mechanistic redox FTIR, EDS, SEM, XRD, PIXE, Pourba_ux diagram,
phenomena imposed by doping and/or atmospheric treatment ~ Stability diagram, Raman, energy level diagram, defect
and their eects on semiconducting properties in energy  €duilibria, lattice parameters, and summary of work on
transformatioi-°>°® However, the PL data in the present supercapacitor DF)
work allow the applicability of this tool to be raised to a new
level by applying this approach to charge/discharge phenom- AUTHOR INFORMATION
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