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This paper reports the electrodeposition of Pd in the #@mwnperature ionic liquidl-ethyl-3-
methylimidazolium trifluoroacetate ([emim]TA). The electrochemical behavior of Hd@émim]TA

was investigatedsingcyclic voltammetry Cyclic voltammogramsvererecorded at various scan rates
and temperatureand showed that the reduction of Pd was irreversible. The diffusion coefficient of
PdCb in [emim]TA increased withncreasingtemperature and the diffusion activation energy was
determined to bd3.66 KJ mdl*. The optimum parameters of Pd electrodepositidemim]TA were
determined through singkactor experiments. The surface morphology of the deposits was analyzed
via scanning electron microscopy and the crystal structure of metallic Pd was confirmed thnaygh X
diffraction.
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1. INTRODUCTION

Given its excellent physical and chemical properties, the noble maliadium (Pd)has
various applicationgncluding usein electrical devicesind catalyss. [1]. However, China hascarce
reserves of precious metals and Pd resources digwidicantly decreased due to the exploitation of
raw ores [2]. With the development of the electronic industry and the increase of consumption in
electronierelated products in Chindyoth the demand for Pd and the amount of electronic waste
containng significant quantities of Pd have alsucreased. For example, outdated printed circuit
boards contain large amounts of precious metatduding 0.01 wt% ofPd [3]. Due to the rapid
replacemenbf modern mobile phones, the amount of electronic waste has incr@dmsey.it is of
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great importance taevelop a method for the recovery of Pd from secondary resources, especially
electronicwaste

As a method of metal recoveryydrometallurgy displays remarkable advantages over
pyrometallurgy including higher metal recovery, lower initialnonetary investment and energy
consumption, and smaller operation scale. Hydrometallurgical processes for Pd recovery include
chemical precipitation [4,5], adsorptio[6], ion exchange [®], and solvent extraction [1Q2].
Compared to the present technologies, electrochemistry provides an effective way to recover metals
and offers the advantageslofver equipment cost, convenient operation conditians, direct acess
to theproducts at the end of the procdskectrodeposibn propertiessuch as surface morphology [13]
and particle sizecan be controlled and nanoscale metalan be prepared [14] by tuning
electrochemical parameters such as potential, current gleglsittrolyte composition, and temperature.
Common electrolysis systems include agueous solutions anddmglerature molten salts. The latter
requiresan electrolytic medium with a high melting point, whican be a complicated procedure.
Therefore glectrodeposition in aqueous solutiocenbe slightly more convenient. Yang [15] analyzed
the electrodeposition and electrocrystallization behavior of Pd on a glass/carbon electrode and provec
that additives inhibit Pd electrodeposition and reduce hydragease. Some studies also investigated
the electrodeposition behavior of Pd on Pt and stainless steel electradesimacid medium [16,17]
and showed that the Faraday current efficiency decreases by increasing the concentration of nitric acid
The derease in Faraday current efficiencydse to the ceeduction of nitric acid and Hions.
Palladiumis an active element of the-Btoup metals that demonstrates high catalytic activity, low
overpotential, and strongztabsorbability. Statistics shotvat spongy or powdered Pd may absorb 900
times its volume in Hy, resulting in high internal stresses within the coating, which decreases
production quality and current efficiency [1,18]. Thus, the primary limitation of electrolysis in aqueous
solutions isrelated to hydrogen evolution. Additivesnimprove deposit quality, but thesan also
make the electrolyte composition more complicated. In recent years;tenoperature ionic liquids
have been widely applied in many fields due to their special adyes)tauch as insignificant vapor
pressure, high stability, wide electrochemical window, and solubilityofidh multiple organicand
inorganic compounds. The ionic structure and wide electrochemical window ofteooperature
ionic liquids make them idealectrolytic media for the direct electrodeposition of metals from organic
solutions at ambient temperature [19,20], especially nanocrystalline materials that are difficult to
electrodeposit in aqueous solutions or organic phases [14]. The melting poinicdiquids is lower
than 373 Kandthe noraqueous nature of ionic liquids causes amdgligible amounts of hydrogedn
be released during electrodeposition. Thus, the operational conditions and product quality are more
convenient and superior thandigonal electrolysis systems.

Recent studies have used extraction as the electrodeposition process [21,22] to recover Pd fron
nitric acid and fast react@imulated higHevel liquid waste. In this novel methocBOMAC was used
asthe ionic liquid whichexists in the semsolid state at 298 andbenzene and CHgWwere added as
additives. However, CHghas a high vapor pressurghich substantially decreases the volume of the
organic phase. To improve this process, Kumaresan [23] replaced @HCDIPB, by using TBP as
a modifier, and adopted the same process to recover Pd. Although the possibility of electrodepositing
Pd directly in the organic phase wa®ven,a low current efficiency of ~30% was achieved. With the
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development of ionic liquids, quatery phosphonium ionic liquids have attracted attention for such
processes, due to their capacity to weaken the electrostatic interaction between cations and anion:
their relatively low viscosityand their high conductivity [2426]. However,there is cumntly
insufficient informatiorregardingquaternary phosphoniuranic liquids. Previous studies analyzed the
electrochemical behavior ¢fvo Pd-halide complexegPdBr]? "and [PACJ]* "in pyrrolidinium ionic
liquids (BMPTFSI) at 29% [1,27]. It was foundthat this aniorcontainingionic liquid (TFSI) is
advantageous due to its hydrophobic#ibeit, it is moreexpensivecompared tamther ionic liquids.
The imidazolium ionic liquid bmimCl has also been reported for its applications in the
electrodeposition of Ryroup metals [2830]. Researchers mainly analyzed the electrochemical
behavior of signal metals and their ternary or binary solutions in bmiamdl observed the surface
morphologyof the electrodeposits. Howevelye to the highmelting point of bmimCI(341K), the
electrodepositiorrequireda higher temperature (3K3 to ensure appropriate conditiond/e have
previously studiedl-ethyl3-methylimidazolium trifluoremethanesulforte, ((emim]OTf) as anonic
liquid with relatively low melting point and viscosity through sinfdetor experiments ande have
obtained the optimum parameters for étectrodeposition [31]Additionally, we havediscovered 4
ethyl3-methylimidazolium triluoroacetate([emim]TA) asa novel electrolysis medium for Pd that
has the potential tdemonstrate superior propertiesmpared tdemim]OTf. Therefore, the present
study aims to investigate the Bléctrolysis medium [emim]TA.

2. EXPERIMENTAL

2.1 Materials

All of the chemicals used in this research were analytical gragéy3-methylimidazolium
trifluoroacetate ([emim]TAxontaininga purity higher than 99% was procured by Shanghai Cheng jie
Chemical Co. Ltd., ChinaPalladium(ll) chloridecontaininga purity higher than 99% was procured
from Sinopharm Chemical Reagent Co., Ltd., Beijing, China.

2.2 Electrochemical behavior and electrodepositioR@in [emim]TA

A PdC} solution in [emim]TA (approximately 1&iM) was prepared in order toviestigate the
electrochemical behavior oPdCL through cyclic voltammetryln addition, the mole ratidor
electrodepositiormentioned in this papendicatesthe ratio of the amount of substance between
[emim]TA and PdC]. In detail we experimented widnmole ratioof 50~70 to determine the optimum
value A homemadethreeelectrode cell was use®latinumwires @ 0.5 mm) were used aboth
working and counter electrodes, while Pd wiliel (mm)was used as the reference electrode. Another
experiment,galvanostatic electrodeposition, was performed on a Ti plate (15%x5) by employing DC
power equipment (Agilent Technologies E361xA). The Ti plates were usedthsubstrate and
counter electrodes, and the Pd wire was used as the reference electrodésirhtesuas used as the
cathode and the counter electrode was connected to a Pahiglewasused as the anode. Following
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electrodeposition, it was observed that the deposits had either attached onto the substrate or fallen int
the electrolyte, with thdatter being collected through centrifugation. Both of the deposits were
thoroughly rinsed with alcohol, dilute hydrochloric acid, and deionized water, and then dried in order
to examine surface morphology and phase analysis. The above operations feeneegewithin an

Ar-filled glove box.
2.3 Instrumentation

The cyclic voltammograms of the various solutions were measured using an electrochemical
workstation (model ZAHNER IM6e)lhe surface morphology of the depesitas examined by SU-
8020 field emis®n scanning electron microscope and the elemental composgitisndetermined
using an energydispersive spectrometer at a voltage of 15.0 KV. The phase analysis of thesdeposit
was characterized via-Ky diffraction (XRD7000).

3. RESULTS AND DISCUSSDN

3.1 Electrodeposition of Pd in [emim]TA

Figs. 1(a) and 1(b) show the electrochemical window [@him]TA and the cyclic
voltammogram of Pd (Il) chloride ilemim]TA that is recorded at 298 K. The inset is a larger version

of Fig. 1(b).
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Figure 1. Electrochemical window of [emim]TA (a) and cyclic voltammograms of Pd (Il) chloride in
[emim]TA (b). T=298K; Scan rate: 50mV/s; Working and counter electrodes: Pt wire;
Referenceslectrode: Pd wire; Mole ratio of [emim]OTf and PgI5:1.
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Figure 2. XRD pattern (a) and EDS pattern (b) of the electrodeposits from [@mAingerformed by
galvanostatic electrodeposition.

In our operation condition, the ionic liquidethyl-3-methylimidazolium trifluoromethanesulfonate
exhibited an electrochemical window at almost 3.0V (vs. Pd), which was wider than the reported ionic
liquid bmimCl (2.5V at 373K) [19]. When scanning in the negalite mole ratio between [emim]TA
and PdG] was 45 and the scan rate was 50 iV Ehe electrochemical window of the [emim]Was
approximately 29% ( f r om 1 1 .VRa roovh teimperature.8Mhen scanning in the negative
direction bothwe ak and prominent reduction waves Vwer e
respectively. On the contrary, when scanning in theersv direction, two oxidation waves were
observed.The current density was determined usihghe r educti on pPeaadkthecur r
surface area of the working electrode that was immersed into the -electrolytitiosally,
galvanostatic electrodeptisn was carried out at 298 employingan electrolysis time of 2B and an
electrode distance of 28m. After electrodepositionpart of the deposits was attachiedhe substrate
while the remainingf the deposits felinto the electrolytic celVia certrifugation untilthe collection
was completeThe above phenomenon was similar to that described in reference [13]. The deposits
were analyzed via XRD and ED®e results of which are presented in AgThe depositsonsisted
of high-purity metallic Pd indicating that the ionic liquid [emim]TA may act as an ideal electrolytic
medium for Peklectrodeposition.

3.2 Electrochemical behavior of Pd(Il) in [emim]TA

The electrochemical windows of [emim]Tfor the temperature range of 323K are
presentedn Fig. 3 (a). Fig.3 indicates that the electrochemical window of [emim]TA remained
constant at approximately 3\Q within the experimental error. When Pd@las added, the scan range
was set MWto b5, andlthe 2emperaturangewas set from 38K to 323K. The analysis
process for the kinetics of Pd(ll) in [emim]TA at the above temperatures was similar, and the process
at 313K was used for the following discussion.
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Figure 3. Electrochemical window of (a) [emim]TAom 30X i 323K, cyclic voltammograms and
(b) [emim]TA-PdCb for 10i 130 mVs * at 313K; relationship between reduction peak current
It andv (c) orv? (d) at 313 K.Scan rate: 50mV/s; Working and counter electrodes: Pt wire;
Reference electrode: Pd widole rato of [emim]OTf and PdGl 45:1.

The cyclic voltammograms of PdGh [emim]TA (12 mM) for scan rates betweeni 180 mV
s' are presented in Fi§. (b). Two prominent reduction waves(andE?) wer e observed
V t o Wwhen &anhing in the negative directiam;reasing the scan rate increasieel reduction
peak current. In addition, the reduction peak currents in the positive potential were significantly higher
thanthe reduction peak currents the negative potentialhis indicates that the reduction rate below
the value ofE;' is higher than that belo;’ [32]. When scanning in the reverse direction, a weak
oxidationwaveEappear ed f r o, whith.c@resgonds to the edu&ion waie The
anplitude of E> became gradually wider by increasing the scan rate. The oxidation Ejave
disappeared at scan rates over 100 mM\arsd the oxidation waves that correspondetavere not
observed when scanning was performed in the positive direction. These data suggest that the oxidatio
peak currents were significantly lower than the corresponding reduction waves. Mordwver,
difference in E21 E%) was approximately 139 Yh(at a rate of 60 mV'S), considerably higher than
the differencerecorded during the reversible proceBsI(E; & RT/@F) a 31 mV, at 313 K). This
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indicates that the reduction on thewRirking electrode is irreversibl@he data of;' obtained at scan
rates between 1030 mV $* are presented iirror! Reference source not found.

Table 1.Data of cyclic voltammograms with sweeping rates between3MmVs * at 313K.

Vv V2 E,C)1 |f,1 Epi2 T Epl Ep/d U
mvsy (vEH 2 (vvsPd (mA)  (Vvs.Pd  (Vvs.Pd 0
10 01 10867 1000509 10.662 0.205 0.24
20 0.14 10.896 10.00896 10.664 0.232 0.22
40 02 10844 1001363 10.586 0.258 0.19
60 024 10793 10.01868 10.565 0.228 0.22
80 028 10781 10.02624 10.544 0.237 0.21
100 032 710781 10.02925 10.502 0.279 0.18
130 036 10769 10.03296 10.457 0.312 0.16
Average 0.20

The charge transfer coefficieht for an irreversible electrode process dam expressed as
follows [32]:

" EpT Eyd =1.857RT/(U oF) Eq.(3-1)

whereE,; is the halfpeak potentialnyis the number of electrons in the control steps the
Faraday constant, arfdis the absolute temperature in K. The average vallpias 0.9 at 313 K.
Furthermore, the plot of the reduction peak curtgnas a function of the scan ratend the square
root of scan ratevt’®) are presentediFig. 3 (c) and (d), respectively. The comparison between the R
square and the standard error of the fitting lines showed that the plgt aé a function of*?
conformed to a linear relationship. This confirms that the electrodeposition of Rdim]TA was
determined by diffusion mechanisms. The relation betvllﬁezmdv”2 for an irreversible process can
be expressed as follows [28,29]:

I5=0. 498 8D & FYR)''? Eq.(3-2)

whereC, is the concentration of Pd(ll) in mah'3, A is the electrode area in ém is the
number of exchanged electroiisjs the diffusion coefficient in cfs *, andv is the scan rate in ¥ *.
By considering thealue ofUngand the slope of the straight line in F8y(d), the value of the diffusion
coefficient D; at 313K was estimated at 5.5810 7 cn? s . The D-values for the remaining
temperatures were between (3@80) x10 ’ cns . This indicates thaincreasim the temperature
gradually increasethe diffusion coefficients of Pd(ll) in [emim]TAs a consequence of both the
gradual decrease in ionic liquid viscosity. Increasing the temperature of the electrolyte caused a
decrease ithe diffusion resistance tiie electroactive substances in the electrolyte

Comparing to our previous report [31], the diffusion coefficients calculatéukeitwo studies
were different at the same temperature. There are two possilidiaesount for the differerid-values
As the only difference between two electrolysis systerthéstype ofanionfrom the ionic liquid
different Pd speciesan form via complexationwith the various anios. Another possibility is the
existence ofPd asa Pdchloro complex however,the resistace from ions ofthe ionic liquid is
different. It should be noted thait Pd was complexed with Clvhen dissolve in theionic liquid, then
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the reduction potential in our two reports would be similar due to the same operation cendition
however the redation potential wasignificantlydifferent[31]. In addition, if Pd was complexed with
CI', three types of Pd species wotdd observed due to the formation tfree different Pathloro
complexes [33, 34]however,only two reduction waves were observedthe presenéd CV curves.
Based on the analysis above! @Glould be replaced b FCOO (TA' ) when dissoling PdC}, into
[emim]TA. Consequentlyit can be concluded that the type of the anion in ionic ligaidinfluence

the kinetic behavior of electroactive substanhe type ofPd(ll) species dissolved in ionic liquidsnd

the reaction mechanism [35].
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Figure 4. Molecular models of [emim]TA (a), (b) and reactipmocessof electrodeposition Pd in
[emim]TA (c).

In addition, two reduction waves were observed in the electrochemical window of [emim]TA.
It was postulatedhat bothwaveswere due to the reduction of Pd(ll) to Pd(8f the stallity of Pd



