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ABSTRACT

Knowledge of the kinetics of doping elements adsorption within hosting
edificesisof great importance in the development of chemistry and materi-
als science. In this paper, the Enhanced homotopy perturbation method
(EHPM) isapplied along with the Boubaker polynomials Expansion Scheme
(BPES) to the prablem of adsorption and desorption behaviorsof Y tterbium
inside wiirtzite ZnO matrices. The approximate analytical expressions of the
non-steady-state concentrations as results of reactions mechanisms inside
wiirtzite ZnO Matrices, is derived for the given values of the relevant pa-
rameters. Influence of initial concentration of Yb(l11), initial pH of solution
and temperature on the adsorption of Y tterbium are taken into account. The
obtained results are compared to the available analytical results and are
found to bein good agreement. Theoretical considerationsare discussed in
order to illustrate the ability and reliability of the methods. Comparison of
NHPM results with those of BPES revealed both techniques are effective
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and convenient.

INTRODUCTION

Inthelast decades, severa studieshavebeen car-
ried out on semiconductorsdoped withrareearth ele-
ments*1, Rareearth (RE) doped semiconductorshave
long been thetopic of research owingto their promi-
nent and desirable optica and magnetic properties®®.
Typicdly trivdent rare earth dementshavevery stable
emissions, dueto the 4-f electronswhich are deeply
buried and hence well shielded from the outer shells.
Thisproperty of therare earth el ements enablestheir
incorporationinto varioushostswith different | attices.
The sharpness of many linesin theemiss on spectraof
RE doped semiconductor enables, inprincipletoin-
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vestigateinteractionsinasolid by optica meanswitha
degreeof accuracy Similar tothat usually possiblewith
freeatomsor ions. Modificationinthemain physica
propertiesof theZnO filmsdueto theintroduction of
very small impuritiesinthe molecular matrix having a
noti ceabl e effect on surface morphol ogy of ZnO sorayed
thin filmshas been reported>29,

In the present work, comparative solutionsto the
differential equationssystemsgoverning thekineticsof
Y tterbi um adsorption within particular hosting edifices
arepresented. Thesepartid differential equationsare
often very complicated to be solved exactly and evenif
an exact solutionisobtained, therequired calculations
may betoo complicated to bepractical. Inthelast three
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decades, many atemptsto yield numerical and anal yti-
cd solution have been performed. Wazwaz!! used early
modified decomposition method for solving nonlinear
equations, while HE€?21, Momani et d ¥ and Saadeti
et al.? applied variational iteration methods to
Helmholtz equation aswell as someautonomousordi-
nary differential systems. Homotopy perturbation
method HPM solutionsto themodified Camassa-Holm
and Degasperis-Proces equations, diffusioninverse
problem system equation and Fokker-Planck equation
havebeenrecently proposed by Yildirim et al ., Ozis
et a1, Wang %, Song® et al. and many othergs?37,
The paper isarranged asfollows: Insection 2, fun-
damentsto the studied chemical processare presented
along with experimenta details. Section 3 presentsthe
resolution protocol s, namely the enhanced homotopy
perturbation method EHPM, and the Boubaker poly-
nomiasexpansion schemeBPES. In section 4, results
and related plotsare discussed, detailed and compared
to someother results presented in therecent literature.
Conclusionisformulatedinsection 6.

FUNDAMENTSTO THE STUDIED PRO-
CESS

ZnO hosting structuresfeatures

ZnOisagood host for incorporating rareearth e -
ementsdu etoanumber of different reasons. First some
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Figurel: Wiirtzite ZnO crystalline structure (c-axis anti-
paralld view)
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of its properties can be markedly changed by introduc-
ingrareearths. Secondly it lendsitself readily toinves-
tigation, sinceit isone of thesmplest crystalinecom-
pounds and can be prepared easily. ZnO crystal hasa
wiirtzite lattice, consisting of two interpenetrating hex-
agonal close packed |attices (Figure 1), one containing
theanions (0?), theother the cations (Zn?).

When Zn and O atoms combine Znlosestwo va
lence electronsto O, thuseventualy duetolossof an
outer shell theZinc atlom shrinksinsizefrom 1.33 A to
0.74 A, while Oxygen atom increases in size due to
addition of an outer shell from0.64 A to 1.4 A%, The
widedisparity in size between the zinc and oxygen at-
omsleavesrelatively large open spacesthus enabling
incorporation of host atoms; i. e. Y tterbium (Figure 2).

Zn0 wiirtzite
matrix

Figure2: Ytterbiumincorporation insideZnO crystalline
structure

Ytterbiumasaguest atom

Y tterbium (Y b) isachemica e ement belongingto
thegroup of rareearth metd sand that it widely used as
alaser-activedoping agent inavariety of host materials.
Y tterbium atomshave avery smpleéelectroniclevel
structure, with only one excited state manifold (°F,,)
within reach fromtheground-state manifold (°F, ) with
near-infrared or visible photons. TheY b** ionsare of
interest dso asasenditizer of energy transfer for infrared
to visible up conversion and infrared lasers. In
Energetically designed devices, pumping, cooling, re-
pumping and amplificationinvol vetranstionsbetween
different sublevel sof theground-state and excited-state
manifolds(Figure3).
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Figure3: Ytterbiumshell band structure

Y tterbium-doped compoundsare promising mate-
rialswith numerous attractive properties®!. Thebroad
fluorescence spectrum (compared withi. e. Nd3*) and
themillisecond-range upper-statelifetime provide suf-
ficient bandwidth to generate and amplify ultrashort la-
Ser pul ses.

Themechanism of incorporation of Ytterbiumin-
side ZnO crystalline structure have been studied by
Stevend®, Low! Y, Thronely, Leaet a.*2 and many
otherd**47 hut abig part of the processisstill unex-
planed. Y tterbiumcation Y b* initid configuration, char-
acterized by asingleholeinthe4f-shell, issplit by spin-
orbit coupling into alower lying (°F,,) and a (°F,,)
multiplet. InsdeaZnO-likestructure, Y b* istrapped
ing deafour-negativey-charged nearest neighborhood,
thus, (°F,,,) splitsintoI", Kramer doublets. Thischange
increases e ectropositivity and affinity to Oxygen, re-
sultingin aforced cation-cation substitution.

Experimental details

First, Yb-free ZnO thin films were prepared in a
substrate temperature domain of 400-500°C using
propanol 2(C,H,0) : 750 cm?, water (H,0) : 250 cm?®,
and zinc Acetate (Z (CH,CO,),) : 0.1 mole. The
precursor mixturewas acidified using acetic acid (pH
=5). Under solution and gasflow ratesof 2cm?® mint
and 41 cm?® min’! respectively, the obtained ZnO thin
filmsthicdknesswasgpproximatdy 0.5 um. Obtained films
weredoped by mixing the starting sol ution containing

— Fyl] Paper

zZincacetate (102M), withwater and Y tterbium chloride
(YbCI_,xH20, 99.9% purity) in acidified mediumat a
substrate temperature of the order of 460°C. Doping
amounts were 100, 200 and 300 ppm Yttrebium
respectively. Figure 4 presents reflectance and
transmiss on spectraof the doped samples(B-C-D), with
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Figure 4 : Reflectance-transmission spectra of the doped
samples(B-C-D), (Plotsfor theun-doped sample(A) aregiven
for comparison pur poses).

——  Analytical CHEMISTRY

Au Tudian Yournal



92 Non-linear equations of ytterbium (111) chemical adsorption process

ACAIJ, 11(3) 2012

Full Peper —===—

referenceto an un-doped sample (A). Itisnoticed that
thetransmission coefficientincreasesinthel ower part of
the visible domain (70%-85%) while the reflectance
oscillatesinanarrow range (5%-15%).

XRD patterns of the as-deposited ZnO'Y b-doped
filmsareshownin Figure 5. Diagram analysesalong
with 3D imaging results (Figure 6) show that the doped
layers (B, C and D) monitor an enhanced preferred
orientation of the crystalliteswith respect to the (200)
reflection oppositely to the Y b-freefilms. In fact the
ZnO layersare commonly characterized by themain
XRD peaks: (101) (100) and (002) in hexagonal
wurtzite system. The Yb-doped ZnO films c-axis
oriented (002) planeshowsavery highintendty rdaivey
toother orientations. Thisfestureisassociated with high
optica performanceperpendicularly tothe planeof the
glasssubstrate.

M odel of adsor ption chemical kinetics
Therdaivedy smpleshel dectronicsructureof Yt-

B (€) D)

Zn0;100ppmYh 7n0:200ppmYDh In0:300ppmYh
Figure5: layers3D surfacetopography

(002)

(101)
Zo0:Yh(300 ppu)

Zn0:Yh(200 ppm)
Zn0:Yh({100 ppm)

0 0 30
26 (%)
Figure6: XRD Diagramsof doped ZnO.
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terbium excludes excited-state absorptionand also a
variety of detrimenta quenching processes. Inthiscase,
we can expect, in concordance with and yses presented
in§2.2, the following simultaneous reactions:

2YbCl,, > 2Yb g 11,41 * ]+ 3l 1)
6Zn0 g ©> 6Zn g + 30, 2
avb[11,46]+30, - 2Yb,0, .

[i1,4t 2] avb  [in 4 2]+ 30,

Itisnotedinthesereactionsthat adivalent Y tter-
biumisreacting with oxygentoformthesesquioxidein
which Ytterbiumistrivalent. It wasclearly stated by
Kossanyi et a.[*d that “rare earthsareincorporated
in ZnO as trivalent ions which do not occupy sub-
stitutional sites but rather interstitial sites associ-
ated with excess of oxygen in the ZnO lattice”.

Infact, for thenormal trivalent lanthanide metals
there is no change in valence state in forming the
sesquioxide. Thusthesingledifferenceisdueto the
energy required to promote a4f eectronto thevalence
band of metallic ytterbium. Thisenergy isestimated to
9.3 kcal/g.-at*¥ andispresumed to befully provided
by the experimentd setup.

Assuming that the adsorption processcan betrested
asapseudo-order reversible reaction with respect to
themetal cation 54, Y tterbium incorporationisgov-
erned by thefoll owing equation:

d[Yb](S) _
— =
with:

[Yb] 5" Incorporated Y tterbium concentrationinthe
matrix.

[Yb*] 0 Y tterbium cation concentration in the
solution.

[Yb(I11)] © - Trivalent Ytterbium atom in the
interfacia area.

Q : Meaninteractinginterfacid area.
K, Forward pseudo-first-order-rate constant.
k. : Reversepseudo-first-order-rate constant.
\% ZnO latticeunitary volume.
By introducing thetemperature-dependent ratioK

ko [yoain]g” [ybamg
| kr [Yb3+ EEQ-) [Yb3+ ](l)

%(kf [vb>*], -k, [Ybain]s) @)

©)
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assuming:
d2[Yb]g

dt?

(init.)

+ [Yb3+ ](I)

[Yb3+ ](I) =-€

(6)

Where ¢ isaconstant, and finaly, by considering
boundary conditions, weobtain the system:

Y0 =2k -K Yoy '®)+1)
_lybls®

0
(init.)

Co = [Yb3+ 0
y(0)=0;y'(0)=0

y(t)
(7

RESOLUTION OFTHE MAIN EQUATION
USING EHPM AND BPES

For agiventemperature, afirst solutionto Eq. (7)
using the Enhanced Homotopy Perturbation Method
(EHPM) asan extended version of the already estab-
lished analytic homotopy-perturbation method
(HPM)2&37, Asaprecursor and fundament to EHMP,
HPM wasfirst proposed by the Chinese mathemati-
cian He?%1, Theenhanced form, whichisdevel oped
inthispaper dong with apolynomia scheme, hasbeen
recently applied to ageneral form of system of PDEs,
ina4-dimension space;

%"-Fl(xvyazatrfll'“’fn) = gl(x’y’z’t)

%+F2(leazytyfla'“1fn)= gz(xayyzyt)

1 ot
' 8)
o,
+F(y.zth 1) =06,(xy.2,0)
| ot
withinitid conditions:
fl(x!yizit)L:to = hl(X,y,Z)
f00y,2,0), =ha(xy,2)
' 9)

fn(xvy! Z!t)|t:t0 = hn (va! Z)

where F| arenon-linear operators, which can

i=1,..,n

dependtodl of thefunctions f;| andther deriva-

i=1,..n

—— Fyll Peper

description of theEHPM isgivenin (Appendix A) and
related solution plotsaregiveninFigure7.

A second solution using the Boubaker polynomias
expansion scheme BPES®?>7 isalso proposed. The
resolution protocol, asdetalled in (Appendix B) isbased
on assigning thefollowing expression to thesolution of
Eq. (7):

Yepes (X) =

1 @ (sol)
N Zlk 7% By (Xxr,)
0 k=1

where B, arethe4k-order Boubaker polynomi-
ds,r, aeB, minimal postiveroots, N_isaprefixed

(10)

, aeunknown pondering real co-

integer and 2|
effidents

Themainadvantageof thisformulation (Eq. 10) is
the evidence of verifying the boundary conditions
expressedin Eq. (7), in advanceto problem resolution
thankstothe properties of the Boubaker polynomia §%
&1 besides proposing differentiable and piecewise
continuous solutiong®%2, Asevoked earlier, adetailed
description of theBPESisgivenin (Appendix B) and
related solution plotsaregiveninFigure7.

DISCUSSIONAND PERSPECTIVES

Figure7 gathersthesolutionsobtained for different
temperatures.

Whileinvestigating thekinetic resol ution given by
thegiven methods (Figure7), asignificant temperature
gradientisobserved whilean exponentia parabolictime-
dependent behavior isrecorded. Thisresultisconfirmed
by theresults presented intherelevant literature ™.

Concentration profilesarea so concordant with pre-
cedent resultg™ 79, Additionaly, it can benoticed that
thereisno reaction below atemperaturelimit (boldline
inFigure7). Thisfeaturereferstotheenergy required
to promotea4f e ectronto thevaenceband of metallic
ytterbium, as stated by Gshneider J ). It can be that
concluded that aminimal energy isrequired to activate
theadsorption process, regardless of the provided dop-
ing element amount.

APPENDIXA

For solving system (8), by the EHPM, we con-
—  Analytical CHEMISTRY
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When applied both sidesof Eq. (A.1), operator v
gves
’d)l(xvyv Z,t) = q)l(X,y,to)+Itto ¢1,0dt -
pjtto (¢1,0 + Fl(xvy-t-d)ll"' @, )_hl)dt
D,00Y,2,) = B, (Y, o) + || 0t -

pJ.:O(¢2,0+F2(X’ylt:¢1|"',q)n)—hz}jt

¥(t)

(A9
cbn(x,y,z,t)=<Dn(x,y,t0)+J.t0¢n,0dt—
620 ol (@no+F, (Y, .®,, . ®,)=h, it
Temperature 320 - = 30 where
(°0) ' R :
20 ' (I:'l()(1)’-t0)=‘I’1(X1y-t)|t:t
0 (s) 0
Figure7: Solutionsplots. <I>2(x,y,t0)=¢2(x,y,t)|t:t0
sruct thefollowing homotopies: : (A.5)
(Dn(xly1t0)=¢n (X'y’t)|t:to
o0, _
(A=P)( ~10)+P Now, let’s present the solution of the system (A.4)
asthefollowing:
[agzl+Fl(x,y,z,t,(l)l,---,ch)—hlj:O 9

D, =0,,+pD,, +p2(D1’2 +--

oD,
(l_p)(7_¢2,0)+p (Dz =(D2’0+p(D21'1+p2(D2’2+...

[622+F2(x,y,z,t,cD1,---,ch)—hzj:O : (A-6)
(Al) cI)n =<I)n,O'*'p(I’n,l'+'pz(I’n,2+'"

0
A-PUSE o)+
where fDi;|

Hi=1,.n;j=1,.n
Now, let’s suppose that the initial approximations
of thesolutionsof Egs. (1) areinthefollowing form:

arefunctionsto determine.

[a;pt” +Fn(x,y,z,t,cD1,---,(Dn)—th:0

or: -
¢i,o(X-YvZ-t)|i:1,..n= Zai,j (le)Pj (t) (A7)
j=0
&:d) _p b0+ F, o
ot \(xy.zt®,,,®,)-h, where a, |._; ..., areunknown coefficientsand
9 .- p[d’zvo *F ] P, (1)],-..., arespecificfunctions.
* (.2t @y, 0@, )-hy ,, Subsituting (A.6) and (A.5) into (A 4) andiceni-
: (A-2) fying same powers coefficientsof pgives:
aq)n _ ¢n,0 + Fn
7 = ¢n,0 -p (X, V.2, D, D, )_ hn qlt“o(x,y,t)-f‘(><,y,z)+gawj"0 P, (t)dt (for power : 0)
ou(x,y,t)-—ga‘djjo P, F3.1.,0,.,)=, it for power 1)
We define heretheinverse operator v : 0,403 0= [ (F (3..0,,.0,0.0,.,.,, )it for powes :2) (A.8)
6 = L—l J': ()dt (A3) D (X,y,t)-j.:o(Fi (X,y,t,ow,"-,OH'D,OLI_I,W,0"‘]_1))&1t (for power : j)
0

Hralytical CHEMISTRY o
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Finally, if we solvethese equationsin such away
that @, ,(x,y,t)=0,then Eq. (A.8) resultsin
D, (X,y,2,) =@, ,(X,y,2,t)=---=0 (A9
Hence the exact solution may be obtained asthe
following:
0.0y, )|, =@ (Y, t)=

Ly 2+ 3 a, [l P (A10)
=0 0

¢i,0(xiyit)|
t , thentheir Taylor series can hence be defined as:

areanayticwhentisat thevicinity of

i=1,..n

90X, y’t)|i=1,..,n = i a,; (%Y, 1)(t=t,)"
j=0

h; (x, y,t)|i=1mn = i a'i*,j Xy, t)(t=ty)" (Al1)

These series can be used in Egs. (A.11), where

are unknown coefficients to be

i=1,.,n;j=1,.,n

a,; (Y, 1)

computed, and a;; (x,y. 1) havegiven vaues.

i=1,..,n;j=1,..,n

APPENDIX B

The Boubaker Polynomials Expansion Scheme
BPESisaresolution protocol which hasbeen success-
fully applied to severa applied-physicsand mathemat-
icsproblems. The BPES protocol ensuresthevalidity
of therdaed boundary conditionsregardlessmain equa
tion features. The BPESismainly based on Boubaker
polynomiasfirst derivatives properties.

ZN:B4q(x) =-2N£0;
q=1 x=0
ZN: B (X) =0 (B.1)
g=1 x=rg
and:

—— Fuyl] Paper

i dB. () o
=1 dx x=0
N, dB,, (X) N
z d:( = z Hq
J o=t x=rq g=1
n
4 [2-121x Y B2, (r,) (B.2)
with:H, =B, (r,) = o= +ark
BA(n+l)(rn)

Severd solution have been proposed through the
BPESin many fieldssuch asnumerica anaysis, theo-
retica physics, mathematical agorithms, heat transfer,
homodynamics, materid characterization, fuzzy systems
modeling and biology.

For solving system (7), by the BPES, thefollowing
expressonissat:

1
u(x) =szk x B (xry)

P2 (B.3)

where B, arethe4k-order Boubaker polynomi-
ds, xe[0,1] isthenormalizedvaridble, r, are B, mini-
mal positiveroots,

N, isaprefixedinteger and A |k_1“N0 areunknown
pondering red coefficients.

Thanksto the properties expressed by Equations
(B.1) and (B.2), boundary conditionsaretrivialy veri-
fiedinadvancetoresolution process. Thesystem(7) is

hencereduced to:

1 %%7“ XdB4k(er)_ Q
K

2N, & dx 2VN,
1 Y d®B, (xr) (B.4)

ki -K Je=—Y r x—2 "k 1)=0

(i Koo g2 b gD

The BPES solutionisobtained by determining the
non-null set of coefficients

A
klk=t.N

, that minimizestheabsolutedifference A, :

(B.5)

— a%a['yttaa[’ CHEMISTRY
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CONCLUSION

Inthiswork we havetried to giveevidenceto the
efficiency of an enhanced protocol: the Enhanced
Homotopy Perturbation Method EHPM and the
Boubaker Polynomials expansion Scheme BPES as
toolsfor solving differentia equations. These schemes
have been successfully applied to themodd of adsorp-
tionf YteriuminsideZnO wiirtzite matrix.. Solutions
have been plotted in thetime-temperaturet-T planes
and favorably compared to someresultspresented in
therecent related literature.

Obtaned resultscan beasustainableguidefor deci-
sonmaking, understanding physicochemicd parameters
evolution patternsandrationdly controlled improvement
of thechemica processin adsorption-desorption proto-
cols. Itisscheduled to consder thediffusion/dispersion
phenomenaa ongwith replacement of the steady doping
sourceby acontinuous supply. For the BPESresolution,
the convergence gpeed, asamain concern, isunder sudy
and evauationinour research group.
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