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Speciation Model of the Mo(VI)-Ni(II)-Citrate-S(VI)-N(III)
Aqueous System for the Study of the Electrodeposition of
Molybdenum and Nickel Oxides Films
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A speciation model is proposed for the determination of the concentration of different species formed in an aqueous solution
containing Mo(VI), Ni(II), citrate, ammonia and sulfate at 298 K, 105 Pa and variable pH and Mo(VI)/Ni(II) activity ratios. This
solution is to be used as electrolyte in the electrodeposition process of thin films of Mo and Ni oxides, which appear to be a promising
material for the fabrication of photo-anodes for water splitting in photo-electrochemical cells. The speciation model comprises 53
species and their stability constants, which are related through molar and charge balances to estimate the composition of the solution
given a pH value and formal concentrations. As a result, predominance and distribution diagrams are produced, based on which
electrolyte conditions (pH and central species concentrations) are recommended to maximize the availability of desired species for
the electrodeposition process. Eh-pH diagrams for molybdenum and nickel species at the recommended activities (10−2 for Mo and
Ni species, and 10−1 for citrate, ammonia and sulfate species) are also produced, to determine the adequate potential range to be
applied for the electrodeposition of Mo and Ni oxides films.
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Molybdenum oxides have recently emerged as a promising al-
ternative in the search of new semiconductor materials to fabricate
photo-electrodes for driving the water splitting reaction (WSR).1,2 It
has been reported that some compounds of the MoOx family present:
(i) n-type semiconduction;3 (ii) relative band edge positions in aque-
ous electrolytes4 and bandgap energy values3,5 (Eg > 1.23 eV) suitable
for harvesting enough energy to drive the oxygen evolution reaction
(OER) in a water splitting photo-electrochemical cell.4–6 In addition,
molybdenum presents three stable oxidation states (+4 to +6), which
is a desirable property for a catalytic surface in electron transfer me-
diated processes.7

Electrodeposition provides a simple, cheap, scalable and manu-
facturable fabrication method of semiconducting materials.8 In this
context, it is widely accepted that factors such as the electrolyte
properties (concentrations of precursors and other compounds dis-
solved, solvent, pH), the type of substrate, and the electrodeposition
parameters (electrode potential, current density, time), influence the
morphological and photo-electrochemical properties of the generated
semiconducting deposits (films).8,9 The understanding of the thermo-
dynamic stability of the aqueous electrolyte involved is crucial for
the engineering of these parameters, and thus reaching higher solar-
to-hydrogen conversion efficiencies (STH) in photo-electrochemical
cells containing these photo-electrodes.10

In parallel with the studies on the photo-electrochemical ap-
plications of molybdenum oxides, the use of nickel as a catalyst
has stood out during the last years, with several applications.11 It
is known that the presence of nickel in electrodes provides cat-
alytic activity for both the OER and the hydrogen evolution reac-
tion (HER) in aqueous solution,12 which in addition with the proper-
ties stated above for molybdenum oxides makes attractive the idea
of studying photo-electrodes based on mixed molybdenum-nickel
oxides.

The co-deposition of nickel(II) with molybdenum(VI) in aqueous
media at cathodic potentials has been previously reported.13,14 Cit-
rate has been added to aqueous electrolytes used in both nickel and
molybdenum electrodeposition in several works,15–18 because of its
complexing ability19,20 which allows to increase the solubility of met-
als. Besides, citrate is a weak polyprotic acid and therefore acts as a
buffer.21 It has also been stated that citrate interferes favorably in the
mechanism of the co-deposition of nickel and molybdenum.15 Simi-
larly to the addition of citrate, ammonia is added to these electrolytes
following the same logic: the formation of nickel complexes22 and an
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increase of the solution buffering capacity in more alkaline conditions
with respect to what citrate can do by itself.

The objective of this work is to develop a speciation model with
thermodynamic data of the Mo(VI), Ni(II), citrate, sulfate and ammo-
nia aqueous system. This model aims to determine the equilibrium
concentrations of different species in solution to produce predom-
inance and distribution diagrams. In addition, Eh-pH diagrams are
produced for molybdenum and nickel species based on the specia-
tion model results. All these diagrams are useful for choosing the
most favorable electrolyte composition and the potential to be ap-
plied for the electrodeposition of molybdenum and nickel oxides
films.

It should be noted that the thermodynamic results presented in
this work are also useful for the study of the electrodeposition of
molybdenum-nickel metal alloys, which are of interest in areas as
diverse as corrosion protection and catalysis.13–16

Model Description

Speciation model.—The speciation model consists of a set of mo-
lar and charge balances, which comprises a system of non-linear equa-
tions whose inputs are the pH and the moles of each compound added
to the electrolyte per kilogram of pure water. Using a set of equi-
librium constants at 298 K, 105 Pa and in the limit of zero ionic
strengtha, a computational routine was developed to solve this system
of equations and determine the composition of the electrolyte at the
thermodynamic equilibrium as schematized in Figure 1.

The 53 species included in the speciation model are enumerated in
Table I and classified in Figure 2b. Each of them is associated with: a
number, a reversible reaction in aqueous medium and an equilibrium
constant. The stoichiometric coefficients and pK values23–27 are as-
sociated with a generic hydrolysis reaction which involves a species

aThe constants that were reported in media with ionic strength different from zero were
extrapolated using the following equation presented in the OCDE Guidelines for the
Extrapolation to Zero Ionic Strength:29
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where υj are the stoichiometric coefficients associated to the reaction linked to species J,
and zj the unitary charge of each of the aqueous species involved in this equilibrium. pK
values obtained this way are marked with an asterisk in Table I.
bThe notation for molybdenum-citrate complexes is taken from the work of Cruywa-
gen, Rohwer and Wessels.24 [p,q,r] stands for the product of the reaction: p MoO2−

4(aq) +
q Hcit3−

(aq) + r H+
(aq) ↔ [p, q, r][2p+3q−r]−

(aq)
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Table I. Species considered in the speciation model, their pK and stoichiometric matrix.

R

J species phase zj ν1 ν2 ν3 ν4 ν5 ν6 ν7 pKJ references

1 H2O l 0 1 0 0 0 0 0 0 0 -
2 Hcit3− aq −3 0 1 0 0 0 0 0 0 -
3 MoO2−

4 aq −2 0 0 1 0 0 0 0 0 -
4 Ni2+ aq +2 0 0 0 1 0 0 0 0 -
5 NH3 aq 0 0 0 0 0 1 0 0 0 -
6 SO2−

4 aq −2 0 0 0 0 0 1 0 0 -
7 H+ aq +1 0 0 0 0 0 0 1 0 -
8 OH− aq −1 1 0 0 0 0 0 −1 −14.0 24
9 Ni4(OH)4+

4 aq +4 4 0 0 4 0 0 −4 −27.52 26
10 NiOH+ aq +1 1 0 0 1 0 0 −1 −9.54 26
11 Ni(OH)−3 aq −1 3 0 0 1 0 0 −3 −29.2 26
12 Ni2OH3+ aq +3 1 0 0 2 0 0 −1 −10.6 26
13 [1, 1, 1]4− aq −4 0 1 1 0 0 0 1 8.55 25∗
14 [1, 1, 2]3− aq −3 0 1 1 0 0 0 2 14.39 25∗
15 [1, 1, 3]2− aq −2 0 1 1 0 0 0 3 18.40 25∗
16 [1, 1, 4]− aq −1 0 1 1 0 0 0 4 19.49 25∗
17 [1, 2, 4]4− aq −4 0 2 1 0 0 0 4 24.32 25∗
18 [1, 2, 5]3− aq −3 0 2 1 0 0 0 5 27.71 25∗
19 [1, 2, 6]2− aq −2 0 2 1 0 0 0 6 30.90 25∗
20 [2, 1, 3]4− aq −4 0 1 2 0 0 0 3 21.32 25∗
21 [2, 1, 4]3− aq −3 0 1 2 0 0 0 4 25.68 25∗
22 [2, 1, 5]2− aq −2 0 1 2 0 0 0 5 29.70 25∗
23 [2, 2, 4]6− aq −6 0 2 2 0 0 0 4 31.63 25∗
24 [2, 2, 5]5− aq −5 0 2 2 0 0 0 5 35.25 25∗
25 [2, 2, 6]4− aq −4 0 2 2 0 0 0 6 38.45 25∗
26 [4, 2, 9]5− aq −5 0 2 4 0 0 0 9 58.93 25∗
27 [4, 2, 10]4− aq −4 0 2 4 0 0 0 10 61.84 25∗
28 [4, 4, 11]9− aq −9 0 4 4 0 0 0 11 79.28 25∗
29 Ni(NH3)2+ aq +2 0 0 0 1 1 0 0 2.72 27
30 Ni(NH3)2+

2 aq +2 0 0 0 1 2 0 0 4.89 27
31 Ni(NH3)2+

3 aq +2 0 0 0 1 3 0 0 6.55 27
32 Ni(NH3)2+

4 aq +2 0 0 0 1 4 0 0 7.67 27
33 Ni(NH3)2+

5 aq +2 0 0 0 1 5 0 0 8.34 27
34 Ni(NH3)2+

6 aq +2 0 0 0 1 6 0 0 8.31 27
35 NiHcit− aq −1 0 1 0 1 0 0 0 6.76 24
36 NiH2cit aq 0 0 1 0 1 0 0 1 10.52 24
37 NiH3cit+ aq +1 0 1 0 1 0 0 2 13.19 24
38 Ni2(OH)2H2cit4−

2 aq −4 2 2 0 2 0 0 −2 3.85 24
39 NH+

4 aq +1 0 0 0 0 1 0 1 9.24 27
40 H4cit aq 0 0 1 0 0 0 0 3 14.27 28
41 H3cit− aq −1 0 1 0 0 0 0 2 11.14 28
42 H2cit2− aq −2 0 1 0 0 0 0 1 6.36 28
43 Mo7O6−

24 aq −6 −4 0 7 0 0 0 8 52.81 24
44 HMo7O5−

24 aq −5 −4 0 7 0 0 0 9 59.0 24
45 H2Mo7O4−

24 aq −4 −4 0 7 0 0 0 10 63.98 24
46 H3Mo7O3−

24 aq −3 −4 0 7 0 0 0 11 67.43 24
47 H2MoO4 aq 0 0 0 1 0 0 0 2 8.39 24
48 HMoO−

4 aq −1 0 0 1 0 0 0 1 4.09 24
49 HSO−

4 aq −1 0 0 0 0 0 1 1 1.99 27
50 NiSO4 aq 0 0 0 0 1 0 1 0 2.35 26
51 Na+ aq +1 0 0 0 0 0 0 0 - -
52 MoO3 s 0 −1 0 1 0 0 0 2 11.68 24
53 β-Ni(OH)2 s 0 2 0 0 1 0 0 −2 −11.03 24

∗Extrapolated from non-zero ionic strength (see footnote a)

J and 7 central species: 5 master species (Hcit3−
(aq), MoO2−

4(aq), Ni2+
(aq),

NH3(aq), SO2−
4(aq)) plus H+

(aq) and H2O(l):

J(aq) ↔ ν1H2O(l) + ν2Hcit3−
(aq) + ν3MoO2−

4(aq) + ν4Ni2+
(aq) + ν5NH3(aq)

+ ν6SO2−
4(aq) + ν7H+

(aq) [1]

The following assumptions were made:

1. The system is closed: the total concentrations of Mo(VI), Ni(II),
N(III), S(VI) and citrate are held invariable.

2. Vaporization of any compound is negligible.
3. No redox reactions take place in the aqueous solution.
4. The pH is adjusted by means of the addition of NaOH.

The expressions for the law of mass action of the reactions linked
to aqueous non-spectator species (2 to 50) can be expressed in matrix
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SPECIATION
PROBLEM
5 molar balances
1 charge balance

Thermodynamic data:

System conditions:
- T = 298 K
- p = 105 Pa

Input variables:
- pH
- Set of analytical
concentrations

50 aqueous (1 spectator)
2 solids
1 solvent

Calculated variables
in equilibrium: 
- concentrations
- activities
- ionic strength
- precipitated species
- thermodyn. feasibility
- buffer capacity 

- stoichiometric matrix 
- pK values of 53 species:

Figure 1. Input/output diagram for the speciation model developed.
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Figure 2. Description of the aqueous system studied. The species listed in
Table I are here classified.

notation as follows (see List of Symbols):

pK2−50 = R2−50cpa1−7 − pa2−50 [2]

The activities of the aqueous species can be written in function of
their molalities and activity coefficients:

pa2−51 = pγ2−51 + pb2−51 [3]

where pγJ can be modelled by the Davies equation:28

pγ2−51 = A

( √
Im

1 + √
Im

− 0.3Im

)
[z2−51, z2−51] [4]

A is the Debye-Hückel constant at the specific solvent and tem-
perature (for water at 298 K and 105 Pa, A = 0.509 mol0.5 kg−0.5),29

zJ is the unitary charge of the species J and Im is the ionic force of the
solution in molality scale, defined as:

Im = 1

2
〈[z2−51, z2−51] , b2−51〉 [5]

The 5 molar balances solved are these of citrate, molybdenum(VI),
nickel(II), nitrogen(III) and sulfur(VI). These molar balances (equa-
tions) comprises terms for aqueous species but also for solid species
that could appear because of precipitation (two solid species according
to Table I). Each term in the mass balances represents the molality of a
species in thermodynamic equilibrium and is expressed as a function
of the molalities of the 5 central species, pK and pH values.

The charge balance assures that the electroneutrality condition is
accomplished:

〈z2−51, b2−51〉 = 0 [6]

Na+ is the only spectator ion, as it does not participate in any
expression of the law of mass action. However, its molality can be
obtained throughout Equation 6.

In this model, the solvent activity is approximated to unity.
The molar balances depend on whether any (or both) of the solid

species precipitate or not. This condition is determined as follows.
Initially, a first balance is solved under the hypothesis that no solid
species are formed in the solution:

Cm = RT
2−50mb2−50 [7]

With these 5 equations plus the charge balance in Equation 6 the
system is fully determined, and a solution value for each variable can
be obtained. The action mass laws of heterogeneous equilibria are
used to determine whether the solution reaches the saturation limit for
either of the solid species:

pQ52−53 = R52−53cpa1−7 [8]

Using the activity values found with the first balance (solution
of Equation 7 replaced in Equation 8), the heterogeneous reaction
quotients Q52-53 can be obtained, and can be compared with K52-53.
Four cases are possible, and each one leads to a different S switch
vector value:

i. if Q52 ≤ K52 and Q53 ≤ K53 ⇒ No solids are formed, S = (0 0)T

ii. if Q52 > K52 and Q53 ≤ K53 ⇒ Mo oxide precipitates, S = (1 0)T

iii. if Q52 ≤ K52 and Q53 > K53 ⇒ Ni hydroxide precipitates, S = (0
1)T

iv. if Q52 > K52 and Q53 > K53 ⇒ Both species precipitate, S = (1
1)T

Once the hypothesis is tested, a second molar balance is solved,
now including the solid species. For the latter, b52,53 stands for the
moles of the precipitated species per kilogram of water:

Cm = RT
2−50mb2−50 + RT

52−53m [S, b52−53] [9]

Note that for case (i), the unsaturated solution, Equation 9 corre-
sponds to Equation 7. When a species precipitates, the activity of the
associated metal aqueous master species is fixed, and it comes from
its respective heterogeneous equilibrium expression. This means that
in the case that molybdenum precipitates, pa3 is obtained by the mass
action law of reaction 52 and likewise does Ni with reaction 53. De-
spite of adding new restrictions to the problem, new variables have
been added in each case (the amount of precipitated solids: b52 and/or
b53), so the problem keeps being fully determined and a solution can
be obtained. The degree of freedom analysis used for the resolution
of the system of equations is summarized in Table II.

Table II. Degree of freedom analysis.

case independent equations fixed parameters independent variables

I b2-6, b51
II 5 mass balances + b2, b4-6, b51-52pH, pK1-53, CmIII 1 charge balance b2,3, b5,6, b51, b53
IV b2, b5,6, b51-53
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Table III. Thermodynamic data of species considered in the Eh-pH diagrams of molybdenum and nickel.

species phase �fGo / kJ mol−1 references species phase �fGo / kJ mol−1 references

H2O l −237.140 25 Ni(NH3)2+ aq −56.920 26‡

Hcit3− aq −1 162.258 30 Ni(NH3)2+
2 aq −71.207 26‡

MoO2−
4 aq −838.500 31 Ni(NH3)2+

3 aq −88.404 26‡

Ni2+ aq −45.773 25 Ni(NH3)2+
4 aq −108.685 26‡

NH3 aq −26.673 25 Ni(NH3)2+
5 aq −131.533 26‡

SO2−
4 aq −744.004 25 Ni(NH3)2+

6 aq −158.377 26‡

H+ aq 0 25 NiHcit− aq −1 246.617 25
Ni4(OH)4+

4 aq −974.567 25 NiH2cit aq −1 268.079 25
NiOH+ aq −228.458 25 NiH3cit+ aq −1 283.320 25
Ni(OH)−3 aq −590.519 25 Ni2(OH)2H2cit4−

2 aq −2 912.318 23‡

Ni2OH3+ aq −268.181 25 Mo7O6−
24 aq −4 633.538 32‡

[1, 1, 1]4− aq −2 049.582 24‡§ HMo7O5−
24 aq −4 594.387 32‡

[1, 1, 2]3− aq −2 082.892 24‡§ H2Mo7O4−
24 aq −4 562.992 32‡

[1, 1, 3]2− aq −2 105.776 24‡§ H3Mo7O3−
24 aq −4 541.474 32‡

[1, 1, 4]− aq −2 112.014 24‡§ H2MoO4 aq −790.610 23
[1, 2, 4]4− aq −3 301.846 24‡§ HMoO−

4 aq −815.040 32‡

[1, 2, 5]3− aq −3 321.171 24‡§ NiSO4 aq −803.191 25
[1, 2, 6]2− aq −3 339.375 24‡§ MoO3 s −669.742 32‡

[2, 1, 3]4− aq −2 960.969 24‡§ β-Ni(OH)2 s −457.100 25
[2, 1, 4]3− aq −2 985.831 24‡§ O2 g 0 25
[2, 1, 5]2− aq −3 008.772 24‡§ MoO2 s −533.010 23
[2, 2, 4]6− aq −4 182.065 24‡§ Ni s 0 25
[2, 2, 5]5− aq −4 198.153 24‡§ Ni(OH)3 s −541.800 31
[2, 2, 6]4− aq −4 220.996 24‡§ Ni2H s 11.800 33
[4, 2, 9]5− aq −6 031.497 24‡§ NiOOH s −409.258 34
[4, 2, 10]4− aq −6 014.876 24‡§ — - — -
[4, 4, 11]9− aq −8 455.577 24‡§ — - — -

‡Calculated from a reported pK value and the values of the standard molar Gibbs energy of formation shown in this table
§Extrapolated from a non-zero ionic strength (see footnote a)

Eh-pH diagrams model.—A selected set of species of different
oxidation states and their standard molar Gibbs energy of formation
were chosen from literature and are listed in Table III.23–26,30–34 The
method used to generate the Eh-pH diagrams for molybdenum and
nickel species is described in detail elsewhere.35 The results obtained
were complemented with these produced with the speciation model
for Mo(VI) and Ni(II) species.

Model Resolution

Speciation model.—The mathematical model described in the pre-
vious section was implemented and solved using MATLAB 2017, for
the species concentrations listed in Table IV. The concentrations of
citrate and ammonia are fixed arbitrarily in order to provide an ade-
quate electrical conductivity to the solution (as shown in the Results
and discussion section).

Eh-pH diagrams model.—The calculations for the construction
of the Eh-pH diagrams of molybdenum and nickel species were per-
formed in MATLAB 2017 using the thermodynamic data summarized
in Table III, for the same temperature and total pressure set in the spe-
ciation model (298 K and 105 Pa). The activities of the non-central
species listed in Table III, MoO2−

4(aq) and Ni2+
(aq) are set at 10−2, and these

of citrate, ammonia and sulfate species are equal to 10−1. The solvent
and solids activities are equal to unity. The pH span used is from 0 to
14, and the Eh span is set between −1.5 and +1.5 V vs SHE.

Results and Discussion

Predominance diagrams.—The system of equations described in
the Speciation model section was solved using a grid of 56 × 141
points, varying the pH, pCMo(VI) and pCNi(II) values. The concentra-

tions of the other master species (citrate, N(III) and S(VI)) were held
constant and equal to 0.1 mol (kg H2O)−1, as shown in Table IV.
The predominance diagrams produced (Figures 3a–3e) consider a
Mo(VI)/Ni(II) concentration ratio equal to 1.0, in the concentration
range shown in Table IV. Each zone is associated with the pH-pC
pairs in which the labeled species presents the highest molality in
thermodynamic equilibrium.

Figure 4 shows plots for the amount of alkali added (Figure 4a)
and the ionic strength of the electrolyte (Figure 4b) within the span
of pH and pCs used in the predominance diagrams. It is important
to mention that, the electroneutrality condition cannot be fulfilled in
the area marked in grey in Figure 4a without including an additional
anionic species to the system. Therefore, in principle, the speciation
model here presented could only be valid in the region outside this
area.

The predominance diagram for Mo(VI) species (Figure 3a) can
be divided in four main areas: (i) at very acidic conditions the metal
precipitates as an oxide (MoO3(s)); (ii) in mildly acidic conditions
polyisomolybdates take importance when the amount of Mo(VI) ex-
ceeds the amount of citrate (at values of pCMo(VI) below 1.0); (iii) when
the relation is inverted (pCMo(VI) above 1.0) the citrate-molybdate com-
plexes predominate; and (iv) the molybdate ion (MoO2−

4(aq)) is the most

Table IV. Values used for the speciation model resolution.

variable value units

total Mo, total Ni variable, each from 10−3 to 10−0.25 mol (kg H2O)−1

pH variable, from 0 to 14 -
total citrate 0.10 mol (kg H2O)−1

total N 0.10 mol (kg H2O)−1

total S 0.10 mol (kg H2O)−1
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Figure 3. Predominance diagrams of: (a) molyb-
denum, (b) nickel, (c) citrate, (d) ammonia and (e)
sulfur. pCMo(VI) and pCNi(II) have equal values and
vary simultaneously. Solid species are showed in
bold letter.

stable species under neutral and alkaline conditions. These results are
consistent with previous studies of the Mo(VI)-H2O system and show
a big similarity in the predominance zone of polyisomolybdates.36–39

The predominance diagram for Ni(II) species (Figure 3b) is
strongly marked by the formation of nickel-citrate complexes in dif-
ferent states of protonation (NiH2cit(aq), NiHcit−(aq)) and the dimeric
nickel-citrate form: [Ni2(OH)2H2cit2]4−

(aq). In acid and diluted condi-
tions, Ni is present as aqueous nickel sulfate (NiSO4(aq)). When the
activity of the protons is too high (pH < 3.0) citrate tends to be fully
protonated (Figure 3c), forming citric acid (H4cit(aq)) and avoiding the
coordinate bonds with nickel, thus making favorable the formation of
free nickel ion (Ni2+

(aq)). At more basic pH (ca. pH = 6.0), the stability
of the dimeric nickel-citrate form is high, thus the formation of solid
nickel hydroxide (β-Ni(OH)2(s)) is negligible in comparison to results
presented in the literature for the Ni-H2O system.40

The predominance diagram for citrate (Figure 3c) shows that it
forms complexes in a wide range of pH at pC values for molybdenum
and nickel above 1.5. Ni-cit complexes show more stability than Mo-
cit complexes, except for a small region in acidic conditions (pH <
5.0; 0.5 < pC < 1.5). The stability of the dimeric nickel-citrate form
is such that it predominates in neutral and moderately alkaline media
(5.0 < pH < 12). However, when the metals concentration is low, free
citrate in its different states of protonation prevails.

The predominance diagram for N(III) species (Figure 3d) does
not exhibit sensibility to the presence of molybdenum and nickel in
solution. Despite of the capability of ammonia (NH3(aq)) to form com-
plexes with Ni(II) (see Table I), the free ionic form of nickel (Ni2+

(aq))
prevails in very acidic media, since ammonia is protonated (NH+

4(aq))
and thus unable to form a coordinate bond. In addition, the presence of
a stronger ligand such as citrate makes the concentration of the nickel-
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Figure 4. (a) Amount of NaOH added to the aqueous system. The grey area
corresponds to the unfeasible zone at which a negative concentration of NaOH
should be added. (b) Ionic strength of the electrolyte.

ammonia complexes negligible in the more basic region. Therefore, as
this compound does not bind strongly to Ni(II) or Mo(VI), ammonia
can be added to the system to regulate pH in the basic region without
interfering considerably in the hydrolysis equilibria.

Finally, the predominance diagram for S(VI) species (Figure 3e)
shows that the most stable form is sulfate (SO2−

4(aq)), and in very acidic
media (pH < 2.0) the stable form is bisulfate (HSO−

4(aq)). Nevertheless,
nickel sulfate (NiSO4(aq)) predominates at acid pH values and high
concentration of Ni (pCNi(II) < 1.1), which explains the formation of
the Mo-cit complex [4, 4, 11]9−

(aq) observed around these conditions
(Figure 3c).

The ionic strength (Figure 4b) of the system tends to increase with
pH, because of the presence of highly charged anionic species (such
as MoO2−

4(aq), Hcit3−
(aq) and SO2−

4(aq)) and the increasing amount of NaOH
added to the system, as can be seen in Figure 4a.

Electrolyte conditions for the electrodeposition of molybdenum-
nickel oxide films.—The predominance diagrams obtained are useful
to identify adequate species concentrations and pH of the electrolyte
to be used for the electrodeposition of molybdenum and nickel oxides.
Some recommendations produced from the previous analysis are listed
below:

1. Maximization of the free Mo(VI) activity available for electrode-
position. As the main electrodeposition reactions of molybdenum
oxide are thought to be:41,42

MoO2−
4(aq) + 2H2O(l) + 2e− → MoO2(s) + 4OH−

(aq) [10]

2MoO2−
4(aq) + 3H2O(l) + 2e− → Mo2O5(s) + 6OH−

(aq) [11]

pH is preferred to be alkaline because of the higher amount of
molybdate ion, MoO2−

4(aq), present in the solution. Unfortunately, a
basic environment increases the availability of OH−

(aq) in the system
and hence, due to the Le Châtelier’s principle applied to Reactions
10 and 11, more cathodic potentials have to be applied to achieve the
reduction of Mo(VI). A pH > 8.0 would assure that molybdate ion is
the predominant molybdenum form at any pC value. Lower values of
pCMo(VI) would also imply a higher molality of MoO2−

4(aq).

2. Precipitation of Mo(VI). MoO3(s) is formed in acidic media. The
presence of citrate in a higher concentration than molybdenum
provokes a decrease in the critical pH below which the oxide is
formed. It is recommendable then to have pCMo(VI) values higher
than pCcit values.

3. Polyisomolybdates formation. Since these species are big and
highly-negative charged, they are not desirable for reduction pro-
cesses. The use of alkaline pH avoids this problem.

4. Precipitation of Ni(II). As β-Ni(OH)2(s) is formed in very alka-
line media, values of pH above 12 should be avoided. In the
same logic, analogically to molybdenum, it is recommendable
to have pCNi(II) values higher than pCcit values to avoid Ni(II)
precipitation.

5. Mass transfer coefficients of electroactive species. Both molyb-
denum and nickel species are needed to be reduced. As molyb-
date ions are negatively charged, a smaller migrational flux
of this species to the cathode should be observed when com-
pared to the migrational flux of the positively charged species
Ni2+

(aq). Consequently, both nickel and molybdenum predominant
species should be chosen to have the same or a similar net
charge, so the current efficiency of the electrodeposition pro-
cess will be distributed more evenly between them. Dimeric form
of the nickel-citrate complex complies with this requirement,
which is the main form of Ni(II) in the pH range between 5.0
and 12.

6. Ionic strength. As reported in the literature,43 a solution with high
ionic force will have a low resistivity and, therefore, promotes
smaller ohmic losses during the electrodeposition process. Higher
ionic strengths are achieved with higher pH and low pCMo(VI) and
pCNi(II) values. The ionic strength (Im) keeps almost steady in the
range of pH between 7.0 and 12.

In view of points 1 to 6, and the conditions reported in the literature
for the electrodeposition of molybdenum oxides,5,41,42 a recommended
electrolyte condition for the co-deposition of molybdenum-nickel ox-
ides films is pH = 9.0 and pCMo(VI) = pCNi(II) = 2.0. Figures 5a–
5c shows the distribution diagrams for Mo(VI), Ni(II) and citrate at
these pC values, which reassures that the main species of molyb-
denum and nickel in solution at these conditions would be molyb-
date (MoO2−

4(aq)) and the dimeric form of the nickel-citrate complex
([Ni2(OH)2H2cit2]4−

(aq)). In addition, Figure 5d shows that the main
contributors to the ionic strength are sodium (Na+

(aq)), sulfate (SO2−
4(aq))

and Hcit3−
(aq) ions, all of which are mainly spectator ions during the

electrodeposition process, and thus would maintain the conductivity
of the solution.

From the previous discussion, it is clear that citrate has a signif-
icant role as complexing agent to increase the solubility of Mo(VI)
and Ni(II), and to promote the formation of nickel-citrate complexes
with a mass transfer coefficient comparable to that of molybdate
(MoO2−

4(aq)). To visualize better these effects, the speciation model
was solved using a negligible total concentration of citrate (pCcit =
6.0) and maintaining all the other conditions as stated in Table IV.
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Figure 5. Distribution diagrams for the species of: (a) molybdenum, (b) nickel and (c) citrate, using pCMo(VI) = pCNi(II) = 2.0; (d) Contribution of species to the
ionic strength of the solution.

Figures 6a–6c show the predominance diagrams obtained for Mo(VI),
Ni(II) and citrate species, showing that in neutral-alkaline conditions
(above pCMo(VI) = pCNi(II) = 1.0) the dimeric form of the nickel-citrate
complex ([Ni2(OH)2H2cit2]4−

(aq)) is replaced by NiSO4(aq) as the main
Ni(II) species, and that β-Ni(OH)2(s) starts to precipitate for pH above
8.0. This is undesirable considering that above pH = 6.0, at which
Mo(VI) is predominantly present as molybdate, the Ni(II) species
present in solution would be mainly a neutral or a precipitated com-

pound. This is confirmed by the distribution diagrams presented in
Figures 6d–6e (pCMo(VI) = pCNi(II) = 2.0), in which molybdate is the
main Mo(VI) species in solution at neutral and alkaline pH, and Ni(II)
is present mainly as: (i) NiSO4(aq) and Ni2+

(aq) at pH between 6.0 and 8.0
and (ii) β-Ni(OH)2(s) at pH above 8.0. Furthermore, a lower concen-
tration of citrate in the solution would also impact the conductivity
of it, since Hcit3−

(aq) ions are main contributors to the ionic strength in
alkaline conditions.
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Figure 6. Predominance diagrams of: (a) molybde-
num, (b) nickel and (c) citrate, using pCcit = 6.0.
Solid species are showed in bold letter. Distribution
diagrams for the species of: (d) molybdenum and (e)
nickel, using pCcit = 6.0 and pCMo(VI) = pCNi(II) =
2.0. All the other concentrations correspond to those
stated in Table IV.

Applied potential for the electrodeposition of molybdenum-nickel
oxide films.—Eh-pH diagrams for nickel and molybdenum species (at
298 K and 105 Pa) were produced as stated in the Eh-pH Diagrams
model section, for an activity equal to 10−2 for all nickel and molyb-
denum species and equal to 10−1 for citrate, ammonia and sulfate
species. These diagrams are used here to determine the adequate po-
tential to be applied for the electrodeposition of Mo-Ni oxides, though
they can also be used for the study of the electrodeposition of Mo-Ni
metal alloys.

Figure 7a shows the Eh-pH diagram obtained for molybdenum
species, which confirms that at pH = 9.0 the main reduction reaction

of molybdate ions (MoO2−
4(aq)) is Reaction 10, to produce the desired

molybdenum oxide (MoO2(s)) product. In accordance with these re-
sults, the reduction of MoO2−

4(aq) to MoO2(s) would occur at an applied
potential between −0.25 and −0.68 V vs SHE. However, Shembel
et al. have reported that this electrodeposition reaction occurs solely
at high overpotentials,41 which indicates that a potential lower than
−0.68 V vs SHE would need to be applied to promote the oxide
formation.

The Eh-pH diagram obtained for nickel species (Figure 7b) shows
that non-oxidized forms of nickel would be produced in this potential
range. In fact, between −0.56 and −0.65 V vs SHE (at pH = 9.0) the
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most probable reduction reaction of the dimeric form of the nickel-
citrate complex ([Ni2(OH)2H2cit2]4−

(aq)) is:

[
Ni2(OH)2H2cit2

]4−
(aq)

+ 4e− → 2Ni(s) + 2OH−
(aq) + 2Hcit3−

(aq) [12]

And below −0.65 V vs SHE, the nickel hydride (Ni2H(s)) would
be preferentially formed:

[
Ni2(OH)2H2cit2

]4−
(aq)

+ H2O(l) + 5e− → Ni2H(s) + 3OH−
(aq)

+ 2Hcit3−
(aq) [13]

This indicates that applying a potential below −0.56 V vs SHE the
co-electrodeposition of molybdenum oxide and nickel metal/nickel
hydride would be promoted (in addition to the unavoidable hydrogen
evolution at the cathode). However, to obtain a stable oxide film to be
used as a photo-anode to drive the oxygen evolution reaction (OER)
in a water splitting photo-electrochemical cell, a post-deposition cal-
cination treatment should be assessed.

Conclusions

A speciation model for the Mo(VI)-Ni(II)-citrate-S(VI)-N(III)-
H2O system has been proposed and solved for a set of concentrations,
varying the amount of Mo(VI) and Ni(II) and the pH of the solution,
to obtain predominance and distribution diagrams. These plots were
used to discuss and choose adequate conditions for the electrodeposi-
tion process of molybdenum and nickel oxides films, suggesting that
a pH = 9.0 and pCMo(VI) = pCNi(II) = 2.0 are recommendable when
pCcit = pCS(VI) = pCN(III) = 1.0 is fixed. Additionally, Eh-pH diagrams
for nickel and molybdenum species were obtained to determine the
potential to be applied for the electrodeposition of molybdenum and
nickel oxides. The results suggest that a potential below −0.56 V vs
SHE must be applied to the cathode to obtain a MoO2-Ni/Ni2H de-
posit, which would need further post-calcination treatment to obtain
a stable photo-anode for water splitting applications.

The thermodynamic modelling here presented and discussed is
central for the characterization of the molybdenum-nickel oxides-
based photo-anodes to be produced, as well as to establish the op-
erating conditions under which these deposits would be stable. The
analysis of the experimental results obtained in the light of this ther-
modynamic model is to be presented in a subsequent manuscript.

List of Symbols
Variables

Variable Dimensions Description Units

ax−y (y – x + 1) × 1 activities in equilibrium from
species x to y

-

bx−y (y – x + 1) × 1 aqueous molality in
equilibrium from species x to
y

mol kg H2O−1

Cm 5 × 1 formal concentration from
master species (2 to 6)

mol kg H2O−1

Im 1 × 1 electrolyte ionic force mol kg H2O−1

J 1 × 1 index of a generic species -
Kx−y (y – x + 1) × 1 equilibrium constants from

reactions associated to
species x to y

-

pH 1 × 1 −log10 of proton activity -
Qx−y (y – x + 1) × 1 reaction quotients associated

to species x to y
-

Rx−y c (y – x + 1) × 7 central species rows (ν1 to ν7)
of the stoichiometric matrix
associated to species x to y

-

Rx−y m (y – x + 1) × 5 master species rows (ν2 to ν6)
of the stoichiometric matrix
associated to species x to y

-

S 2 × 1 switch vector for solubility
products

-

zx−y (y – x + 1) × 1 unitary charge of aqueous
species from species x to y

-

Greek variables
Variable Size Description Units

γx−y (y – x + 1) × 1 activity cofficients from
species x to y

-

�fGo 1 × 1 standard molar Gibbs energy
of formation

kJ mol−1

νx 1 × 1 stoichiometric coefficient
associated to species x in
hydrolysis reaction

-

Notation
Symbol Meaning

〈a, b〉 dot product between a and b vectors
[a, b] element by element product between a and b vectors
p −log10 taken element by element
T transposed vector or matrix
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