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Abstract
A methodology for electrochemical preparation of nickel layers intended to be used as targets for charged particle accelerators 
is proposed. The goal is to deposit the majority of metal dissolved in the electrolytic bath during a reasonable time (no longer 
than several hours) providing an acceptable quality of the deposits in terms of purity, surface roughness, compact and crack-
free structure and mechanical stability. The electrodeposition is carried out from novel aqueous baths prepared by dissolution 
of a metal powder in a  HNO3-free solution due to the limited availability of isotopically enriched nickel concentration of the 
metal in the bath is low or moderate. This factor combined with the requirement of deposition of all dissolved metal makes 
serious differences between the target deposition and regular industrial plating. The impact of the electrolytic bath pH and 
the plating current density is analysed in order to optimise deposition parameters. The pH was varied from 3.8 to 5.3 while 
the applied current density ranged from 30 to 240 mA  cm−2. Progress in the deposition process was analysed using in situ 
UV–vis spectroscopy while a scanning electron microscope was applied to study the morphology of the deposits. Optimal 
electroplating conditions, which allow relatively fast deposition (up to ca. 7.2 h) of good quality metallic deposits containing 
most of the metal present in the bath (≥ 95%), are suggested.
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Introduction

Electrochemically deposited nickel layers are frequently 
used as targets for the production of radioisotopes in accel-
erators [1–11]. Nuclear reactions of nickel nuclei with high 
energy charged projectiles, such as protons, deuterons or 
alpha particles, produce several copper and cobalt radioiso-
topes which found medical applications [12–15]. Generation 
of these radioisotopes usually relies on nuclear reactions 
of nickel isotopes of low natural abundance [15]. A high 
yield of such reactions is achieved when the target is highly 
enriched with a respective isotope.

There are several important factors that differ between 
electrochemical deposition of the accelerator targets and typi-
cal industrial plating used for the preparation of, e.g. protec-
tive layers. Firstly, nickel enriched isotopically is often very 
expensive, and usually, a limited amount of the metal is avail-
able for the preparation of the electrolytic bath. As a result, 
such prepared baths typically contain a moderate or small 
concentration of nickel cations (not higher than ca. 0.5 M) 
and/or the deposition is carried out from a small volume of 
the electrolyte, e.g. few millilitres [1, 6, 7, 15]. This is in 
contrast to typical industrial electroplating when the metal 
concentration in the bath is usually maintained at a level of 
moles per litre [16]. Furthermore, effective electrodeposi-
tion from such diluted baths requires the application of high 
current density. This entails the application of overpotentials 
located well within the hydrogen evolution region, a factor 
that is usually avoided in classical nickel electroplating.

Another important difference between industrial nickel 
electroplating and electrodeposition of the targets lies in the 
fact that the latter is carried out until the majority of the 
metal dissolved in the bath is deposited. This is in contrast to 

 * M. Próchniak 
 mmieszkowska@chem.uw.edu.pl

 * M. Grdeń 
 mgrden@chem.uw.edu.pl

1 Faculty of Chemistry, University of Warsaw, Pasteura 1, 
02-093 Warsaw, Poland

2 Biological and Chemical Research Centre, University 
of Warsaw, Żwirki i Wigury 101, 02-089 Warsaw, Poland

/ Published online: 16 June 2022

Journal of Solid State Electrochemistry (2022) 26:1761–1774

http://orcid.org/0000-0002-2326-5242
http://orcid.org/0000-0002-5208-5822
http://crossmark.crossref.org/dialog/?doi=10.1007/s10008-022-05194-y&domain=pdf


1 3

the classical industrial nickel electrodeposition which does 
not require deposition of all the metal dissolved in the bath. 
The amount of the nickel dissolved in the bath used for the 
target deposition is calculated in such a way that the deposi-
tion of all or almost all (e.g. > 95%) metal generates a target 
layer with the required thickness [1]. In contrast to typi-
cal approaches to the recovery of metals from electrolytes 
[17–19], the form of the deposited metal plays an important 
role here and the deposits in the form of powder or flakes 
are not accepted. Furthermore, high area 3D porous cath-
odes, such as foams [18–20], often used for effective metal 
recovery cannot be applied here and only flat and non-porous 
substrates are considered.

Deposition of the accelerator targets encounters addi-
tional difficulties related to the bath preparation. In con-
trast to the industrial electrolytes prepared by dissolution of 
nickel salts, the baths used for electrodeposition of the tar-
gets are very often prepared by dissolution of a metal pow-
der. The latter is a common form of isotopically enriched 
nickel available on the market. Consequently, the selection 
of the method of the powder dissolution has a strong impact 
on the complexity of the bath preparation procedure. Thus, 
the solution resulting from the metal dissolution in concen-
trated  HNO3 contains the excess acid and the nitrates which 
may strongly affect the electrodeposition [21]. Therefore, 
these species are often removed from such prepared liquid 
by means of additional procedures, such as evaporation, pre-
cipitation and subsequent dissolution [2–5, 15, 22]. This, 
however, extends the bath preparation time and makes the 
procedure more complex.

In our previous paper [23], we reported a novel method of 
preparation of aqueous electrolytic baths which are intended 
for use for the deposition of the nickel targets for charged 
particle accelerators. The bath preparation method relies on 
the dissolution of the metal powder in a  HNO3-free solvent 
containing  H2SO4 and  H2O2. This is a simple and fast proce-
dure and, in contrast to most of typically applied approaches  
[e.g. 3,4,5,9,10], does not require additional steps aimed at  
removal of the nitrates and the excess acid. The solution 
obtained from the metal dissolution is ready for further pro-
cessing, i.e. dilution with water and the pH setting. The overall  
bath preparation procedure is therefore fast and simple and 
does not require sophisticated systems. Preliminary results  
show that these baths allow deposition of whole or almost 
whole (> 95%) amount of dissolved nickel within a reason-
able time varying from ca. 3.5 to ca. 7 h, depending on the 
bath pH. This manuscript reports the results of extended 
studies aimed at optimisation of conditions of Ni deposi-
tion from the baths described in [23]. The novelty of the 
work includes analysis of the plating current density and the 
bath pH influence on complete Ni electrodeposition from 
the aforementioned newly developed electrolyte baths under 
conditions of limited electrolyte volume. Such analysis is  

performed for the first time and, to the best of the authors’ 
knowledge, there are no previously published works focusing 
on complete nickel electrodeposition from sulphate-acetate 
baths prepared by dissolution of metal nickel powder [19].

Experimental

The baths’ preparation method was described in detail in 
[23]. Briefly, 50 ± 1 mg of metal Ni powder (Sigma Aldrich, 
99.99%, particle size < 150 μm) was dissolved at room tem-
perature (298 ± 1 K) in a chemical reaction in a mixture 
containing 0.5 ml of 3 M  H2SO4 and 0.1 ml of 30%  H2O2. 
The solution thus obtained was diluted with distilled water 
to a total volume of 2.0–2.1 ml. In our previous paper, we 
reported that neutralisation of such prepared solution with 
hydroxides or ammonia leads to the formation of a nickel 
precipitate, probably a double salt composed of Ni(OH)2 
and  NiSO4 which is reported to be hardly soluble in acids 
[24]. The other possibility includes the formation of a nickel 
kaliochalcite, an analogue to natrochalcite [25], although 
this compound is expected to exhibit higher solubility in 
mineral acids as compared to the Ni(OH)2-NiSO4 double 
salt [26]. The precipitate is dissolved using ammonia only 
at a sufficiently high pH (above 7). Therefore, the pH of the 
slightly acidic electrolyte was set up by adding a respective 
amount of  CH3COONa·3H2O.

The final concentration of  Ni2+ in the bath was equal to 
0.41 ± 0.01 M. Deposition of the whole of the dissolved 
metal provides layers with the thickness of ca. 112–121 μm 
per 0.5  cm2 of the geometric surface area of the electrode. 
The total concentration of sulphates and bisulphates in the 
bath was equal to 0.71 ± 0.03 M while the total content 
of all forms of acetates was varied from 0.82 to 3.69 M 
(pH from 3.8 to 5.3). In order to meet the requirements of 
high purity of the medical targets, the bath content should 
be limited to the necessary components only. Additives, 
such as surfactants or levellers, which may contaminate 
the deposit [27], should be avoided.  H3BO3, which role in 
nickel electroplating is widely discussed in the literature 
[28–31] and which does not contaminate the deposit [1], is 
the only additive frequently added to the electrolytic baths 
in question. Its concentration was set up at 0.31 ± 0.01 M. 
The as-prepared bath contains also  H2O2 which was not 
consumed during the metal powder reduction (concentra-
tion of ca. 70 mM) [23]. It is expected, however, that  H2O2 
is easily decomposed electrochemically during the plat-
ing process. The baths were prepared using water puri-
fied in a Millipore system (18.2 MΩ cm) and analytical 
grade purity chemicals (Avantor, B&K). The electroly-
sis was carried out under conditions of continuous gas 
evolution on both the cathode  (H2) and the anode  (O2) 
and no attempt was made to remove these gases from the 
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bath. The oxygen concentration is therefore expected to be 
higher than that in equilibrium with air [32] but is limited 
by the high ionic strength of the bath [33]. It was reported 
that the presence of oxygen in the electrolyte bath has no 
significant impact on nickel deposits plated at potentials 
of excessive hydrogen evolution [34].

The deposition was carried out at room temperature 
(298 ± 1 K) in a galvanostatic mode with a current density 
varying from 30 to 240 mA  cm−2 (in respect to the geo-
metric area of the cathode). A two-electrode system was 
applied. Polycrystalline gold (99.9%, Mint of Poland) was 
used as a substrate for the deposition while Pt wire (99.99%, 
Mint of Poland) acted as a counter electrode [15]. A poly-
styrene cuvette acted as an electrode cell. The geometry of 
the system was optimised for UV–vis measurements (details 
in Sect. S1 in Supplementary material), and under applied 
conditions, the analysis mirrors averaged bulk  Ni2+ con-
tent in the cuvette. Although such determined concentra-
tion differs from that near the electrode surface, the UV–vis 
results properly mirror the rate of  Ni2+ removal from the 
bath. Advanced facilities used for the production of medical 
radioisotopes utilise the electrode cell incorporated into a 
highly specialised shuttle which fits a specified irradiation 
facility [e.g. 9,35]. Therefore, the final geometry of the plat-
ing system must be optimised for a given accelerator. In 
order to simplify the system and to reduce disturbances in 
spectrophotometric measurements, the measurements were 
carried out in unstirred electrolyte, as it is frequently done 
in the medical targets electrodeposition. The plating effi-
ciency and rate can be improved by moving the electrolyte 
through stirring or by application of a flow-through cell 
[18, 35]. Such an experimental setup must be optimised for 
a given geometry of the cell. It is worth to mention that the 
release of bubbles of gases evolved at the electrodes may 
affect the transport of the electroactive species by means of 
convection [36] but this effect is less efficient than mechani-
cal stirring. The overall procedure is designed for applica-
tion in a microscale only and involves electrolyte volume 
and nickel mass typical for deposition of targets for medical 
accelerators. It is economically unprofitable when scaled 
up to industrial systems demanding the processing of high 
amounts of nickel.

A Rohde&Schwarz HMP2020 programmable power 
supply and a CHI Instruments CHI660D electrochemi-
cal analyser were used for the deposition. UV–vis spectra 
were recorded using a Shimadzu UV-1800 spectrometer. 
All absorbance values are background corrected. ED-XRF 
analysis was carried out with a Shimadzu 800HS2 sys-
tem using a 50-kV exciting X-ray beam. Scanning elec-
tron microscopy (SEM) images were acquired using a LEO 
435 VP system. pH measurements were carried out using 
a Schott Lab870 pH-meter and a SI Analytics BlueLine 
electrode.

Results and discussion

Influence of the initial bath pH

Speciation of  Ni2+ present in the baths

It has been shown in our previous paper that the quality 
of the nickel layers deposited from the weakly acidic baths 
is considerably better as compared to the plating from the 
alkaline electrolytes [23]. Therefore, we focused our cur-
rent studies on the baths with initial bulk pH values from 
3.8 to 5.3. It is important to note that the nickel electro-
deposition is accompanied by significant changes in the bulk 
pH of the bath. Thus, when the initial bath pH is in the 
range of 4.3–4.8 the final value of this parameter drops to a 
level as low as 1.8–2.3 (deposition of ≥ 95% of the metal at 
60 mA  cm−2). This is in agreement with the results reported 
by other authors [1, 2]. An opposite effect is observed for 
the initial bath pH as high as 5.3. Under such conditions, the 
final pH value is as high as 7.7–8.2.

It important to stress that the measured bath acidity repre-
sents a value averaged for the whole electrolyte volume and 
differs from the pH value near the electrode surface during 
the deposition process [28, 37–40]. These local pH changes 
are caused by hydrogen evolution reaction, HER, which 
takes place on the cathode simultaneously with the nickel 
deposition, and by oxygen evolution, OER, taking place on 
the anode [18, 37, 38, 40]. The former reaction leads to an 
increase in the pH near the cathode while the latter results in 
an opposite effect near the anode surface. Other processes, 
such as  H2O2 and  O2 reduction, seem to be less important 
here (see, [23] and further sections of the text). The local pH 
changes are reduced in the presence of  H3BO3 but they are 
not completely suppressed [37, 40].

A contribution from the nickel reduction to the cathodic 
reactions leads to a reduction in the electric charge consumed 
by the HER. The latter becomes smaller than the one related 
to the OER and the pH decrease due to the OER is not coun-
terbalanced by the acidity decrease caused by the HER. As  
a result, a net decrease in the pH is observed for the baths with  
the initial bulk pH < 5.3. The net acidity decrease observed 
for the bath with the initial bulk pH of 5.3 will be discussed 
further in the text. We did not apply additional procedures 
aimed to restore the pH value during the deposition, [7].

Figure 1 shows UV–vis spectra recorded for the elec-
trolyte baths with initial pH from 3.8 to 5.3. For compari-
son, the figure also includes spectra for an acetate-free 
bath (pH of 0.7) and for a bath with a low acetate content 
(113.6 mg of  CH3COONa·3H2O and pH of 1.5). The two 
latter electrolytes were prepared in the same manner as 
the other baths studied in this work. An analysis of the 
spectra shows that Ni signals at 395 and 660–720 nm are 
not affected by the bath pH.
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The bath pH affects the chemistry of  Ni2+ and, presum-
ably also  Ni+, which is postulated as an unstable interme-
diate in the electrochemical reduction of divalent nickel 
cations [41–43]. It is important to stress that the electrolyte 
acidity is directly related to the acetate concentration in 
the electrolyte. These two factors act simultaneously and 
their influence on  Ni2+ chemistry cannot be completely 
separated. Therefore, we report nickel speciation diagrams 
constructed for a given concentration of the acetates and 
for a wide range of the bath pH values. Such an approach 
allows tracking changes in  Ni2+ chemistry when the elec-
trolyte pH is altered during the electrodeposition.

Table S1 (supplementary material) collects the most 
important equilibria which involve chemical species pre-
sent in the aqueous bath:  Ni2+,  H2SO4,  CH3COONa and 
 H3BO3. Due to the lack of data for complexes of the mono-
valent nickel cations, the analysis focuses on the divalent 
nickel only. The speciation diagrams were constructed 
using Medusa software [44, 45] on the basis of datasets 
collected in Table S1 and are shown in Figs. 2 and S3−S6 
in Supplementary materials. The calculations were made 
for a typical electrolytic bath studied in this work con-
taining  Ni2+ (0.41 M),  H2SO4 (0.71 M),  H3BO3 (0.31 M) 
and  CH3COONa. The concentration of the latter varied 
from 0.82 to 3.69 M which corresponds to the pH range 
from 3.8 to 5.3 (averaged pH of 4.6 and concentration of 
1.38 M). The molar strength of 1.9–3.7 was calculated on 
the basis of concentrations of ionic species formed by the 
dissolution of the respective chemical compounds.

An analysis of Figs. 2 and S3–S6 shows that the ana-
lysed baths contain soluble  Ni2+ complexes:  [NiSO4], 
[Ni(SO4)2]2−, [Ni(CH3COO)]+ and [Ni(CH3COO)2]. The 
existence of these species was confirmed experimentally in 
[46–53]. Unfortunately, UV–vis data do not allow unam-
biguous distinction between complexes of  Ni2+ with acetates 

and sulphates, as follows from a comparison of the spectra 
recorded in respective solutions [54–56]. When the bath pH 
is lower than ca. 6.5, the concentration of the acetate com-
plexes of  Ni2+ increases with a decrease in the electrolyte 
acidity. This is caused by pH-dependent dissociation of the 
acetic acid (Fig. S2) and is analogous to the effects observed 
for other weak organic acids [e.g. 57,58]. Because the initial 
bath pH is set up using the  CH3COONa, this effect corre-
sponds to boosting the nickel complexation by the acetates 
when the concentration of the latter is raised [59]. This sce-
nario changes when the initial pH is reduced to the value 
of 3.8. Under such conditions, the  Ni2+ ions are complexed 
mainly by the sulphates and this effect is caused by both 
low pH value and low concentration of the acetates used 
for pH setting.

pH influence on plating time, faradaic efficiency and the deposit 
quality

The studies on the initial bath pH influence on the nickel 
electrodeposition were carried out for plating current den-
sity of 60 mA  cm−2. The progress in the deposition process 
was tracked using in situ UV–vis detection of  Ni2+ ions 
remaining in the bath. In contrast to other approaches, such 
as visual analysis of the bath colour [7, 9, 60] or by appli-
cation of dedicated chemical tests [2], this methodology 
allows for determining the deposition endpoint without 
termination of the process. The absorbance was measured 
at ca. 395 nm [54–56]. In the course of the plating process, 
the intensity of the  Ni2+ signals decreases with the deposi-
tion time without changes in the peak positions.

Fig. 1  UV–vis spectra recorded for the baths with various pH values 
indicated on the plot. The spectra are shifted along the horizontal axis 
for better readability

Fig. 2  Distribution diagram for  Ni2+ constructed for reactions and 
equilibrium constants listed in Table S1 (dataset no. 3) in Supplemen-
tary Materials. The electrolyte contains 0.41 M  Ni2+, 0.71 M  H2SO4, 
0.31 M  H3BO3 and 1.38 M  CH3COONa. The sodium acetate concen-
tration is the one averaged over the range analysed in this work.  Ni2+ 
corresponds to hydrated nickel cations which do not form complexes 
with other than  H2O species bonded in a complex. Vertical broken lines 
correspond to the range of the initial pH values analysed in this work
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The fraction of the nickel remaining in the bath,  Nibath, 
at a time t counted from the start of the deposition was 
calculated using Eq. (1) [23]:

where A0 and A(t) stand for the absorbance before (time = 0) 
and during the deposition (time = t), respectively. When the 
nickel dissolved in the bath is to be deposited completely, 
the amount of the deposit can be conveniently expressed as 
a percentage of the metal currently removed from the bath, 
 Nidep, defined by Eq. (2):

The plots depicting changes in  Nibath are shown in Fig. 3. 
They allow estimating the plating time required for the depo-
sition of a certain mass of the metal. These values are col-
lected in Table 1. An analysis of data presented in Fig. 3 and 
Table 1 clearly shows that the plating rate increases with the 
initial bath pH increase when the latter is lower than 5.3. The 

(1)Ni
bath(t) =

A(t)

A
0

⋅ 100%

(2)Nidep(t) = 100 − Nibath(t)

least efficient is the bath with a pH of 3.8. It allows deposit-
ing of no more than ca. 45% of the metal during the plating 
time as long as 9 h. After this time, the bath pH drops to the 
value of 1.6. An increase in the rate of  Ni2+ removal with 
the electrolyte pH increase was reported for acidic solutions 
containing  Ni2+ concentrations as low as 15 mM [61].

The faradaic efficiency (current efficiency) of the deposi-
tion process, φ, is calculated for a given time window which 
spans from t1 to t2 (Δt) and is defined by Eq. (3) [62]:

where F is the Faraday constant, n stands for the number 
of the electrons exchanged in the  Ni2+ reduction reaction 
(n = 2) and M is the molar mass of the metal. The total 
charge passed within the time window of Δt is equal to Qm 
and this is accompanied by deposition of the metal with the 
mass equal to w. The in situ UV–vis measurements allow 
calculating the efficiency at any time of the plating process 
without its termination. Equation (3) is then transformed 
into Eq. (4):

where N0 denotes number of Ni moles initially present in the 
bath. A0 is the absorbance measured before the experiment 
while A(t1) and A(t2) represent absorbances at the time of t1 
and t2, respectively. The first term in the brackets in Eq. (4) 
represents number of moles of deposited metal and replaces 
the w/M ratio from Eq. (3). φ values calculated for Δt equal 
to 100 s are collected in Table 1 for selected  Nidep values. 
The latter directly correspond to the plating time. Relatively 
low-efficiency values are attributed to a contribution from 
hydrogen evolution which takes place simultaneously with 
the  Ni2+ reduction [18]. In general, the efficiency is weakly 
affected by the plating time up to  Nidep of ca. 30%. It should 
be stressed that the UV–vis measurements provide infor-
mation on the variation of the averaged bulk  Ni2+ content 
and are less sensitive when the concentration changes are 

(3)� =
w

M

nF

Q
m

⋅ 100%

(4)�(t
2
) =

[(

A(t
1
) − A(t

2
)

A
0

)

N
0

]

nF

Qm

⋅ 100%

Fig. 3  Fraction of Ni remaining in the bath,  Nibath, as a function of 
the deposition time for various initial bath pH values. The current 
density of 60  mA   cm−2,  Nibath was calculated using Eq.  (2) on the 
basis of in situ UV–vis measurements

Table 1  Faradaic deposition efficiencies, φ, for various initial bath pH values as a function of the progress in the plating process,  Nidep. Plating 
current density of 60 mA  cm−2, φ was calculated using Eq. (4) for Δt = 100 s (details in the text). Reported values are averaged over several runs

* Maximum amount of the metal deposited after ca. 9 h of plating is equal to ca. 44.8%

Initial bath pH Nidep Estimated time required to deposit 
95% of the metal dissolved in the 
bath (h)5% 10% 30% 40% 50% 75% 90%

φ at a time corresponding to a given  Nidep value (%)

3.8 38 ± 4 41 ± 2 31 ± 2 13 ± 3 n/a*
4.3 46 ± 3 47 ± 3 45 ± 3 43 ± 3 39 ± 3 24 ± 3 7 ± 3 7.2 ± 0.5
4.8 48 ± 3 49 ± 3 46 ± 3 42 ± 3 38 ± 3 24 ± 3 13 ± 4 4.9 ± 0.3
5.3 41 ± 4 42 ± 4 41 ± 4 38 ± 4 34 ± 4 17 ± 4 5 ± 4 8.5 ± 0.5
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limited to a volume close to the cathode surface. The latter 
occurs at a short deposition time and may lead to an apparent 
lowering of the φ values calculated for the initial deposition 
stages, e.g. for  Nidep of ca. 5%. When the deposition time is 
sufficiently long, the  Ni2+ concentration in the bath becomes 
so low that a continuous decrease in φ is observed, in agree-
ment with [17, 63]. The efficiency decrease is accelerated 
at  Nidep higher than ca. 50%. Table 1 indicates that for the 
pH range from 4.3 to 4.8 the bath acidity has no signifi-
cant impact on φ. A significant decrease in the efficiency is 
observed when the bath pH is as low as 3.8 and as high as 
5.3, although in the latter case this effect is evident when 
the  Nidep exceeds 50%. As compared to other baths with 
similar pH used for the Ni targets deposition, the efficien-
cies listed in Table 1 are similar to those described in [1] 
but lower than the ones reported in [2]. In general, these φ 
values are significantly lower than those typical for plating 
from industrial baths, both acidic and alkaline [16, 63, 64]. 
The decline in the faradaic efficiency with the bath acidity 
increase observed for pH lower than ca. 4 corresponds well 
to other reports [59, 63].

An analysis of Table 1 leads to important conclusions 
related to the changes in the bath pH in the course of the 
plating process. The results show that even at advanced 
stages of the plating process, such as the deposition of 40% 
of the metal, the Faradaic efficiency remains different for 
the baths with different initial pH. This indicates that the 
baths with various initial acidities differ in respect to the 
near-cathode pH for a relatively long time.

SEM images (Fig. 4) reveal a similar surface morphol-
ogy for the initial bath pH of 4.3 and 4.8. These deposits 
are metallic in appearance, mechanically stable and of good 
quality. They strongly adhere to the substrate and do not 
peel off. Their surfaces are relatively smooth and free of 
cracks and possess only a small amount of spherical fea-
tures. The formation of the latter may be explained by a 
deposition model which assumes that new layers are formed 
via the generation and subsequent coalescence of nuclei on 
a previously formed layer [65, 66]. It is expected that the 
spherical features in question are formed at the final stages 
of the diffusion-limited deposition when the concentration 
of the nickel in the bath goes down to a very low level and 
only a small number of nucleation centres is formed. An 
ED-XRF analysis (Fig. 5 and [23]) reveals that the layers 
deposited from the baths with an initial pH lower than 5.3 
do not contain detectable amounts of other than nickel ele-
ments. The surface of these deposits is metallic as follows 
from an analysis of the voltammetry curve shown in Sect. S6 
in Supplementary Material. A comparison with SEM images 
reported for electrodeposited Ni layers applied as the accel-
erator targets [1, 4, 22] suggests that the deposits with mor-
phology depicted in Fig. 4b, c should meet the requirements 
of the accelerator production of medical isotopes. It follows 

that prepared Ni layers can be used as deposited without 
further processing.

Setting the initial bath pH to a value outside the 4.3–4.8 
range strongly affects the deposit quality. When the initial 
bath pH is as low as 3.8, the deposit covers the substrate sur-
face non-uniformly (Fig. 4a). Deposition from the bath with 
a pH of 5.3 is faster than for lower pH values (Fig. 3) but 
it leads to the formation of poor quality deposits (Fig. 4d). 
Their surface is very rough and contains numerous cracks 
and loosely adherent fragments. This deposit is brittle and its 
small, powder size fragments are easily peeled off from the 
electrode. Some sections of the deposit are greenish indicat-
ing the presence of precipitated Ni(II) compounds. This is 
confirmed by an ED-XRF analysis (Fig. 5) which shows that, 
in contrast to the baths with lower pH values, the deposit 
plated at the pH of 5.3 contains significant amounts of sul-
phur, sodium and probably oxygen (sulphur escape peak and 
O Kα line overlap [67]). The compounds in question can be 
identified as Ni(OH)2 with incorporated sulphates and  Na+ 
[68–70] or as a double salt-containing Ni(OH)2 and  NiSO4 
[24]. The top, greenish layers of this deposit are immediately 
removed by dissolution in concentrated  HNO3. This reveals 
the existence of a nickel deposit with a metallic appearance 
beneath the  Ni2+ salt/hydroxide precipitate. It is worth to 
stress that the deposition from the baths with the initial pH 
of 5.3 is poorly reproducible and a green suspension is some-
times present also in the electrolyte.

Precipitation of the nickel salt/hydroxide from the bath 
with the initial pH of 5.3 has several important conse-
quences. Firstly, the removal of a fraction of  Ni2+ from the 
bath through a non-faradaic precipitation reduces the elec-
tric charge consumed by the metal reduction. This in turn 
increases HER contribution to the cathodic current and leads 
to a higher increase in pH near the electrode surface. As a 
result, the final acidity of the bath in question is significantly 
lower as compared to the baths with lower initial pH values. 
It may be suggested that the presence of the nickel hydrox-
ide/salt precipitate may drive reactions which result in an 
additional electrolyte acidity decrease leading to the final 
increase in the bath pH. As for now, however, it is hard to 
identify such processes. The other important factor related to 
the formation of solid Ni-containing precipitates is removal 
of  Ni2+ from the bath by means of precipitation not accom-
panied by charge transfer. This leads to an overestimation 
of φ calculated using Eq. (4). Under such conditions, the 
“true” faradaic efficiency at advanced stages of the process 
accompanied by the precipitate formation can be signifi-
cantly lower than the values reported in Table 1.

The above-presented results show that the plating process 
is very sensitive to the initial bath pH. Formation of good 
quality deposits within a reasonable time period is possible 
only for the bath pH higher than 3.8 and lower than 5.3, e.g. 
from 4.3 to 4.8. When the initial bath pH is too high (e.g. 
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5.3) quality of the deposit is very poor while for too low 
pH (e.g. 3.8), the plating process becomes very slow and 
the substrate coverage with the deposit is incomplete. This 
pH range differs from the one optimal for the Watts and the 
sulfamate baths [16]. The latter baths allow efficient nickel 
deposition at a pH lower than 3.8 while the upper pH limits 
are similar to the values find by us.

The bath pH influence on the nickel electroplating and its 
removal from the electrolyte was investigated in numerous 
works [e.g. 37,39,58,61,71–77]. The factors which are expected 
to be affected by the bath acidity include the overpotentials of 
faradaic reactions, the chemistry of the nickel ions present in 
the bath and the course of non-faradaic side processes, such as 
adsorption of various species at the electrode surface and for-
mation of Ni(OH)2 deposit. As a result, the bath pH influences 
the kinetics of the metal reduction [75] and properties of the 
deposit (texture, grain size or lattice constant) [39, 71, 75–78]. 
Some of these aspects are briefly discussed below.

An analysis of the bath pH influence on faradaic pro-
cesses starts with the selection of cathodic reactions tak-
ing place in the system. Hydrogen evolution reaction, HER, 
is the most important reduction reaction simultaneous to 
nickel reduction [18]. The contribution of reduction of  O2 
[18, 34, 79, 80] may be disregarded because this process 
is expected to be diffusion controlled at potentials of Ni 
deposition [81] and it is reported that its rate is significantly 
retarded when adsorbed hydrogen is present at the electrode 
surface [82]. Adsorbed hydrogen is generated at the nickel 
surface at potentials of HER although the surface coverage 
of nickel with this species is hard to quantify unambigu-
ously [83]. Furthermore, oxygen solubility in solutions with 
high ionic strength, such as the analysed baths, is expected 
to be low [33]. Therefore, we focus our analysis only on 
the  Ni2+ reduction and HER. The following discussion is 
based on Pourbaix and speciation diagrams which are of 
thermodynamic nature and do not provide exact kinetic and 

Fig. 4  Scanning electron microscopy images of Ni deposits plated 
from the baths with various initial pH values. Plating current density 
of 60  mA   cm−2, magnification of 500 × . a pH = 3.8; b pH = 4.3; c 

pH = 4.8; d pH = 5.3. The images were taken for the deposits contain-
ing ≥ 95% (b, c and d) and ca. 45% (a) of the metal dissolved in the 
bath
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concentration data. They allow, however, analysing whether 
the rates of two parallel reactions, i.e. HER and  Ni2+ reduc-
tion, evolve in the same manner when the bath pH and the 
current density are varied. They provide information on the 
bath pH-driven changes in the chemistry of  Ni2+ which, in 
turn, are expected to affect the rate of the metal reduction. 
Therefore, the analysis presented below is of qualitative 
nature only but it helps to understand observed phenomena.

Figure 6 [77, 84, 85] shows a Pourbaix diagram con-
structed for  Ni2+/Ni and  H+(H2O)/H2 red-ox couples for 
standardised  H2 fugacity and  Ni2+ activity, both equal to 
unity. It should be stressed, however, that the latter values 

differ from the ones which are real for the analysed electro-
lytic baths. Therefore, in the system studied, the lines rep-
resenting true equilibria in  Ni2+/Ni and  H+(H2O)/H2 red-ox 
couples should be shifted towards lower and higher potential 
values, respectively [86]. It follows that at pH lower than ca. 
6 the bath acidity does not influence reversible potentials, 
Er, of Ni/Ni2+ red-ox couple but affects the Er of the  H+/
H2  (H2O/H2) system. This suggests that under galvanostatic 
conditions the contribution from the HER current, jHER, to 
the total electric charge decreases with the pH increase. 
This is valid as long as both considered currents, i.e. jHER 
and  Ni2+ reduction current, iNi, are controlled exclusively 
or partially by the charge transfer kinetics. jHER, is under 
kinetic control all the time [83, 87] while  Ni2+ reduction 
is expected to evolve from the kinetic control to a mixed 
diffusion-kinetic regime [88, 89] and, finally, to pure dif-
fusional control. At the initial stages of the deposition when 
the nickel reduction is completely or partially controlled by 
the charge transfer, the jNi to jHER ratio increases with the 
bath pH [39]. Thus, it is likely that poor results of than depo-
sition at pH of 3.8 can be partially attributed to vigorous 
HER at the beginning of the plating process. Additionally, 
gas bubbles generated during such vigorous reaction may 
block the substrate surface to a higher extent as compared 
to the lower bath pH values (Fig. 4a).

The chemistry of  Ni2+ is practically unaffected by the 
electrolyte acidity when the latter contains only inorganic 
ligands, such as chlorides or sulphates, and when pH is 
higher than ca. 2 [90–93]. Experiments carried out with 
such type of solutions show a change in shape of voltam-
metric curves between pH values of 4 and 4.5 [73]. This 
effect was attributed to a competition between various 
species which inhibit the metal deposition, i.e. adsorbed 
hydrogen and/or Ni(OH)2 [73, 77, 78, 94]. It was also 
shown [58, 63, 75, 77] that in the chloride and sulphate 
baths free from pH-dependent ligands the kinetics of the 
deposition process and the deposit properties evolve rather 
smoothly with the bath acidity. This is in contrast to the 
results shown in Figs. 3 and 4 and in Table 1 which point 
out to an abrupt change in course of the plating process 
for the pH values between 3.8 and 4.3. A similar effect 
was observed for, e.g. citrate baths, when the chemistry 
of  Ni2+ changes significantly in a narrow pH range due to 
the formation of complexes with the organic ligand [58]. 
An analysis of Figs. 2 and S3–S6 shows that the baths 
which provide good quality deposits in a relatively short 
time (pH range from 4.3 to 4.8, Figs. 4 and 5) contain a 
significant fraction of  Ni2+ (at least 40%) bonded in an 
acetate complex (Figs. 6, S3 and S4). The inhibition of 
the plating process observed for the bath pH of 3.8 corre-
sponds to a lesser importance of  Ni2+ complexation by the 
acetates due to lower bath pH and due to diminished over-
all concentration of  CH3COONa. This suggests that the 

Fig. 5  ED-XRF spectrum recorded for a Ni deposit plated from a 
bath with a pH of 5.3 at 60 mA  cm−2 (blue line). For comparison, a 
typical spectrum recorded for deposits obtained for lower pH values 
examined (≤ 4.8) is also shown (red line). a Oxygen region; b sulphur 
region

Fig. 6  Pourbaix diagram for  H+(H2O)/H2 and  Ni2+/Ni systems (after 
[77, 84, 85])
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complexation of divalent nickel by the acetates has a ben-
eficial role in the metal deposition. In fact, experimental 
evidence confirms that the presence of the acetates in the 
electrolyte may have a positive impact on nickel electro-
deposition [95], although too high concentration of these 
anions (high pH values in the discussed baths) may lead 
to the formation of cracks in the deposits [96, 97]. The 
stability constants of  Ni2+ complexes with the acetates are 
generally lower than for the sulphates (Table S1) and this 
would promote decomposition of [Ni(CH3COO)n](2−n)+ 
species facilitating the plating process [98]. Furthermore, 
the surface of the cathode subjected to a high cathodic 
polarisation is expected to be negatively charged. Elec-
trostatic interactions of such a surface with anions, like 
Ni(SO4)2

2−, should impose additional hindrances to the 
discharging/adsorption of the latter. Unfortunately, we 
cannot discuss the influence of the complexing agents on 
 Ni+ intermediates [91, 99, 100] due to the lack of respec-
tive data.

The formation of the complexes is expected to affect 
also diffusion of  Ni2+ ions [57, 101]. To the best of the 
author’s knowledge, there are no published data which 
compare the diffusivity of  Ni2+ complexes with the ace-
tates and with the sulphates. This effect can be analysed 
in a simplified way using the Stokes–Einstein equation 
which assumes an inverse proportionality between the 
diffusion coefficient, D, and the radius of the diffusing 
species of a spherical shape [102]. The acetate radius is 
ca. 59% smaller than that of the sulphate (162 vs. 258 pm 
[103]). Consequently, the acetate complex of  Ni2+ should 
exhibit D higher than the one with the sulphates when the 
same number of coordinating ligands is considered. This, 
in turn, indicates that the deposition process controlled 
exclusively or partially by diffusion should proceed faster 
when  Ni2+ exists as an acetate complex.

Other than the above-discussed phenomena which are 
possibly pH dependent may include the formation and 
release of  H2 bubbles which screen the electrode surface 
[104–106]. This effect can be affected by the bath pH influ-
ence on the gas solubility in the electrolyte [107] or by the 
electrolyte composition impact on the surface wettability 
[76, 108]. The bath pH also affects number of nickel nuclei 
formed at the electrode surface [74] and may influence the 
adsorption of the acetic acid at the electrode surface. There 
is, however, not enough data as to further discuss importance 
of such effects.

The above discussion leads to a conclusion that a com-
bination of two effects, i.e. the pH influence on the over-
potentials of the cathodic reactions and on the chemistry  
of the nickel species present in the bath is responsible for 
the deterioration of the plating process at the initial bath pH 
as low as 3.8. At the early stages of the plating process, the 
bath pH influence on the reactions overpotentials plays an 

important role but at longer times, when the nickel reduction 
becomes diffusion controlled, the most important is probably 
the chemistry of  Ni2+ species which, in turn, depends on the 
bath acidity and the acetates content.

The above-presented scenario which assumes that the 
increase in the bath pH is beneficial for the plating process 
cannot explain the formation of poor quality deposits when 
the initial bath pH is equal to 5.3. This effect can be under-
stood if we consider the local pH increase near the cathode 
surface caused by the hydrogen evolution [38]. This may 
result in Ni(OH)2 precipitation [18, 72, 109, 110] provid-
ing that the local pH increase is sufficiently high. Figure 2 
indicates that a nickel hydroxide precipitate is formed at a 
pH above 6. It is likely that for the initial bulk pH as high as 
5.3 the local acidity near the cathode may be reduced to a 
level sufficiently low as for triggering Ni(OH)2 precipitation. 
When the initial bulk electrolyte pH is lower than 5.3 the 
increase in the local acidity does not reach the level required 
for the formation of Ni(OH)2 precipitate and the entirely 
metallic deposits are formed.

When the deposit plated at a pH of 5.3 is dissolved in 
concentrated  HNO3 the existence of a metallic deposit below 
the Ni(II) compounds layer is revealed (pH influence on plat-
ing time, faradaic efficiency and the deposit quality). This 
indicates that the precipitation of the nickel salt/hydroxide 
takes place after a time delay long enough as to sufficiently 
increase the pH near the cathode surface [72, 109, 110]. An 
analysis of Table 1 confirms this conclusion. Thus, at early 
stages of the plating process  (Nidep from 5 to 50%), the fara-
daic efficiency is very similar for the baths with the initial 
pH of 5.3 and of 4.3–4.8. This is changed when the extent of 
the deposited metal is as high as ca. 75%. Under such condi-
tions, the efficiency decreases for the pH bath of 5.3 and this 
indicates serious hindrances in the electrodeposition process.

Influence of the current density

The influence of the current density, j, on the nickel depo-
sition was analysed mainly for a single pH value of 4.3 
which provides good quality deposits (Fig. 4). Figure 7 
presents the rate of  Ni2+ removal from the bath (Eq. (2)) 
for various j values while respective faradaic efficiencies 
(Eq. (2)) are collected in Table 2. As expected, the plating 
rate increases with the current density. Plating at j as low 
as 30 mA  cm−2 results in a very slow deposition and no 
more than ca. 79% of the metal is deposited during 8.3 h. 
This current density also provides the lowest faradaic effi-
ciencies. For higher j values and advanced stages of the 
process  (Nidep ≥ 25%) the efficiency slightly increases with 
the current density.

An analysis of SEM images (Figs. 8 and 4b) shows that 
the quality of the deposits deteriorates when the current 
density is too high. The surfaces of the deposits obtained 
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at j higher than 60 mA  cm−2 contain more spherical fea-
tures as compared to the lower deposition currents. Fur-
thermore, the mechanical stability of the layers deposited 
at 240 mA  cm−2 is poor and powder size fragments of 
the deposit are easily peeled off. It follows that the influ-
ence of the current density on the morphology of nickel 
layers deposited under conditions described in this work 
(Figs. 8 and 4b) is more pronounced as compared to the 
industrial Ni plating carried out using more concentrated 
baths and/or completed without significant depletion of the 
electrolyte [111–113]. Nevertheless, it can be concluded 
that the layers shown in Figs. 8a, b and 4b have a morphol-
ogy similar to other Ni accelerator targets reported in the 
literature [1, 22].

The faradaic efficiency decreases with the plating time 
increase for all applied current densities when  Nidep is as 
high as 50%. Although the effect of the reduction of the 
deposition time due to the plating current increase is easy to 
explain intuitively, the current density influence on the fara-
daic efficiency (Table 2) requires a more thorough analysis. 

Application of a higher cathodic current shifts the overpo-
tentials of the respective reduction reactions towards more 
cathodic values. The values of separate currents of contrib-
uting reactions, i.e. jHER and jNi, depend on their reversible 
potentials and on how the reaction rates are affected by the 
overpotential (Tafel slope, kinetic or diffusional control, 
etc.). When simultaneous reactions of the nickel reduction 
and the hydrogen evolution are considered, it is apparent 
that an increase in the plating current facilitates the estab-
lishment of pure diffusional control of the metal reduction 
process. This factor is expected to increase the ratio of jHER 
to jNi. However, the extensive hydrogen evolution at a higher 
current density should increase pH near the electrode sur-
face to a higher extent as compared to the lower applied j 
values [38]. This is partially confirmed by the fact that the 
final pH measured after completing the electrodeposition 
slightly increases with the plating current: from ca. 2.1 for 
60 mA  cm−2 to 2.7 for 140 mA  cm−2 and, finally, to 3.9 for 
240 mA  cm−2 (the same initial bath pH of 4.3). As it was dis-
cussed earlier, such an increase in pH can be beneficial for 
the nickel deposition process and it may somewhat impede 
hydrogen evolution due to changes in the overpotential of 
this reaction (Fig. 6). As a result, the faradaic efficiency 
increases with j providing that the latter has a sufficiently 
high value. It is likely that at too high current densities the 
pH near the cathode surface may rise to a level sufficiently 
high as to precipitate Ni(OH)2 [40]. On the other hand, an 
increase in the current density leads to a more extensive gas 
evolution taking place on both electrodes. This factor may 
lead to a more efficient bath stirring by gas bubbles which, 
in turn, may reduce pH increase near the cathode. Low φ 
values calculated for the lowest j applied (30 mA  cm−2) can 
be explained by the fact that the cathode polarisation at such 
a low current is significantly smaller than for the higher j 
values. Under such conditions, the nickel deposition pro-
cess is expected to be very slow and is strongly suppressed 
by HER. After a sufficiently long deposition time, the local 
pH near the cathode becomes sufficiently high to facilitate 
the metal deposition. This effect is mirrored in Fig. 7 by an 

Fig. 7  Fraction of Ni remaining in the bath,  Nibath, as a function of 
the current density. The initial bath pH of 4.3 (60–240 mA  cm−2) and 
4.5 (30 mA   cm−2).  Nibath was calculated in the same manner as for 
Fig. 3

Table 2  Faradaic deposition 
efficiencies, φ, for various 
plating current densities as a 
function of the progress in the 
plating process,  Nidep. φ was 
calculated using Eq. (4) for 
Δt = 100 s (details in the text), 
initial bath pH of 4.3 except 
30 mA  cm−2 (pH of 4.5). 
Reported values are averaged 
over several runs

a pH of 4.5
b Maximum amount of the metal deposited after ca. 8.3 h of plating is equal to ca. 79%

Nidep Estimated time required to deposit 
95% of the metal dissolved in the 
bath (h)5% 10% 25% 50% 75% 90%

Current 
density (mA 
 cm−2)

φ at a time corresponding to a given  Nidep value 
(%)

30a 17 ± 2 36 ± 2 46 ± 3 39 ± 3 25 ± 4 n/ab

60 46 ± 3 47 ± 3 49 ± 3 39 ± 3 24 ± 3 7 ± 3 7.2 ± 0.5
140 45 ± 2 47 ± 3 51 ± 2 46 ± 2 29 ± 2 13 ± 2 2.0 ± 0.3
240 50 ± 2 47 ± 2 57 ± 2 54 ± 2 34 ± 2 15 ± 2 1.0 ± 0.2
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increase in the  Ni2+ removal rate after an induction time 
when the deposition rate is very small.

In summary, the above-presented analysis allows deter-
mining optimal conditions of complete Ni electrodeposition 
carried out from the analysed baths. Good quality deposits 
which may found application as accelerator targets are plated 
from the baths with pH ranging from 4.3 to 4.8 and for the 
deposition currents from 60 to 140 mA  cm−2. Application of 
these parameters allows deposition of ca. 95% of the metal 
within 2–7.2 h, depending on the bath pH and the current 
density.

Conclusions

Nickel layers with a thickness of up to ca. 100 μm are 
obtained by complete electrochemical deposition from novel 
baths prepared by dissolution of metallic Ni powder in a 

 HNO3-free solvent. The layers are intended to be used as tar-
gets for accelerator production of isotopes and their deposi-
tion requires complete or almost complete removal of metal 
dissolved in the bath. The work focuses on the optimalisation 
of deposition conditions which allow the preparation of good 
quality deposits containing at least 95% of nickel deposited 
in the bath during a reasonable plating time. Various initial 
pH values of the bath, ranging from 3.8 to 5.3, are obtained 
by the addition of respective amounts of  CH3COONa. The 
plating was accomplished by application of a constant cur-
rent density in the range of 30–240 mA  cm−2. The progress 
in the deposition process was tracked using in situ UV–vis 
spectrometry. The deposition rate and the faradaic efficiency 
increase both with the bath pH and with the current density. 
The quality of the deposit, on the other hand, deteriorates 
when the bath pH and the current density are too high. Too 
low initial bath pH results in serious retardation of the plat-
ing process and non-uniform substrate coverage with the 

Fig. 8  Scanning electron microscopy images of Ni deposits plated at 
various current densities. Magnification of 500 × . a 30 mA  cm−2; b 
140 mA  cm−2; c 240 mA  cm−2. The SEM image for 60 mA  cm−2 is 

shown in Fig.  4b. Initial bath pH of 4.3 (b and c) and 4.5 (a). The 
images were taken for the deposits containing ≥ 95% (b, c) and ca. 
79% (a) of the metal dissolved in the bath
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deposit. The most important factors which are expected to 
affect pH influence on the deposition process are the bath 
acidity-dependent shifts in the reversible potentials of the 
respective reactions and complexation of nickel ions present 
in the electrolyte.
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