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 ABSTRACT 

Layered double hydroxides (LDHs) are a class of two-dimensional (2D) layered 

materials with extensive applications and well-developed synthesizing methods 

in aqueous media. In this work, we introduce an alcohothermal synthesis method

for fabricating NiFe-LDHs with dehydrated galleries. The proposed process

involves incomplete hydrolysis of urea for the simultaneous precipitation of

metal ions, with the resulting water-deficient ethanol environment leading to 

the formation of a dehydrated structure. The formation of a gallery-dehydrated 

layer structure was confirmed by X-ray diffraction (XRD), as well as by a 

subsequent rehydration process. The methodology introduced here is also

applicable for fabricating Fe-based LDHs (NiFe-LDH and NiCoFe-LDH) 

nanoarrays, which cannot be produced under the same conditions in aqueous 

media because of the different precipitation processes involved. The LDH

nanoarrays exhibit excellent electrocatalytic performance in the oxygen evolution

reaction, as a result of their high intrinsic activity and unique structural features.

In summary, this study not only introduces a new method for synthesizing

LDH materials, but also provides a new route towards highly active and robust

electrodes for electrocatalysis. 

 
 

1 Introduction 

Layered double hydroxides (LDHs) with a brucite- 

like layer structure are an important family of two- 

dimensional (2D) anionic clay materials [1, 2]. The 

general formula of LDHs is II III

1
[M M

x x  (OH)2]x+(An–)x/n· 

yH2O, where the identities of the divalent and trivalent 

cations II(M and IIIM , respectively), the interlayer 

anion (An–), and the stoichiometric coefficient (x) may 

be varied over a wide range [3]. Due to their unique 

crystal structure and large flexibility, LDHs have been 

actively investigated in a variety of fields, including 

catalysis [4, 5], flame retardation [6], biomaterials [7–9], 

photochemistry [10], and electrochemistry [11–13]. For 

instance, intercalation of photofunctional molecules 

as guest anions into LDH hosts creates a homogeneous 
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distribution of the photofunctional molecules, which 

suppresses their aggregation and thereby enhances 

the luminescence efficiency and photostability [14, 15]. 

Furthermore, partial substitution of Ni2+ by Fe3+ to 

form NiFe-LDHs leads to a unique electronic structure 

of the laminate, which results in an extraordinary 

catalytic activity for the oxygen evolution reaction 

(OER) [16–21]. 

LDHs can be synthesized by numerous techniques, 

the most common of which is the simple coprecipitation 

in aqueous media, which allows the one-pot synthesis 

of LDHs with a tunable content of intralayer cations 

and interlayer anions [22, 23]. Other methodologies, 

including ion-exchange [24], hydrothermal [25],  

and electrochemical [26] methods, have also proven 

effective for the fabrication of LDHs. The synthesis of 

LDHs is usually carried out in pure aqueous solutions 

[27–30]. Even though LDHs with unique morphologies 

have been obtained in partially aqueous solutions, 

their crystal structures are essentially the same [31–33]. 

Thus, there is significant interest in the development 

of synthesis methods for LDHs in non-aqueous 

media and in the investigation of the possible effects 

of different synthetic approaches on the properties of 

the LDHs. 

In this work, a simple alcohothermal synthesis  

for fabricating LDHs was demonstrated. By simply 

mixing metal (e.g., Ni and Fe) nitrates with crystal 

waters and urea in pure ethanol followed by an 

alcohothermal process, NiFe-LDH intercalated with a 

majority of CO3
2– and a minority of CNO– anions 

could be readily formed. Notably, the ethanol-mediated 

NiFe-LDH (E-NiFe-LDH) exhibited an unusual 

interlayer spacing of ~0.71 nm, which is much narrower 

than that of conventional NiFe-LDHs (~0.79 nm) 

synthesized by coprecipitation in aqueous solution 

(A-NiFe-LDH), as illustrated in Fig. 1(a). This difference 

suggests that the E-NiFe-LDHs exhibit dehydrated 

galleries, possibly due to the absence of water during 

the synthesis. The interlayer spacing of E-NiFe-LDH 

was expanded upon exposure to a solution containing 

NaOH and Na2CO3, further confirming the formation of 

a gallery-dehydrated layer structure. The alcohothermal 

synthesis was also found to be effective for assembling 

dehydrated Fe-based LDHs (both binary E-NiFe- 

LDH and ternary E-NiCoFe-LDH) as nanoplate arrays 

(NPAs) on carbon fiber paper (CFP), which is difficult 

to achieve in aqueous solution due to the different 

precipitation conditions. Moreover, favored by their 

high intrinsic activity and unique structural features, 

the binary and ternary LDH NPAs exhibited outstan-

ding performance (~300 mV for 200 mA·cm–2) and 

impressive durability as integrated electrodes for the 

OER, superior to the noble metal catalyst benchmark 

(Ir/C). 

2 Results and discussion 

The E-NiFe-LDHs were synthesized by a one-step 

alcohothermal route carried out in a pure ethanol 

medium containing Ni(NO3)2·6H2O, Fe(NO3)3·9H2O, 

and urea. The brown product obtained by this process 

was firstly examined through its X-ray diffraction 

(XRD) pattern, shown in Fig. 1(b). Compared with 

the A-NiFe-LDH (red line), which showed a series  

of Bragg reflections consistent with the well-known 

structure of NiFe-LDH intercalated by CO3
2– (JCPDF: 

51-0463) [34, 35], the (003) and (006) peak positions of 

E-NiFe-LDH were both shifted to substantially larger 

2θ values (black line), indicating a change in the 

interlayer spacing (d003). Specifically, d003 decreased 

from ~0.79 nm (A-NiFe-LDH) to ~0.71 nm (E-NiFe- 

LDH), denoting a collapsed LDH structure possibly 

produced by the lack of interlayer water [36–38].  

Closer inspection of the FT-IR spectra (Fig. 1(c)) 

revealed a weaker bending vibration of interlayer 

water (~1,625 cm–1) [39] for E-NiFe-LDH (black line), 

indicating a lower number of water molecules in  

the interlayer galleries and further confirming the 

formation of a dehydrated layer structure. Compared 

with A-NiFe-LDH (red line), E-NiFe-LDH exhibited a 

new adsorption peak at ~2,205 cm–1, attributed to the 

symmetrical stretching mode of CNO– [40]. Since the 

strength of the CO3
2– peak (~1,385 cm–1) was similar  

to that of the same peak in A-NiFe-LDH, while the 

CNO– peak intensity was much weaker than the one 

reported for CNO–-intercalated LDHs [40], we infer 

that the E-NiFe-LDH was intercalated with a majority 

of CO3
2– and a minority of CNO– anions. Previous 

studies reported that LDHs intercalated with CO3
2–  

or CNO– possess similar d spacing (~0.79 nm) [40], 

suggesting that the possible contribution of CNO– 
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doping to the observed decrease in d spacing can be 

ruled out. 

Because the CNO– and CO3
2– anions could only 

originate from the transformation and hydrolysis of 

urea, we proposed a possible mechanism, described 

by the following chemical reactions, for the synthesis 

of dehydrated E-NiFe-LDH 

2CH3CH2OH   CH3CH2OCH2CH3 + H2O   (1) 

CO(NH2)2   NH4CNO          (2) 

NH4CNO + 2H2O   2NH4
+ + CO3

2–     (3) 

xNi2+ + yFe3+ + zOH– + kCNO– + uCO3
2–   

NixFey(OH)z(CNO)k(CO3)u                  (4) 

Ethanol would first undergo the etherization 

Reaction (1), which produces a small amount of H2O, 

as shown by gas chromatography-mass spectrometry 

(GC-MS, Fig. S1 in the Electronic Supplementary 

Material (ESM)). Then, the as-produced H2O together 

with the crystal water of the metal nitrates would  

assist the hydrolysis of urea to form ammonium 

carbonate, as illustrated by Reactions (2) and (3) [22]. 

It should be noted that Reaction (3) would not proceed 

to completion because an insufficient amount of 

reactant water is produced from the starting materials 

and from Reaction (1). Since the hydrolysis degree of 

the carbonate is higher than that of ammonium ions, 

a small amount of hydroxyl ions would be produced 

from water. Finally, the coprecipitation Reaction (4) 

would occur to form E-NiFe-LDH and the water- 

deficient ethanol environment would produce a 

dehydrated structure.  

Computer simulations were employed to confirm 

that the narrower d spacing observed for E-NiFe- 

LDH could be primarily attributed to the removal of 

interlayer water. The energies of NiFe-LDHs models 

with different interlayer spacings (0.71 and 0.79 nm) 

and various numbers of intercalated water molecules 

(n = 0–6) were calculated by the DFT+U method. The 

calculated energy difference is shown in Fig. 1(d) (the 

specific energies of NiFe-LDHs with different layer 

 

Figure 1 (a) Structural schemes of NiFe-LDHs synthesized in ethanol and aqueous media. E-NiFe-LDH shows a dehydrated structure 
with a narrower interlayer spacing compared with the NiFe-LDH fabricated by a conventional co-precipitation method (A-NiFe-LDH); 
(b) XRD patterns of E-NiFe-LDH (black curve) and A-NiFe-LDH (red curve). The A-NiFe-LDH pattern matches well with the typical 
NiFe-LDH profile (JCPDF: 40-0215), while an evident positive shift is observed for the (003) and (006) peaks of E-NiFe-LDH, 
indicating a narrower interlayer spacing for E-NiFe-LDH; (c) FT-IR patterns of E-NiFe-LDH and A-NiFe-LDH, indicating that 
A-NiFe-LDH is mainly intercalated with CO3

2– with a minor content of CNO– guest anions; (d) energy difference (ΔE) between two 
NiFe-LDHs (E-NiFe-LDH and A-NiFe-LDH, with interlayer spacing of 0.79 and 0.71 nm, respectively) containing different numbers of 
intercalated water molecules (n = 0–6). ΔE = EE – EA, where EE and EA are the calculated energies of E-NiFe-LDH and A-NiFe-LDH, 
respectively. These results show that the NiFe-LDH with a narrower layer spacing (~0.71 nm) is thermodynamically more stable with 
lack of water. 
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spacings are summarized in Table S1 in the ESM). 

The figure highlights that when the number of 

intercalated water molecules was larger than 2, the 

NiFe-LDH with a larger layer spacing had lower 

energy. In contrast, for n = 0 or 1 the energy of the 

NiFe-LDH with narrower interlayer spacing was 

lower. Therefore, a narrower layer spacing (0.71 nm) 

was thermodynamically more stable in the case of the 

dehydrated LDHs. 

Furthermore, it was found that the E-NiFe-LDH 

with a dehydrated structure could absorb water into 

its galleries, resulting in an expansion of the interlayer 

spacing. The corresponding XRD pattern (Fig. S2 in 

the ESM) shows that, after immersion in an alkali 

solution with vigorous stirring for 1–2 days, the d003 

parameter of E-NiFe-LDH increased back to its 

normal value of ~0.79 nm, indicating the successful 

intercalation of water molecules. The occurrence of 

this rehydration process [41, 42] further supports the 

dehydrated structure of E-NiFe-LDH. 

The rehydration of E-NiFe-LDH was accompanied 

by morphological changes [43]. The morphologies  

of E-NiFe-LDH before and after rehydration were 

examined by both scanning and transmission electron 

microscopy (SEM and TEM, respectively), as shown 

in Fig. 2.  

The E-NiFe-LDH showed a flower-like nanostructure 

composed of many interpenetrated nanoplates with 

an average size of ~1 μm, whereas only individual 

nanoplates could be observed in the sample after 

rehydration (Figs. 2(a) and 2(c)). The TEM images 

(Fig. 2(b)) show that the thickness of the interpenetrated 

nanoplates was only ~3.6 nm, similar to that of the 

nanoplates after rehydration (Fig. 2(d)). Hence, we 

hypothesize that the rehydration process broke the 

nanoflowers into nanoplates (Fig. 2(e)). 

The present alcohothermal method assisted by 

urea hydrolysis could also be applied for fabricating 

E-NiFe-LDH NPAs by simply incorporating a carbon 

substrate (CFP) into the reaction synthesis, as 

schematically shown in Fig. 3(a). CFP was chosen as 

substrate because of its high porosity and conductivity, 

which helped to increase the active surface area   

and enhance the electrocatalytic performance [44]. 

Unlike the smooth surface (Fig. S3 in the ESM), after 

alcohothermal growth the CFP substrate was uniformly  

 

Figure 2 (a) and (b) Typical SEM and TEM images of 
E-NiFe-LDH, showing a flower-like structure comprising many 
interpenetrated nanoplates (inset: magnified TEM image of 
E-NiFe-LDH, highlighting a small thickness of ~3.6 nm for the 
nanoplates); (c) and (d) SEM and TEM images of E-NiFe-LDH 
after the rehydration process, revealing a nanoplate (rather than 
nanoflower) structure (inset: magnified TEM image of E-NiFe- 
LDH after rehydration, highlighting a thickness similar to that  
of the interpenetrated E-NiFe-LDH nanoplates); (e) schematic 
illustration of the breaking process of E-NiFe-LDH nanoflowers 
in the rehydration process. The scale bars are 1 μm (a)–(c) and 
200 nm (d). 

and densely covered by vertically aligned nanoplates 

(Fig. 3(b)), resulting in an oriented and rigid three- 

dimensional (3D) architecture. High-magnification SEM 

images (Fig. 3(c)) further revealed the size (0.5–1 μm) 

and thickness (<5 nm) of the nanoplates, which matched 

well with the corresponding parameters of E-NiFe- 

LDH. The co-existence of both Ni and Fe elements 

was confirmed by energy dispersive spectroscopy 

(EDS) data (Table S2 in the ESM). The XRD patterns 

of E-NiFe-LDH and E-NiCoFe-LDH NPAs (black line 

in Fig. 3(d)) showed strong peaks corresponding to the 

carbon substrate (marked with “#”) and minor peaks 

that could be indexed to the dehydrated LDH structure. 

On the other hand, only nanowires, rather than 

nanoplates, were observed when the growth process 

was performed in aqueous solution (Fig. S4(a) in the 

ESM). Additional characterizations (Fig. S4(b) and 

Table S2 in the ESM) revealed that the nanowires 
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mainly consisted of nickel hydroxide carbonates 

with negligible iron content. This difference could 

be explained by the different precipitation processes 

involved in each case. The Ksp value of Ni(OH)2 in 

aqueous solution at room temperature is ~2.0 × 10–14, 

much larger than that of Fe(OH)3 (~4.0 × 10–38). As a 

result, the precipitation of Fe3+ ions is thermody-

namically easier than that of Ni2+ ions. 

The required pH values for precipitating Fe3+ and 

Ni2+ (at a concentration of 0.01 M) are ~2.2 and ~6.4, 

respectively. Thus, we can hypothesize that the 

nucleation of Fe(OH)3 mostly occurred before the 

hydrothermal process (the initial pH value was ~5), 

while that of Ni2(OH)2CO3 took place on the carbon 

fiber substrates during the hydrolysis of urea. 

Accordingly, the Fe(OH)3 nuclei formed in solution 

rather than on the CFP surface, resulting in the 

absence of Fe in the final product. In fact, when the 

hydrothermal reaction was conducted in aqueous 

solution with a pure Fe salt, only a small amount of 

nanoparticles were formed on the CFP (Fig. S5 in the 

ESM), thereby confirming the above hypothesis. 

Therefore, we suggest that Ni and Fe have a similar 

precipitation behavior in ethanol solution, which 

results in homogeneous nucleation and precipitation 

processes. 

Further experiments indicated that, in addition   

to the binary E-NiFe-LDH, ternary E-NiCoFe-LDH 

NPAs with a dehydrated layer structure and similar 

morphology could also be fabricated (red line in 

Fig. 3(d) and Fig. S6 in the ESM), highlighting the 

general efficacy of this method. The Ni:Co:Fe ratio 

was 2:1:1, according to the EDS data listed in Table S2 

(in the ESM). 

Previous investigations showed that marked 

improvement in the electrochemical properties of 

LDHs could be achieved through appropriate structural 

modifications [45–49]. The OER activity of A-NiFe- 

LDH and E-NiFe-LDH powders, examined in Fig. S7 

(in the ESM), shows that although E-NiFe-LDH was 

not as OER-active as A-NiFe-LDH, it can be activated 

even better after the rehydration process. This may be 

due to the larger interlayer spacing of A-NiFe-LDH 

(0.79 nm) compared to that of E-NiFe-LDH (0.71 nm), 

which facilitates the electrolyte penetration. However, 

the rehydration process led to a smaller size of the 

nanoplates and to a larger interlayer spacing, resulting 

in a marked improvement in the OER performance.  

It should be noted that the OER performance of 

E-NiFe-LDH would be activated during cycling 

testing, indicating that the rehydration process could 

occur in situ while testing the OER performance. 

 

Figure 3 (a) Schematic illustration of the growth process of Fe-based LDH NPAs after the solvothermal process; (b) and (c) low- and 
high-magnification SEM images of typical E-NiFe-LDH NPAs (scale bar: 5 μm and 500 nm for (b) and (c), respectively); (d) XRD 
patterns of E-NiFe-LDH and E-NiCoFe-LDH NPAs on carbon fiber paper (the peaks marked with “#” correspond to the carbon
substrate). These results demonstrate that Fe-based LDH nanoplate arrays can be successfully fabricated by the present alcohothermal
method. 
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Figures 4(a) and 4(b) show the stabilized OER perfor-

mances of the E-NiFe-LDH and E-NiCoFe-LDH NPAs 

under the same conditions. The E-NiFe-LDH NPAs 

showed an onset potential (defined as the starting 

point of the linear range in the Tafel plot) of ~1.49 V 

vs. reversible hydrogen electrode (RHE) and an 

overpotential of ~310 mV at ~25 mA·cm–2 (25). Incor-

porating a small amount of Co further reduced  

both onset potential and 25 to 1.46 V and ~295 mV, 

respectively. Both E-NiFe-LDH and E-NiCoFe-LDH 

NPAs outperformed a commercial Ir/C catalyst with 

the same mass loading. The Tafel slopes of both 

electrodes were similar and close to 40 mV·dec–1, 

which indicates a mechanism involving a pre- 

equilibrium consisting of a one-electron electrochemical 

step with a possible chemical step, followed by a one- 

electron electrochemical rate-determining step [50]. A 

negligible current response was observed for pure 

CFP (less than 1 mA·cm–2 at 1.6 V), thus ruling out the 

possible current contribution from the substrate. 

Since the fabricated E-NiFe-LDH and E-NiCoFe-LDH 

NPAs exhibited very similar morphologies and sizes, 

their different catalytic activity might be related to the 

different transition metal composition. 

The above electrochemical results clearly demonstrate 

that NiFe-LDH was already active for the OER, and a 

small amount of Co substitution for Ni could further 

improve the overall performance. It has been reported 

that Fe-doped nickel matrices (oxides [51, 52], 

hydroxides [16], and oxyhydroxides [53]) could 

significantly reduce the onset overpotential and 

accelerate the OER kinetics, which could be explained 

by the enhanced conductivity and partial charge 

transfer between Ni and Fe [53]. Moreover, doping  

a small amount of Co into mixed metal oxides con-

taining Ni and Fe could facilitate the formation of a 

more conductive NiOOH phase and induce strain 

effects, resulting in enhanced OER activity [54]. A 

significant work highlighted the excellent OER activity 

of amorphous NiCoFe oxides prepared by a photo-

chemical route [55]. Thus, by virtue of the synergistic 

effect of the transition metals, the present E-NiCoFe- 

LDH NPAs should represent attractive and promising 

water oxidation electrodes. 

 

Figure 4 (a) Polarization curves of E-NiFe-LDH and E-NiCoFe-LDH NPAs, commercial Ir/C catalyst, and pure carbon substrate. 
Both LDH NPAs show a lower onset potential and a faster current density increase than the Ir/C catalyst; (b) corresponding Tafel plots
of the three catalysts; (c) polarization curve of NiCoFe-LDH NPAs in 1 M KOH electrolyte (the inset shows the corresponding Tafel 
plot); (d) stability testing of NiCoFe-LDH NPAs at high current densities in both 0.1 and 1 M KOH electrolytes; (e) adhesion force 
between the E-NiCoFe-LDH NPAs electrode surface and a single gas bubble. The negligible response indicates a weak interaction;
(f) optical image of oxygen gas bubble release on the E-NiCoFe-LDH NPAs electrode surface; the size of the releasing gas bubbles is in 
the range of 100–200 μm in diameter, and the scale bar is 200 μm. 
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The industrial applicability of these systems was 

demonstrated by testing the E-NiCoFe-LDH electrode 

in 1 M KOH electrolyte in order to achieve a current 

density of hundreds of milliamperes per square 

centimeter, due to the high conductivity of the 

electrolyte. As expected, this E-NiCoFe-LDH NPA 

showed a further improvement in the OER perfor-

mance, with a lower Tafel slope (~35 mV·dec–1) and  

a much higher current density (~200 mA·cm–2) at a 

potential of 1.53 V, as shown in Fig. 4(c). Moreover, 

since a carbon substrate is employed in our approach, 

the long-term stability should be an essential aspect 

in the catalyst evaluation because carbon would    

be probably corroded [56] and thus lead to easy 

detachment of the catalyst film. The stability of the 

E-NiCoFe-LDH NPAs was thus examined, as illustrated 

in the current density vs. time plots in Fig. 4(d). 

Under constant overpotentials, stable OER current 

densities (~50 and ~200 mA·cm–2 for 0.1 and 1 M KOH 

electrolytes, respectively) were observed on this self- 

supported 3D electrode, with negligible degradations 

after more than 20 h of testing, revealing an excellent 

stability. This might be due to the uniform coating  

of the E-NiCoFe-LDH nanoplates, which served as a 

good protection for the carbon substrate. 

Besides the intrinsically high activity of the 

E-NiCoFe-LDHs, the outstanding OER performance 

of these systems could be attributed to their unique 

structural features. Similar 3D architectures have 

proven ideal for lithium ion batteries and super-

capacitors [57–61]. These devices benefit from the 

intimate contact with the current collector, as well as 

from their nanosized units, high porosity, and high 

surface area, which permit a direct pathway for electron 

transport, shorten the diffusion length for electrolyte 

penetration, and eliminate the polymer binders that 

would induce additional resistance. 

More importantly, this 3D architecture would provide 

low adhesion for the as-formed gas bubbles, thus 

promoting their release and keeping the working 

efficiency constant [62–64]. The adhesion force mea-

surements highlighted a negligible gas bubble adhesion 

of E-NiCoFe-LDH NPAs (Fig. 4(e)), and the adhesion 

force curves at different positions further confirmed the 

uniformity of the electrode surface (Fig. S8 in the ESM). 

Consequently, the size of the releasing gas bubbles 

was only 100–200 μm in diameter (Fig. 4(f)), which in 

turn accelerated the gas bubble release. Accordingly, 

the fast removal of the as-formed gas bubbles could 

maximize the exposure of active areas to the electrolyte 

and minimize the negative effects induced by the 

bubble adhesion, thus leading to a fast current increase 

and creating a stable working condition [63]. 

3 Summary 

In summary, this work demonstrated a non-aqueous 

approach for fabricating LDHs. Using ethanol as the 

only solvent, gallery-dehydrated E-NiFe-LDH with  

a reduced interlayer spacing (~0.71 nm) could be 

obtained through an alcohothermal process assisted 

by urea hydrolysis. The interlayer spacing of the 

E-NiFe-LDHs was found to expand after a subsequent 

rehydration process, thus confirming the formation of 

a dehydrated structure. The present ethanol-mediated 

synthesis method could be further employed for the 

efficient fabrication of Fe-based dehydrated LDH 

NPAs, including E-NiFe-LDH and E-NiCoFe-LDH. 

However, nanoarrays could not be prepared in 

aqueous solution because of the different nucleation 

processes involved. Both E-NiFe-LDH and E-NiCoFe- 

LDH exhibited excellent performance and stability 

as integrated electrodes for the OER, superior to  

the commercial Ir/C catalyst. This first demonstration  

of the non-aqueous fabrication and application of 

LDHs may have a deep impact into guiding future 

investigations on the synthesis of these systems. 
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