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Abstract 

The effect of two leveling additives, thiourea (TU) and coumarin (CM),  

on cobalt electrodeposition process in an ionic liquid (IL), 1-butyl-3-

methylimidazolium bis(trifluoromethanesulfonyl)amide (C4mimTFSA), at the 

gold surface has been analyzed in-situ using electrochemical surface plasmon 

resonance (ESPR), in which the SPR resonance angle (Δθ) has been recorded 

simultaneously with cyclic voltammograms.  The two additives show Δθ 

behaviors different from the additive-free case and from each other.  In the case 

of TU, the positive Δθ shift due to Co cathodic deposition is larger than the 

additive-free case.  Even after the subsequent negative Δθ shift due to Co anodic 

dissolution, Δθ remains positive not returning to the original value.  This 

indicates that the dissolution of gold facilitated by TU roughens the surface of 

the gold electrode.  In contrast, in the case of CM, the positive Δθ shift due to 
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Co cathodic deposition is smaller than the additive-free case.  A model analysis 

using Fresnel reflectivity has revealed that CM actually smooths the surface of 

the Co film even in the initial process of the electrodeposition.  These findings 

illustrate that ESPR can sense in-situ the surface roughness change during 

electrodeposition on the order of Å. 

 

KEYWORDS: Ionic liquid/gold interface; NTf2; leveler 
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1. Introduction 

Ionic liquids (ILs), low-temperature molten salts entirely composed of cations 

and anions, have characteristics such as wide potential window and high stability over a 

wide temperature range.  Due to these characteristics, ILs have been promising materials 

as electrolytes for metal anode secondary batteries [1,2] and metal plating [3,4] where 

metal electrodeposition on the electrode is a critical process.  Electrodeposition in ILs 

has been extensively studied in a wide range of metal elements not only noble metals but 

also base metals by virtue of the wide potential window.   

Co is one of the most important base metals constituting magnetic and 

corrosion-resistant alloys.  The electrodeposition of Co and its alloys in ILs has been 

actively studied [5–14][15–24][25].  The Co electrodeposition in ILs is known to show 

a high activation overpotential.  Katayama et al. suggested that a complex anion of Co2+ 

in ILs (e.g., [Co(TFSA)3]−, where TFSA− is bis(trifluoromethanesulfonyl)amide) 

encounters a large activation barrier when crossing the cation-rich ionic layer on the 

electrode to approach the electrode surface during the cathodic deposition in which the 

electrode potential is negatively charged [20,22].  The activation overpotential 

decreased when leveling additives, acetone (AC) [20] or thiourea (TU) [22], were added.  

The decrease is likely to result from the formation of a complex cation ([Co(AC)4]2+ or 

[Co(TU)4]2+), which can be located in the surface cationic layer on the electrode [20,22].  

The surface of the deposited Co film became smoother, confirmed by ex-situ SEM [22].  

An EQCM study by Tułodziecki et al. [23] and a SEIRAS study by Motobayashi et al. 

[25] studied the Co electrodeposition in ILs with and without TU, and both confirmed 

that the high activation overpotential originates from the slow structural dynamics in the 

surface ionic layers, which is inherent to ILs [26,27].   
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There are various leveling additives other than AC and TU, such as p-

toluenesulfonamide [28], saccharin [29], and coumarin (CM) that reduce the deposition 

overpotential and smooth the deposited film surface.  CM has been used for the 

electrodeposition of Co [22] and Ni [28,30,31].  Regarding the leveling mechanism, CM 

is decomposed and depleted at microscopically concave parts of the electrode surface, 

where metal electrodeposition preferentially occurs [31,32].  CM was found to smooth 

the surface of the electrodeposited film and reduced the activation overpotential in Co 

electrodeposition in ILs [22]. 

For ex-situ analysis of Co and Co-alloy films electrodeposited in ILs, several 

methods have been used such as SEM [6,7,9,11,17,19–21,23,24] (with EDX) and XRD 

[7–9,11,19,21].  In contrast, for in-situ analysis of the electrodeposited Co film surface 

in ILs, only a few methods have been reported such as STM/STS [14,15,18].  In the 

present study, we propose electrochemical surface plasmon resonance (ESPR) as one of 

the in-situ analysis methods for the surface roughness of electrodeposited films.  

Previously we applied ESPR to reveal electrochemical processes at the electrode interface 

of ILs in an in-situ manner and found that ESPR can sensitively detect the change in the 

interfacial structure such as the ionic composition in the electric double layer (EDL) 

[27,33] and the diffusion layer of dissolved redox species [34,35].  In a recent paper, we 

studied the electrodeposition process of Cu using ESPR in an IL, 1-butyl-3-

methylimidazolium bis(trifluoromethanesulfonyl)amide (C4mimTFSA), and found that 

repeated cathodic deposition/anodic dissolution of Cu results in the smoothing of the gold 

electrode surface with a Å resolution [35].  However, it has been unclear whether or not 

this surface smoothing is a ubiquitous phenomenon during metal electrodeposition in 

general.  Moreover, despite its high sensitivity on the surface roughness, ESPR has not 
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been used to explore how leveling additives affect the surface roughness during the 

electrodeposition.  In the present study, we will present ESPR measurements for the 

initial stage of the Co electrodeposition process on the gold electrode in C4mimTFSA, 

focusing on the leveling additive effect on the surface roughness of both the gold electrode 

and electrodeposited Co film.  Our in-situ ESPR analysis, combined with ex-situ AFM, 

and CV and Fresnel reflectivity simulations, revealed that the surface roughnesses during 

the Co electrodeposition process vary depending on the presence/absence of leveling 

additives and also their kinds. 

 

 

2. Experimental 

2-1. Reagent 
Cobalt bis(trifluoromethanesulfonyl)amide (Co(TFSA)2) was obtained by 

adding CoCO3 (Kanto Chemical) to a 70 wt% HTFSA aqueous solution (Central Glass) 

until the solution showed pH≅7 followed by water removal using an evaporator.  

Co(TFSA)2 was dissolved into C4mimTFSA (synthesized [35]) at a concentration of 5 

mM.  TU (Wako) and CM (TCI), which are leveling additives, were dissolved to the Co-

containing IL so that the formal concentrations were 20, 5, and 1.25 mM for TU and 5 

mM for CM.  

 

2-2. Electrochemical Surface Plasmon Resonance 

(ESPR) 
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SPRINGLE (KEI) was used for the ESPR measurements, the details of which 

were described in our previous studies [33,35].  The working electrode was a gold film 

(50 nm thickness, 0.071 cm2 surface area) coated on an SF15 glass substrate, the counter 

electrode was Pt, and the pseudo-reference electrode was a Ag/AgCl wire.  The SPR 

angle shift (Δθ) at 670 nm was recorded simultaneously with multi-scan cyclic 

voltammograms with a scan rate of 50 mV s−1 in Ar atmosphere at room temperature.  

Before each CV scan, the potential was held at the starting potential for 2000 s to 

equilibrate the EDL structure [27,33,36].  The Δθ values were set to Δθ = 0 at the 

beginning of each scan. 

 

2-3. Ex-situ atomic force microscope (AFM) 

observation of gold surface 
The surface of the gold electrode was observed ex-situ (in air) before and after 

the ESPR measurements using an atomic force microscope (SPM-9600, Shimadzu) [35].  

The root mean square of the surface height variation, 𝑅𝑅q, was calculated from the height 

data of AFM images and the surface roughness, 𝑑𝑑0, was estimated using a relation 𝑑𝑑0 =

(1.175 ± 0.285)𝑅𝑅q [37,38]. 

 

2-4. Simulation of resonance angle shift 
The Δθ shift during the electrodeposition was simulated using Fresnel 

reflectivity calculation [35].  The surface roughness “region” on the gold surface was 

modeled as a layer mixed of gold, IL, and Co (Fig.1a).  The Co electrodeposition system 

was entirely modeled as a four-layer structure composed of prism/Au film/mixed layer/IL 
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(Fig. 1a).  The surface roughness change during electrodeposition was incorporated by 

two parameters; the Co film thickness deposited in “valleys” (concave parts) and “peaks” 

(convex parts) on the surface are defined as dv and dp, respectively (Fig. 1b).  The 

refractive index of the mixed layer, 𝑛𝑛mix , was estimated by Bruggeman's effective 

medium approximation, Eq 1.  

 

 

where 𝑛𝑛i is the refractive index, 𝑓𝑓i is the volume fraction, and i is either Au, Co, or IL.  

The values of refractive indices at 670 nm are 𝑛𝑛prism = 1.691, 𝑛𝑛Au = 0.096 +  3.69𝑖𝑖 

[39], 𝑛𝑛Co = 2.26 + 4.31𝑖𝑖 [40,41], and 𝑛𝑛IL =1.427 [35].  By using an approximation 

𝑓𝑓Au + 𝑓𝑓Co + 𝑓𝑓IL = 1, 𝑓𝑓i can be obtained from the area ratio in Fig. 1b as follows 

 

 

Among the six 𝑛𝑛mix solutions of Eq 1, we adopted only one solution in which both the 

real and imaginary parts of the complex are positive.  

The SPR angle was evaluated as a reflectivity minimum in the plots of the 

reflectivity against the angle of incidence at various dv and dp to produce a contour map 

of Δθ depending on them.  The surface roughness of the bare gold surface at 𝑓𝑓Co = 0 

 �𝑓𝑓i
𝑛𝑛i2 − 𝑛𝑛mix2

𝑛𝑛i2 + 2𝑛𝑛mix2i

= 0 (1) 

 𝑓𝑓Au =
1
2

𝑑𝑑mix,0

𝑑𝑑mix,0 + 𝑑𝑑p
  

 𝑓𝑓IL =
1
2
𝑑𝑑mix,0 + 𝑑𝑑p − 𝑑𝑑v
𝑑𝑑mix,0 + 𝑑𝑑p

  

 𝑓𝑓Co =
1
2

𝑑𝑑p + 𝑑𝑑v
𝑑𝑑mix,0 + 𝑑𝑑p
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(𝑑𝑑p = 𝑑𝑑v = 0) was set to 𝑑𝑑mix,0, determined by AFM (see above), and the mixed layer 

thickness 𝑑𝑑mix for 𝑓𝑓Co > 0 was defined as 𝑑𝑑mix = 𝑑𝑑mix,0 + 𝑑𝑑p (Fig. 1b). 

 

 

 

 

3. Results and discussion 

3-1. ESPR without additives 
Fig. 2 shows the CV and ESPR curves during repeated cathodic deposition and 

anodic dissolution of Co.  A pair of current peaks are discernible in the CVs (Fig. 2a);  

the negative current peak at −0.68 V in the forward negative scan corresponds to the 

cathodic deposition of Co, and the positive peak at −0.13 V in the backward positive scan 

to the anodic dissolution of Co.  The peak separation is wide, 0.55 V, indicating that the 

activation overpotential is high as previously reported [5,7,9–

 
Fig. 1. Schematic diagram of the four-layer model during the cobalt deposition. 

Au

IL

Prism

Co

dp

dv

dmix,0

(a) (b)
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11,14,15,17,19,20][21,22,24,25].  ESPR curves (Fig. 2b) show a negative Δθ shift in the 

negative scans from −0.3 to −0.7 V.  This corresponds to the ionic composition change 

in the EDL, from the anion (TFSA−) rich to cation (C4mim+) rich condition when passing 

the potential of zero charge (Epzc), −0.6 V, as previously confirmed at the 

C4mimTFSA/gold interface (see also the red curve in Fig.S2a) [33].  The negative Δθ 

shift reflects a lower local refractive index for the cation rich ionic layer in the EDL than 

for the anion rich counterpart, which was revealed by our recent study combining ESPR 

and molecular dynamics simulation [42].  After the negative shift, Δθ switched to a 

positive shift at potentials where the cathodic deposition occurs (<−0.7 V).  In the 

positive scan, Δθ still shows a positive shift at the deposition potentials and then becomes 

constant before Co anodic dissolution starts at −0.2 V.  During the anodic dissolution 

occurs at around −0.1 V, Δθ negatively shifts.  After that, Δθ gradually shifts positively 

caused by slow relaxation of the EDL structure (Fig.S2a), which is prominent not in the 

negative scan but in the positive scan [33].  This behavior of ESPR curves as well as 

CVs do not change much with repeated 8 potential scans.  The positive Δθ shift 

originating from Co cathodic deposition (ΔΔθdep) was +140 mdeg (−20−(−160)), 

independent of the scan.  This scan independence of ΔΔθdep is in stark contrast to the 

previous Cu electrodeposition case, where ΔΔθdep for Cu electrodeposition decreased as 

the scan was repeated [35].  This was attributed to the slow alloying of Cu with Au at 

room temperature with an atomistic layer on the gold surface, which induces smoothing 

of the gold surface.  Since Co does not form an alloy with Au [43], it is reasonable that 

we observed no ΔΔθdep change during repeated Co electrodeposition in the present study, 

which suggests that the surface roughness did not change. In fact, ex-situ AFM 
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observation of the gold surface before and after ESPR measurements showed that the 

roughness of the gold surface did not change (see below). 

In order to analyze the ESPR results quantitatively, CV simulations were 

performed.  The details of the simulation are described in Supporting Information.  Fig. 

S1 shows the CV obtained from the simulation (Fig. S1a) and the surface concentrations 

of Co2+, 𝑐𝑐Co2+
s , and Co, 𝛤𝛤Co, on the electrode (Fig. S1b).  Since Δθ approximately has a 

linear relationship with 𝑐𝑐Co2+
s  and 𝛤𝛤Co  (Eq S12), these surface concentration curves 

were used to fit the ESPR curves, as shown in Fig. S2.  Fig. S2a shows how qualitatively 

the ESPR curve (black, 1st cycle shown in Fig. 1b) can be explained by the EDL 

contribution from the ESPR curve without Co (red) [33] that is superimposed on Co film 

Fig. 2. (a) CVs and (b) ESPR curves at the Au electrode in C4mimTFSA with 5 mM 
Co(TFSA)2. Scan rate: 50 mV/s; Start and finish potentials: 0.025 V; First and second 
reverse potentials: −1.25 V and 0.25 V, respectively. 
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contribution from the simulated 𝛤𝛤Co (blue).  The positive and negative shifts of Δθ with 

Co deposition and dissolution in the ESPR curve (black in Fig. S2a) detect the increase 

and decrease of Co surface concentration at the electrode surface.  The ESPR curve 

without Co2+ shows a sigmoidal shape, which is attributed to the ionic replacement in the 

EDL on the gold electrode [33], between the TFSA−-rich condition at E>Epzc and the 

C4mim+-rich one at E<Epzc.  Similarly, for the ESPR curve in the presence of Co2+, the 

Δθ negative shift in the negative scan and the Δθ positive shift in the positive scan is 

likely to result from the similar ionic composition change in the EDL, because the Co2+ 

concentration is three orders of magnitude lower than that of C4mim+.  The fitting of the 

EDL and 𝛤𝛤Co curves to the ESPR curve went well for the forward negative scan, as 

shown in Fig. S2b.  The fitting failed in the reverse positive scan, attributed to several 

reasons such as the Epzc shift due to Co deposition on Au, the slow relaxation of the EDL 

that is prominent only in the positive scan [33], and the failure of the linearity assumption 

between Δθ and 𝛤𝛤Co due to the surface roughness change during the Co deposition, the 

last of which was actually found to occur by the analysis described below. 
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3-2. ESPR in the presence of TU 
Fig. 3 shows the ESPR results for the IL containing 5 mM Co2+ and 5 mM TU. 

In the CV (Fig. 3a), a peak pair was observed as in Fig. 2a, however, the peak separation 

was relatively narrow and the cathodic current peak was broad.  The Co deposition 

peak was shifted to the positive potential side compared to the case without TU (Fig. 2a).  

These are the signs of deposition overpotential lowering by the addition of TU, as 

previously reported [26].  The anodic peak due to Co dissolution was not observed in 

the first cycle, but became visible with increasing scan cycles.  Elemental analysis of 

the gold surface after ESPR measurement by XPS (Fig. S3) revealed the existence of Co, 

suggesting that the dissolution of Co was inhibited by the addition of TU.  In the ESPR 

Fig. 3. (a) CVs and (b) ESPR curves at the Au electrode in C4mimTFSA with 5 mM 
Co(TFSA)2 and 5 mM TU. Scan rate: 50 mV/s; Start and finish potentials: 0.025 V; First 
and second reverse potentials: −1.25 V and 0.25 V, respectively. 
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(Fig. 3b), positive and negative Δθ shifts were observed due to Co deposition and 

dissolution, respectively, with a minor contribution of EDL structure change.  The 

ΔΔθdep due to Co deposition increased with repeated scans.  The ΔΔθdep values are 

larger than those in the case without TU whereas the amount of Co deposition, estimated 

from the oxidation peak area, is apparently lower.  This contradiction at a glance, 

however, can be explained by the significant contribution of the surface roughness in the 

positive Δθ shift.  Ex-situ AFM observation of the gold surface after ESPR 

measurement actually confirmed that the surface roughness indeed increased (see below).   

 

 

Fig. 4. (a) CVs and (b) ESPR curves at the Au electrode in C4mimTFSA with 5 mM 
Co(TFSA)2 and TU. The red, green, yellow, and blue lines show the results at TU 
concentrations of 0, 1.25, 5, and 20 mM, respectively. Scan rate: 50 mV/s; Start and 
finish potentials: 0.025 V; First and second reverse potentials: −1.25 V and 0.25 V, 
respectively. 
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The results at several concentrations of TU are shown in Fig. 4.  Each curve 

is at the first scan cycle of the measurement among 8 cycles of the potential scan.  Even 

at a low concentration of 1.25 mM, the addition of TU lowered the overpotential of the 

electrodeposition.  At higher TU concentrations, the amount of Co deposition was 

smaller, but the ΔΔθdep was larger.  This is due to the large surface roughness of the Co 

electrodeposited film caused by the addition of TU.  It is known that the addition of TU 

promotes the dissolution of gold [44], and the surface roughness of the Co film will be 

affected by the surface roughening of the underlying gold.  No anodic dissolution of Co 

was observed at the TU preparation concentrations of 20 and 5 mM, and no negative Δθ 

shift due to Co dissolution was observed in the ESPR curve.  At 5 mM, the anodic 

dissolution peak (Fig. 3a) and Δθ negative shift (Fig. 3b) were gradually observed after 

repeated cycles.  When the TU concentration was 1.25 mM, the CV and ESPR curves 

showed a response due to the anodic dissolution of Co, although the response was smaller 

than that without TU.  The anodic dissolution of Co is likely to be inhibited by TU, 

because the anodic dissolution peak became visible only when the TU concentration was 

low.  
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3-3. ESPR in the presence of CM 
 

 

The results for CM, another leveling additive, are shown in Fig. 5.  The CVs 

(Fig. 5a) show a pair of current peaks as in the above cases, corresponding to the cathodic 

deposition and anodic dissolution of Co.  On the other hand, in the ESPR curve (Fig. 

5b), the ΔΔθdep associated with Co deposition was smaller: 100 mdeg at the 1st cycle and 

50 mdeg at the subsequent cycles compared with 140 mdeg without additives (Fig. 2b), 

suggesting that the Co film surface was smoothed by CM.  This is in contrast to the large 

ΔΔθdep observed when TU was added (see above).  During the anodic dissolution of Co, 

Δθ was positively shifted, which is opposite to the behaviors without additives (Fig. 2b) 

Fig. 5. (a) CVs and (b) ESPR curves at the Au electrode in C4mimTFSA with 5 mM 
Co(TFSA)2 and 5 mM CM. Scan rate: 50 mV/s; Start and finish potentials: 0.025 V; 
First and second reverse potentials: −1.25 V and 0.25 V, respectively. 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



- 16 - 
 

and with TU (Fig. 3b).  This suggests an increase in the surface roughness of the Co film 

during the dissolution process.  Fig.S2c shows the fitting result of CV simulation (Fig. 

S1c,d) to the experimental ESPR curve as is the case without additives.  Among the 

parameters a and b in Eq S12, the former is from the diffusion layer of Co2+ and the 

parameter a should be the same for the cases with and without CM. Therefore, the 

parameter a was constrained to be the same regardless of the presence and absence of CM.  

The latter parameter, b, comes from the contributions from the deposited metal film and 

surface roughness change, which cannot be separated because it is the metal film itself to 

change the surface roughness.  However, we can evaluate the parameter b as a measure 

of how the surface roughness changes during the metal deposition.  An increase 

(decrease) in the surface roughness in the deposition process will result in a larger 

(smaller) b value.  The best fit parameters are: 𝑎𝑎 = 9 mdeg (mol m−3⁄ )  and 𝑏𝑏 =

23 mdeg (10−5 mol m−2⁄ )  in the presence of CM whereas 𝑏𝑏 =

42 mdeg (10−5 mol m−2⁄ ) in the absence of CM.  The smaller b value when CM is 

added is likely due to the smoother surface of the electrodeposited Co film, indicating 

that CM actually works as a leveler even in the initial process of the Co electrodeposition. 
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3-4. Ex-situ AFM observation of gold surface 

  

(a) 

(c) (d) 

(b) 

Fig. 6.  Ex-situ AFM images of the gold surface (a) before and (b-d) after ESPR 
measurements in C4mimTFSA with 5 mM Co(TFSA)2; (b) without additives, (c) with 5 mM 
TU, and (d) with 5 mM CM. 
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Table 1. Ex-situ AFM results. 

  Rq 

(nm) 
dmix,0 a) 

(nm) 
Before ESPR  0.9 1.1±0.3 

After ESPR 
without additives 1.1 1.3±0.3 
with TU (5 mM) 5.2 6.1±1.5 
with CM (5 mM) 1.1 1.3±0.3 

a)
 Estimated using the relation 𝑑𝑑mix,0 = (1.175 ± 0.285)𝑅𝑅q [40,41]. 

 

The AFM images of the gold surface before and after ESPR measurements are 

shown in Fig. 6.  The root-mean-square roughness (Rq) and the calculated roughness 

layer thickness (dmix,0) for all the images in Fig. 6 are listed in Table 1.  Fig. 6a shows 

the image before ESPR measurement.  Gold grains with a lateral size of several tens nm 

and with a flat top were observed.  Fig. 6b shows the surface after ESPR measurement 

with the IL without additives (Fig. 2).  The gold grains became finer but the Rq evaluated 

from the image was almost unchanged before and after the ESPR measurement.  This is 

consistent with the ESPR results (Fig. 2b), which show no cycle dependence of ΔΔθdep.  

Fig. 6c shows the surface after the ESPR measurement with CTU = 5 mM (Fig. 3).  The 

shape of the gold grains is hardly visible and the surface roughness apparently increased, 

which is actually evaluated as a greater Rq value (Table 1).  This surface roughness 

increase is consistent with the anomalous Δθ positive shift in the ESPR curves (Fig. 3b).  

Fig. 6d shows the surface after the ESPR measurement with CCM = 5 mM (Fig. 5), where 

gold grains can be seen with fine particles on them.  The Rq value indicates that the 

roughness of the gold surface did not change (Table 1).  Therefore, the reason why 

ΔΔθdep is smaller when CM is added is probably that the surface roughness of the 

electrodeposited film becomes smaller, not because of the gold surface.  The surface 
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morphology change observed in Fig. 6b,d may be due to the miniaturization of gold 

particles facilitated by Co deposition/dissolution processes.  Previous in-situ STM 

studies on the Co electrodeposition in ILs on the Au(111) surface revealed that the anodic 

dissolution of deposited Co accompanies pit formation at the Au(111) surface [14,15,18].  

This atomic-scale “roughening” will occur even at the polycrystalline gold surface.  In 

the present study, the 8 cycles of the Co deposition/dissolution processes are likely to 

make such a change in the surface morphology accumulated and visualized in the ex-situ 

AFM images (Fig. 6b,d) laterally, although the surface roughness change in the vertical 

direction evaluated as Rq is still marginal (Table 1).  Regarding the possibility of residual 

Co, the current efficiency of anodic dissolution was evaluated by integrating the CV, 

based on an assumption that the cathodic and anodic currents were due entirely to Co 

deposition and dissolution, respectively.  In the no-additive condition (Fig. 2a), the 

current efficiency was 77 %, which corresponds to the thickness of Co remaining on the 

gold surface being 0.2 nm on average.  For the CM addition case (Fig. 5a), the current 

efficiency was 65 % and the average thickness of the remaining Co was 0.4 nm.  The 

current efficiency decreased probably because of the reductive decomposition of CM, 

which is the leveling mechanism. 
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3-5. Fresnel reflectivity simulation 

The ΔΔθdep during Co deposition depends on whether CM was present or not (Fig. 2b, 

5b), whereas the surface roughness of the gold substrate after the ESPR measurements 

did not change (Fig. 6, Table 1).  This is attributable to the difference in surface 

roughness of the deposited film, not that of the gold substrate.  In order to investigate 

the dependence of ΔΔθdep on the two surface roughnesses, Fresnel reflectivity simulations 

 
Fig. 7. Contour map for the Δθ shift against the cobalt deposition (ΔΔθdep = 0 at (dp, 
dv) = (0, 0)).  The solid square and circle represent the surface conditions of the Co 
film formed with and without CM, respectively.  The orange fan-shaped arrow 
regions show possible directions to which the anodic dissolution of the Co film 
proceeds, which is determined by positive and negative Δθ shift with and without CM, 
respectively, and a constraint of negative directions along both the dp and dv axes for 
the anodic dissolution.  
 
 

SPR angle
mdeg.

+2
00

+4
00

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



- 21 - 
 

were performed.  Fig. 7 shows the Δθ shift depending on two variables, dp and dv (see 

Fig.1b for their definitions).  The relationship dp > dv (dp < dv) corresponds to the 

roughened (smoothed) Co film surface compared with the gold substrate.  The two 

variables for the Co film were evaluated as follows.  The average thickness of deposited 

Co film, 𝑑𝑑Co, has a relationship with the two variables, as shown in Fig. 1:  

 

 𝑑𝑑Co =
𝑑𝑑p + 𝑑𝑑v

2
 (4) 

 

𝑑𝑑Co was estimated using the following equation 

 

 𝑑𝑑Co =
𝑞𝑞𝑚𝑚Co

2𝐹𝐹𝐹𝐹𝐹𝐹
 (3) 

 

where 𝑚𝑚Co is the molar mass of Co (58.9 g mol-1), 𝐹𝐹 is the Co density (8.90 g cm-3), 𝐹𝐹 

is the electrode surface (0.071 cm2), 𝐹𝐹 is the Faraday constant, and q is the charge by 

integrating the current peak of Co anodic dissolution. 𝑑𝑑Co was evaluated to be 0.51 nm 

without CM and 0.41 nm with CM.  To find the points in the contour map in Fig.7 that 

represent the surface roughness condition of the Co film, the 𝑑𝑑Co  values and the 

relationship between 𝑑𝑑p and 𝑑𝑑v in Eq 4 were combined with 𝑏𝑏𝛤𝛤Co,max, which is the 

contribution of the Co film to Δθ. Here the 𝑏𝑏  values are 42  and 

23 mdeg (10−5 mol m−2⁄ ) from the fitting (Fig.S2b,c) and the 𝛤𝛤Co,max values are 7.1 

and 6.3 (10−5 mol m−2) from the CV simulations (Fig.S1b,d) without and with CM, 

respectively.  The found points are: (dp, dv) = (0.66, 0.36) [nm] without CM, and (dp, dv) 

= (0.44, 0.38) [nm] with CM (Fig.7).  Both have the relation dp > dv, indicating that the 
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surface roughness of the deposited film increases, compared to the gold surface condition 

before the deposition, i.e., the surface roughness of the gold electrode.  However, the 

extent to roughen the surface is lower with the CM case.  The extent may be quantified 

as a normalized quantity, (𝑑𝑑p − 𝑑𝑑v)/(𝑑𝑑p + 𝑑𝑑v), which is in the range between -1 and 1 

with a more positive value corresponding to a more roughened surface.  The values are 

0.30 and 0.07 without and with CM, respectively, which quantitatively confirms that CM 

works as a leveler.  This illustrates that the smoothing of the electrodeposition film by 

the addition of CM can be detected even in the very beginning stage of electrodeposition 

in-situ by ESPR with high sensitivity.   

In the anodic dissolution of Co, 𝑑𝑑p + 𝑑𝑑v  should decrease, however, the Δθ 

trend was different in the presence and absence of CM; Δθ shifted negatively without CM 

but positively with CM.  This indicates that, during Co anodic dissolution, the surface 

condition location in the contour map proceeds in the direction of decreasing 𝑑𝑑p − 𝑑𝑑v 

without CM and increasing 𝑑𝑑p − 𝑑𝑑v with CM (orange fan-shaped arrow regions in Fig. 

7).  In other words, the Co film was anodically dissolved in the direction of decreasing 

the surface roughness of the film without additives, while in the direction of increasing 

the surface roughness when CM was added.  

 

4. Conclusions 
ESPR measurements in the initial process of the Co electrodeposition showed 

that Co deposition, EDL composition change, and surface roughness change can be 

simultaneously detected.  In the case without additives, the roughness of the gold surface 

did not change due to repeated Co deposition and dissolution, in stark contrast to the Cu 

deposition case [35].   
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In the presence of leveling additives, the situation significantly changed.  

When TU was added, ΔΔθdep increased with each cycle during Co deposition, due to the 

roughening of the gold surface by TU assisted gold dissolution.  On the other hand, when 

CM was added, the ΔΔθdep during the Co deposition became smaller than the non-additive 

case, due to the fact that the surface roughness of the Co deposited film was smaller and 

CM contributed to smooth the electrodeposited film.  The Fresnel reflection simulation 

suggested that a positive shift of Δθ during the Co dissolution process in the presence of 

CM was attributed to the increase in the surface roughness of the electrodeposited film, a 

process opposite to the smoothing during the deposition. 
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