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Abstract: Hafnium ethoxide was synthesized using electrochemical method. Optimization experiments were used to optimize 

various parameters namely Et4NBr concentration(c): 0.01−0.06 mol/L, solution temperature (t): 30−78 °C, polar distance (D): 

2.0−4.0 cm and current density (J): 100−400 A/m2. The electrolytic products obtained under optimum conditions of c=0.04 mol/L, 

t=78 °C, D=2.0 cm and J=100 A/m2 were further isolated by vacuum distillation under 5 kPa. The product was characterized by 

Fourier transform infrared (FT-IR) spectra, nuclear magnetic resonance (NMR) spectra. The results indicated that the product was 

hafnium ethoxide. ICP analysis suggested that the content of hafnium ethoxide in the final product exceeded 99.997%. Thermal 

properties of the product were analyzed by TG/DTG. The vaporization enthalpy of hafnium ethoxide was found to be 79.1 kJ/mol. 

The result confirmed that hafnium ethoxide was suitable for the preparation of hafnium oxide by atomic layer deposition. 
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1 Introduction 
 

Hafnium ethoxide is mainly used for the deposition 

of hafnium oxide (HfO2) layers by atomic layer 

deposition (ALD), and deposited in this manner, the 

hafnium-based high-k dielectrics show much more stable 

electrical characteristics in comparison with the ones 

formed by sputtering or chemical vapors [1]. As the 

semiconductor industry ushered in nanometer era, a gate 

dielectric thickness in the field effect transistor (FET) 

reached its physical limits because of an increase in 

leakage currents due to tunneling effects [2−4]. 

Therefore, it is necessary to replace SiO2 with a high-k 

gate dielectric. HfO2 layers are amongst the most 

promising high-k candidates to meet the requirements for 

replacing the traditional SiO2 gate oxide in 

complementary metal−oxide–semiconductor devices [4,5]. 

In recent years, the most common method of 

preparing hafnium alkoxides (Hf(OR)4) has been based 

on the halide synthesis [6]. This method has the 

disadvantage that HCl gas is liberated, because an 

apparatus in which the reaction is carried out is subjected 

to severe corrosion. And the reaction is performed using 

large amounts of organic solvents which are harmful to 

the environment. In addition, the necessary reagents are 

scarce and the reactions involve various side processes 

which contaminate the products and decrease their  

yields [7]. 

For these reasons, the direct electrochemical 

synthesis of metal alkoxides by anode dissolution of 

metals in absolute alcohols in the presence of a 

conductive admixture seems a very promising method. 

The electrochemical method has great promise for the 

direct conversion of the less electropositive metals to 

their alkoxides owing to its simplicity and high 

productivity as well as its continuous and non-polluting 

character (with hydrogen as the major by-product) [6]. In 

our earlier works, we prepared several tantalum and 

niobium alkoxides by electrochemical method [8−10]. 

Many metal alkoxides, such as Y, Ti, Nb, Ta, Mo, W, Cu, 

Ge, Sn and other metals were also produced by this 

technique [6,11−13]. Some hafnium alkoxides, such as 

Hf(OMe)4, Hf(OBut)4, H(OC5H11
t)4 and Hf(OEt)4, were 

prepared using electrochemical method [6]. In 1995, 

hafnium ethoxide was obtained for the first time by 

TUREVSKAYA et al [14] with the electrochemical 

method involving electrolysis of an ethanol solution 

containing tetrabutylammonium bromide with a platinum 

cathode and a hafnium anode. However, parameter  
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optimization in the electrochemical synthesis, 

characterization and thermal property analysis of 

hafnium ethoxide have not been undertaken so far. 

In the present study, optimization experiments for 

electrochemical synthesis of hafnium ethoxide were 

carried out to study the effect of various experimental 

parameters. Hafnium ethoxide synthesized under 

optimum conditions was further characterized by FT-IR, 

NMR and thermal analysis techniques. 

 

2 Experimental 
 

Anhydrous ethanol was supplied by Tianjin 

Hengxing Chemical Preparation Corporation, China. 

Tetraethylammonium bromide (Et4NBr) was purchased 

from Sinopharm Chemical Reagent Corporation Limited. 

All reagents were used without further purification. 

The electrolytic cell was made of polypropylene and 

its dimensions were 15.1 cm (length) × 7 cm (width) × 

24 cm (height). A stainless steel plate was used as 

cathode, and its working area was 19.0 cm×12.0 cm. 

Hafnium plate (2.0 kg), purchased from Zhuzhou 

Cement Carbide Group Limited Corporation, China, was 

employed as anode, and its working area was 17.0 cm × 

12.0 cm. The hafnium plates were made from hafnium 

powders of metallurgical grade with self-resistance 

sintering, electron bombardment and rolling treatment. 

The chemical composition of hafnium plate is shown in  

Table 1. 

 

Table 1 Chemical compositions of hafnium anode (mass 

fraction, %) 

Zr Cr Fe K Mg 

0.0015 <0.0003 0.0005 <0.0002 <0.0007 

Na Mo Si Ni W Hf 

<0.0005 <0.0004 <0.0003 0.0002 0.0036 Bal. 

 

The basic experimental conditions were anhydrous 

ethanol of 2.2 L, conductive agent of 0.04 mol/L, 

solution temperature of 78 °C (boiling temperature), 

polar distance of 2 cm and applied current of 2 A (current 

density of 100 A/m2). The effects of Et4NCl, Et4NBr or 

Et4NHSO4 as supporting electrolytes on the cell voltage 

with time were studied. The effects of solution 

temperature, concentration of Et4NBr and polar distance 

on the cell voltage with current density were  

investigated, respectively. The effect of current density 

on the current efficiency was studied. 

The hafnium ethoxide and ethanol solution 

synthesized under optimal condition was distilled at 

ambient pressure to separate redundant ethanol at 

temperature above 78 °C. Then, the distillation 

temperature was raised to 150 °C gradually, and a little 

amount of ester was removed. Finally, the crude hafnium 

ethoxide solution was distilled at a pressure of 5 kPa and 

an oil bath temperature of 210−230 °C. The condensate 

was preserved in a dry nitrogen-sealed glass bottle to 

keep it from moisture. 

FT-IR spectrum was measured with a Nicolet Avatar 

360 IR spectrometer operating in the region of 4000− 

400 cm−1. The 1H-NMR spectrum was recorded with an 

Inova−400 (Varian) nuclear magnetic resonance 

spectroscope, and chloroform-d was adopted as the dilute 

reagent. Thermogravimetric measurements were carried 

out in nitrogen atmosphere using a SDT Q600 V8.0 

Build 95 thermoanalytical equipment (flux rate of    

200 cm3/min, heating rate of 10 °C/min, temperature 

interval of 25−800 °C, sample mass of 20.6 mg, and 

surface area of 0.227 cm2 (the TG crucible)). In order to 

determine impurity contents of hafnium ethoxide, some 

amount of water was added into hafnium ethoxide 

solution for hydrolysis reaction. After desiccation in 

desiccator at 100 °C for 12 h, the sample was calcined in 

muffle furnace at 800 °C for 2 h. The impurity contents 

were obtained by ICP-Mass Agilent 7500a analyzer. And 

then the impurity content of hafnium oxide was 

converted into that of hafnium ethoxide. 

 

3 Results and discussion 
 

3.1 Electrochemical synthesis of hafnium ethoxide 

Figure 1 shows the cell voltage−time (Ec−t) curves 

in anhydrous ethanol using Et4NCl, Et4NBr or Et4NHSO4 

as electrolytes at a polar distance of 2 cm and an applied 

current of 2 A. At the beginning of the electrolysis, Ec 

decreases steeply to a minimum at a certain time (ti), 

probably corresponding to the rapid increase in the 

temperature and the dissolution of the surface oxide film. 

After ti, it is worth noting that Ec values of Et4NCl and 

Et4NBr begin to increase slightly whereas Ec of 

Et4NHSO4 increases rapidly. The increase in Ec can be 

explained by the following points: on the one hand, after 

ti, as the electrolysis continues to carry out, the polar 

distance gradually increases and the anode working area 

slowly shrinks, leading to the increase of the solution 

resistance; on the other hand, the continuous electrolysis 

gives rise to the formation of increasing amounts of 

soluble product in the solution, contributing to the 

increase in the viscosity, resulting in precluding the 

migration rate of supporting electrolyte. At a fixed 

applied current, Ec values are found to be enhanced in the 

order: Et4NCl>Et4NBr>Et4NHSO4, among which Ec 

values of Et4NCl and Et4NBr are relatively very close. In 

addition, it is found that there is only one step for 

preparing Et4NBr, which is favourable to a significant 

reduction in the cost. In contrast, the preparation of 

Et4NCl and Et4NHSO4 needs three steps, in which the 
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preparation of Et4NBr is the first step. Therefore, it is 

reasonable to choose Et4NBr as the supporting 

electrolyte. 

 

 

Fig. 1 Cell voltage−time (Ec−t) curves recorded for three 

supporting electrolytes in anhydrous ethanol at polar distance 

of 2 cm and applied current of 2 A 

 

Figure 2 illustrates the current density−cell voltage 

(J−Ec) curves in anhydrous ethanol containing      

0.01 mol/L Et4NBr at a polar distance of 2 cm and 

various solution temperatures. As shown in Fig. 2, at the 

same temperature, a linear relationship is observed 

between J and Ec; at the same cell voltage, it is found 

that a higher temperature contributes to a greater current 

density. These results can be interpreted in terms of the 

solution conductivity, which is as high as 10−4−10−3 S/cm 

at 20 °C but 10−3−10−2 S/cm at 70 °C, indicating that the 

increasing temperature is favorable to improving the 

conductivity as a result of the accelerated rates of 

mass-transfer by diffusion which contributes to a 

decreased resistance to charge-transfer. Moreover, it is 

worth mentioning that at higher cell voltage, the bulk of 

electric energy consumed is transformed to heat energy,  

 

 

Fig. 2 J−Ec curves in anhydrous ethanol containing 0.01 mol/L 

Et4NBr at polar distance of 2 cm and various solution 

temperatures 

which results in a rapid rise in the temperature of the 

electrolysis. This makes it more difficult to carry out the 

electrolysis below the temperature of the boiling point. 

Thus, it is reasonable to choose the optimal temperature 

as the boiling point (78 °C). 

Figure 3 presents the J−Ec curves in anhydrous 

ethanol containing Et4NBr with various concentrations at 

a polar distance of 2 cm and 78 °C. It is observed that at 

the same concentration of Et4NBr, a linear relationship is 

observed between J and Ec; at the same cell voltage, an 

increase in the Et4NBr concentration causes a greater 

current density, but this increase in current density is 

disproportionate. In other words, when the Et4NBr 

concentration attains a certain value, the increment of 

current density tends to steeply decay with continuing to 

increase Et4NBr concentration. Therefore, it is 

reasonable to set the optimal Et4NBr concentration as 

0.04 mol/L. 

 

 

Fig. 3 J−Ec curves in anhydrous ethanol containing Et4NBr 

with various concentrations at polar distance of 2 cm and 78 °C 

 

Figure 4 presents the J−Ec curves in anhydrous 

ethanol containing 0.04 mol/L Et4NBr at 78 °C and 

various polar distances. It is clear that at the same polar 

distance, a linear relationship between J and Ec is 

observed; at the same cell voltage, increasing the 

distance decreases the current density, causing an 

increase in energy consumption. Therefore, the optimal 

polar distance is assumed to be 2 cm. 

At the currents of 2, 4, 5, 6 and 8 A, electrolysis is 

carried out on the duration of 12, 6, 5, 4 and 3 h, 

respectively. After the electrolysis, hafnium plates are 

weighed and the calculated current efficiencies are as 

high as 96.1%, 95.2%, 93.9%, 94.2% and 93.1%, 

respectively. In addition, higher current causes higher 

cell voltage, which results in greater energy consumption. 

Consequently, the optimal applied current is considered 

to be 2 A (100 A/m2). 

Based on the above condition experiments, the 

optimal synthesis conditions are 0.04 mol/L Et4NBr, 
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boiling temperature of 78 °C, polar distance of 2 cm and 

current density of 100 A/m2. 

 

 

Fig. 4 J−Ec curves in anhydrous ethanol containing 0.04 mol/L 

Et4NBr at 78 °C and various polar distances 

 

3.2 Structure characterization 

Figure 5 shows the FT-IR spectrum of hafnium 

ethoxide. Several peaks between 2998 and 2880 cm−1 are 

due to δ(C—H) stretching vibration of alkoxy groups. 

Peaks at around 2998 and 2880 cm−1 are attributed to 

asymmetric and symmetric stretch vibrations, 

respectively. The sharp bands at around 1468 and   

1382 cm−1 correspond to the δ(C—H) bending vibrations. 

The peak at 1468 cm−1 is assigned to scissoring vibration 

of methylene. The peak at around 1382 cm−1 is ascribed 

to symmetric bending vibration of methyl groups. Bands 

at 1200−1000 cm−1 correspond to the C—O vibrations of 

alkoxy groups bound to Hf. The broad envelopes of 

bands below 600 cm−1 are due to the Hf—O stretching 

modes occurring along with bending and torsional modes 

of the ligands. There are no bands between 3600 and 

3100 cm−1 in Fig. 5, indicating that the samples are  

well preserved and the partial hydrolyzation does not 

occur [15]. 
 

 

Fig. 5 FT-IR spectrum of hafnium ethoxide 

Nuclear magnetic resonance studies on hafnium 

ethoxide have been very useful in understanding and 

assigning the structure of these species. Figure 6 shows 

the 1H NMR spectrum of Hf(OEt)4 in CDCl3 with respect 

to tetramethylsilane. Solvent peaks are observed at 

chemical shift of 7.27×10−6. Peak assignments in the plot 

are as follows: the signals at chemical shifts of 4.50×10−6 

and 4.36×10−6 are attributed to HA. The major peak at 

chemical shift of 1.25×10−6 is due to HB, namely      

the H atom of the terminal methyl. The proportion of 

spectral integral area is 1.00:1.61≈2:3, conforming the 

stoichiometry of the compound Hf(OCH2CH3)4. 

 

 

Fig. 6 1H NMR spectrum of hafnium ethoxide sample(A and B 

represent serial number of H atom) 

 

Table 2 presents the content of impurities in 

hafnium ethoxide. The total content of all other impurity 

elements except for Zr is 2.51×10−5. Therefore, the purity 

of hafnium ethoxide purified by reduced pressure 

distillation can be up to 99.997% and can meet the 

demand of atomic layer deposition (ALD). The content 

of Zr is relatively high whereas the element zirconium is 

not more harmful to the quality than other elements. 

 

Table 2 Impurity contents in hafnium alkoxides (mass fraction, 

10−6) 

Zr Hf Al Li Mg Fe Cu 

11.5 − 1.5 2.3 1.2 2.6 1.6 

W U Th Ta Si P C 

2.3 1.6 2.1 3.6 2.4 1.6 2.3 

 

3.3 Thermal property analysis and vapour pressure 

estimation 

Thermal property is of prime consideration in 

assessing the feasibility of a metallorganic compound as 

a precursor in ALD, demonstrating the conditions 

required to transport material from its source container to 

the deposition zone. 

A typical TG−DTA/DTG curve for hafnium 
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ethoxide obtained at a heating rate of 10 °C/min is shown 

in Fig. 7(a). Below 350 °C, the DTA plot has two peaks, 

the first is due to the evaporation of hafnium ethoxide in 

the temperature range of 152−268 °C, and the second is 

probably due to the pyrolytic decomposition of hafnium 

ethoxide in the temperature range 268−320 °C. The TG 

curve displays a single mass loss in the temperature 

range of 172−251 °C. On the DTG plot, the rate of mass 

loss shows a rapid increase after reaching 175 °C. The 

rate of mass loss continues to increase as the sample 

evaporates, reaching the maximum rate at the DTG peak 

temperature of 240 °C. A white residue of about 22% of 

the total mass loss remains in the sample crucible at the 

end of the experiment, indicating that a part of pyrolytic 

decomposition of hafnium ethoxide had occurred. 

 

 
Fig. 7 TG−DTA/DTG plots for hafnium ethoxide (a) and 

benzoic acid (b) 

 

Langmuir equation is used to calculate the vapour 

pressure and the vaporization enthalpy of hafnium 

ethoxide. The principle of using thermogravimetry to 

estimate the vapour pressure is based on the Langmuir 

equation [16]: 
 

1 d

d 2

m M
p

a t RT



                           (1) 

 
where (1/a)(dm/dt) is the rate of mass loss per unit area 

(kg/(s·m2)), p is the vapour pressure (Pa), M is the 

relative molecular mass of the vapour of the evaporating 

compound (kg/mol), T is the thermodynamic temperature 

(K), and α is the vaporization coefficient. In vacuum, α is 

assumed to be 1, but in a flowing gas atmosphere as 

commonly found in TG experiments α is assumed to be a 

significantly different value. Rearranging the Langmuir 

equation gives 
 

p=kv                                       (2) 
 

where  2k R  /α  and  v=(1/a)(dm/dt) / .T M   The 

usual procedure using TG is to determine the rate of 

mass loss over the temperature range of interest using a 

compound known to be thermally stable. Knowing the 

vapour pressure of the standard compound at different 

temperatures, and obtaining dm/dt from TG/DTG plots, 

the value of k is determined. Benzoic acid has been 

assumed as a suitable material for this role [17−19]. 

Then, it is used as the calibrating material for the 

determination of k in the modified Langmuir equation. 

The enthalpy of vaporization is calculated from the 

vapour pressure−temperature data using the Clausius− 

Clapeyron equation: 
 

ln
H

p A
RT


                                 (3) 

 

Hence, a plot of ln p versus 1/T gives a straight line, 

the slope of which is −∆H/R. Thus, the enthalpy of 

vaporization may be calculated. 

The TG/DTG plot for benzoic acid is shown in  

Fig. 7(b). The values of dm/dt at different temperatures 

are obtained, and divided by the surface area of the TG 

crucible to get the mass loss rate per unit surface area. k 

is calculated to be 1.472×105 J1/2/(K1/2·mol1/2) as required 

by Eq. (1). Using this value of k, the vapour pressure− 

temperature curve for hafnium ethoxide is calculated, as 

shown in Fig. 8. Using the vapour pressure−temperature 

data, the plot of ln p versus 1/T is obtained as straight 

line for hafnium ethoxide, from which, using the 

Clausius–Clapeyron equation, the slope gives −∆H/R, 

and hence the vaporization enthalpy ∆H. The plot of ln p 

versus 1/T for hafnium ethoxide is shown in Fig. 9. The 

linear fitting to the data, the slope of which gives the 

enthalpy of sublimation, is also shown in Fig. 9. The 

linear nature of this curve allows the vaporization 

enthalpy to be calculated from the slope, and the value is 

calculated to be 79.1 kJ/mol for hafnium ethoxide. The 

vapour pressure−temperature equation for hafnium 

ethoxide can be expressed as ln p=24.1−9510.3/T. Since 

the TG data are calculated from 157 to 237 °C, and since 

none of the white residue appears on the TG crucible at 

the end of 157−237 °C mass loss, indicating that the 

decomposition is likely to be much slower at lower 

temperatures, the TG data are probably valid. 
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Fig. 8 Vapour pressure−temperature curve of hafnium ethoxide 

 

 

Fig. 9 Plot of ln p versus 1/T for hafnium ethoxide 

 

4 Conclusions 
 

1) Optimization experiments were carried out to 

optimize various parameters including Et4NBr 

concentration, solution temperature, polar distance and 

current density. Based on the condition experiments, 

optimal electrochemical synthesis conditions were found 

to be Et4NBr concentration of 0.04 mol/L, boiling 

temperature of 78 °C, polar distance of 2 cm and current 

density of 100 A/m2. The current efficiency was found to 

be higher than 93%. 

2) The electrolytic products obtained under the 

optimum conditions were further isolated by vacuum 

distillation to acquire the pure hafnium ethoxide. Its 

structure was characterized by FT-IR and NMR spectra. 

The results consistently demonstrated that the sample 

was hafnium ethoxide. The purity of hafnium ethoxide 

purified by reduced pressure distillation can be up to 

99.997%. 

3) Thermal properties of the product were analyzed 

by TG/DTG. The vapour pressure−temperature equation 

for hafnium ethoxide can be expressed as ln p=24.1− 

9510.3/T. The vaporization enthalpy of hafnium ethoxide 

was found to be 79.1 kJ/mol. The results confirmed that 

Hf(OEt)4 was suitable for the preparation of hafnium 

oxide (HfO2) by atomic layer deposition (ALD). 
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电化学合成乙醇铪的参数优化、表征和热性能分析 
 

王长红，杨声海，陈永明，吴彦增，何 静，唐朝波 

 

中南大学 冶金与环境学院，长沙 410083 

 

摘  要：采用电化学方法合成乙醇铪，优化电化学合成过程中的各个参数，包括四乙基溴化铵浓度(c)：0.01~    

0.06 mol/L、溶液温度(t)：30~78 °C、极距(D): 2.0~4.0 cm 和电流密度(J)：100~400 A/m2。在最优条件(c=0.04 mol/L、

t=78 °C、D=2.0 cm，J=100 A/m2)下获得的电化学产物通过减压蒸馏(5 kPa)进一步分离提纯。对所得最终产物通

过红外光谱和核磁共振进行表征。结果表明，产物为乙醇铪。最终产物杂质含量通过 ICP 分析，结果表明，乙醇

铪在最终产物的含量超过 99.997%。采用 TG/DTG 对所得产物乙醇铪进行热分析，得到其蒸发热焓为 79.1 kJ/mol，

表明所得乙醇铪适合原子沉积法制备氧化铪。 

关键词：乙醇铪；电化学合成；参数优化；表征；热分析 
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