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Thermodynamic Treatment. The Gibbs free energy (G) for the energy difference (ΔG) 

between any adsorbate pair on the CoNiOx (x=2~3) (100) surface was defined as ΔG = ΔH ‒ TΔS, 

in which ΔH is enthalpy change and ΔS is entropy change of the system.  ΔH was estimated 

as Δ(E + ZPE + Uvib) with E representing the average electronic energy of DFT, ZPE 

representing zero-point energy correction, and Evib representing the internal energy correction 

of vibrational models (the relative translational and rotational contribution for any adsorbate 
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pair was assumed cancelled out).1 ΔS was predicted by the vibrational partition function using 

harmonic vibrations. Furthermore, the zero-point energies (ZPE) and entropy contributions to 

free energies at room temperature (298.15 K).

The potential calculation in asymmetric electrocatalysis system 

The theory potential of water splitting in asymmetric electrocatalysis system according to 

Nernst equation: 

In cathodic reaction: 2H+ + 2e- → H2(g)
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Anodic reaction: 4OH- → 2H2O(aq) + O2(g) + 4e-
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Overall water splitting (HER in acid and OER in alkali): 4H+ + 4OH- → 2H2O(aq) + O2(g) + 

H2(g)

𝐸𝐶𝑒𝑙𝑙 = 𝐸𝐴𝑛𝑜𝑑𝑒 ‒ 𝐸𝐶𝑎𝑡ℎ𝑜𝑑𝑒 = 0.401 𝑉 ‒ 0 𝑉 = 0.401 𝑉

To characterize the crystal structure of as-prepared binary Co-Ni hydroxide grown on 

carbon fiber paper (Co-Ni oxide/CFP) during an electrochemical deposition method, X-ray 

diffraction (XRD) patterns for electrochemically synthesized Co-Ni hydroxide/CFP with 

different growth time (300s and 1800s) and pure CFP substrate were obtained, as shown in 

Figure S1 (a). In these spectra, only an obvious peak found at 2~ 26o is belonged to (002) 

facet of graphite, which is originated from the CFP substrate. No distinct peaks are observed 

and corresponded to Co and Ni hydroxide, suggesting that as-prepared metal oxide is belonged 

to amorphous structure during electrochemical deposition method. To confirm the presence of 



Co and Ni elements in the Co-Ni hydroxide/CFP, SEM characterization with elemental 

mapping was conducted, as depicted in Figure S1(b). The results confirm the existence of Co 

and Ni on the surface of the CFP. This observation suggests that the amorphous metal hydroxide 

behaves like a thin film adsorbed onto the surface of the CFP substrate.

XPS analysis is performed to study the elemental composition and surface electronic states 

of Co-Ni hydroxide/CFP with growth time of 300s and 1800s. In the XPS spectra of Co 2p 

(Figure S1 (c)), the two main peaks are found at binding energy (BE) of 781.3 eV and 796.5 

eV, separated by 15.2 eV, corresponding to the Co 2p3/2 and Co 2p1/2 spin–orbit peaks, 

respectively and fitted to BE of the Co(OH)2 phase.2 In the XPS spectra of Ni 2p (Figure S1 

(d)), the two peaks are also found at 855.4 eV and 872.8 eV, separated by 17.4 eV, 

corresponding to the Ni 2p3/2 and Ni 2p1/2 spin–orbit peaks, respectively and fitted to BE of the 

Ni(OH)2 phase.3 The results showed that both Ni and Co in CoNi hydroxide/CFP with reaction 

time of 300s and 1800s are matched to the hydroxide phase with oxidation state of 2+.



Figure S1. (a) XRD pattern of synthesized Co-Ni hydroxide/CFP with the growth time of 300s 
and 1800s, (b) SEM image with elemental mapping. (c) Co 2p and (d) Ni 2p of XPS spectra for 
representative Co-Ni hydroxide/CFP-300s. 

To analyze the element distribution in the representative Co-Ni hydroxide/CFP-300s, 

high resolution transmission electron microscopy (HRTEM) and high-angle annular dark-field 

scanning transmission electron microscopy (HAADF-STEM) image were obtained along with 

the corresponding Energy-Dispersive X-ray Spectroscopy (EDS) element mapping of Co, Ni, 

O, and C elements, as shown in Figure S2. The HRTEM image (Figure S2 (a)) demonstrated 

the disordered atomic structure in the Co-Ni hydroxide/CFP-300s, confirming the amorphous 

structure, which is consistent with the image of the fast Fourier transforms (the inset in Figure 



S2 (a)). In the HAADF-STEM image of representative Co-Ni hydroxide/CFP-300s (Figure S2 

(b)), the brightness white color in image was belonged to Co-Ni hydroxide. From the images 

of EDS mapping, the signals of C, O, Co and Ni are found to be overlapped each other (merged 

one). According to EDS analysis, the atomic percentage of Co, Ni and O in the representative 

Co-Ni oxide/CFP-300s are 23.9%, 21.5% and 54.6%, respectively. Therefore, the chemical 

formula of Co-Ni hydroxide will be close to~ CoNiO2.5.

Figure S2. (a) HRTEM image of representative Co-Ni hydroxide/CFP-300s and the 
corresponding image of The fast Fourier transforms (inset). (b) HAADF-STEM image of 
representative Co-Ni hydroxide/CFP-300s and the corresponding EDS element mapping of Co, 
Ni, O, C elements and the merged image.

To further investigate the electronic structure and geometric structure of the amorphous Co-Ni 

hydroxide, the XAS analyses were employed. The XAS results of Co K-edge and Ni K-edge 

Co-Ni hydroxide/CFP with electrodeposition time of 300s and 1800s showed in Figure S3. Co 

K-edge and Ni K-edge X-ray near-edge fine structure (XANES) spectra reveal that both Co and 

Ni in Co-Ni hydroxide are in 2+ oxidation state with the edge position observed at 7713 eV 

(Co2+) and 8338 eV (Ni2+), which are matched to that of Co(OH)2 and Ni(OH)2, as shown in 

Figure S3 (a) and (b), respectively. The spectra of the Co-Ni hydroxide grown for 300s and 

1800s are very analogous. It presents that electronic structure and the local structure 

surrounding Co and Ni in these two samples are similar. To further analysis the coordination 



of Co atom and Ni atom in Co-Ni hydroxide, the k2-weighted Fourier–Transform (FT) extended 

X-ray absorption fine structure (EXAFS) spectra in Figure S3 (c) and (d), respectively. The 

spectra both show that on Co-O bond and on Ni-O bond of two Co-Ni hydroxide/CFP samples 

located at 1.2 Å and 1.3 Å, which are similar to to that of reference Co(OH)2 and Ni(OH)2, 

respectively and no metallic Co-Co and Ni-Ni bond were found. These results illustrate that the 

Co and Ni atoms in the metal hydroxide materials keep randomly atomic dispersion, resulting 

in that the metallic Co-Co and Ni-Ni bonds don’t exist in Co-Ni hydroxide.

Figure S3. (a) Co K-edge and (b) Ni K-edge XANES spectra of Co-Ni hydroxide/CFP-300s 
and Co-Ni hydroxide/CFP-1800s. The k2-weighted Fourier transform (c) Co K-edge and (d) Ni 
K-edge EXAFS spectra of Co-Ni hydroxide/CFP-300s and Co-Ni hydroxide/CFP-1800s. The 
reference XANES and EXAFS spectra of Co(OH2 and Ni(OH)2 were also provided, 
respectively.



To investigate the mechanism of a series of catalytic reactions on UOR process, we used the 

p(2 × 2) for CoNiO3(100) surface to ensure that the distance between the adsorbates are greater 

than an effective distance of van der Waals force. To ensure the structure of the catalyst used 

in the simulation was as consistent as possible with the experiment, we removed part of the 

oxygen atoms in the CoNiO3 and further optimized it to form the most stable CoNiOx (x=2~3). 

The detailed structure for CoNiOx (x=2~3) (100) surface is shown in Figure S4 (a). According to 

the experiment results, the O atoms of CoNiOx (100) are hydrogenated to form the numerous 

hydroxyl groups (OH). Therefore, in this work, to realistically simulate the catalytic 

environment CoNiOx(100), we constructed a series of (OHsur)n-CoNiOx(100) surfaces 

containing different numbers of OHsur in the top layer. However, as the OH concentration of 

the top layer on the surface of CoNiOx (100) gradually increases, we had to examine further the 

possibility of oxygen vacancies formed due to the generation of water. Therefore, from our 

calculation results, we observed that increasing the surface OH concentration will enhance the 

CoNiOx (100) surface stability (ΔG < 0), as shown in Figure S4 (b). Notably, if the surface OH 

concentration reaches 75%, i.e. (OHsur)8 – CoNiOx (100), the subsequent increase in OH 

concentration will be hindered by water generation. The detail optimization structures of 

(OHsur)9-CoNiOx(100) and (OHsur)7Ov-CoNiOx(100) are represented in Figure S4 (c) and 

Figure S4 (d), respectively. Based on the above calculation results, we will conduct a series of 

discussions on the reactivity of urea oxidation through CoNiOx(100), (OHsur)9-CoNiOx(100) 

and (OHsur)7Ov-CoNiOx(100). First, compared with the other two surfaces, we found that urea 

adsorbed on (OHsur)7Ov-CoNiOx(100) has higher adsorption energy. The adsorption energies 

and geometric parameters for urea on these surfaces are listed in Table S3; the corresponding 

optimized structures are depicted schematically in Figure S5.



Figure S4. The schematic representations of optimized structure for (a)CoNiO3(100), 
(b)(OHsur)9 - CoNiOx (x=2~3) (100) and (c)(OHsur)7Ov - CoNiOx (x=2~3) (100). (d)The profile of the 
relative energies of the different numbers of OHsur in the top layer on CoNiO3(100) surface. 



Figure S5. The schematic representations of the optimized structures of the urea on (a)CoNiOx 

(x=2~3) (100), (b)(OHsur)9-CoNiOx (x=2~3)(100) and (c)(OHsur)7Ov-CoNiOx (x=2~3) (100) surfaces.

Figure S6. (a) k2-weighted Co k-edge EXAFS of pristine Co-Ni hydroxide/CFP-300s, KOH-
treated Co-Ni hydroxide/CFP-300s, Co-Ni hydroxide/CFP-300s at 0.8 V, 1.4V and 1.6V, and 
reference Co(OH)2 and CoOOH. (c) ) k2-weighted Ni k-edge EXAFS of of pristine Co-Ni 
hydroxide/CFP-300s, KOH-treated Co-Ni hydroxide/CFP-300s, Co-Ni hydroxide/CFP-300s at 
0.8 V, 1.4V and 1.6V, and reference Ni(OH)2. 

To investigate the structure stability of Co-Ni hydroxide/CFP-300s after UOR reaction, 

the XRD patterns and Raman spectra were obtained, as shown in Figure S7. The results of 

XRD patterns (Figure S7 (a)) showed the crystallinity of the Co-Ni hydroxide after UOR 

reaction remain ammorphous phase which is the same as the initial condition. Raman 

spectroscopy was used to investigate the surface chemical condition of the Co-Ni hydroxide 

after UOR reaction, as shown in Figure S7 (b). Two strong peaks at 1352 cm-1 and 1575 cm-1 

are the characteristic D band and G band of grahpite materials on carbon fiber paper, 



respectively. In the pristine Co-Ni hydroxide/CFP-300s, there is no obvious signal found from 

400 cm−1 to 600 cm−1, meaning that the crystal structure of pristine sample is completely 

amorphous pahse. After reaction, a broad spectral feature were found in the range of 400 cm−1 

to 600 cm−1, corresponding to Eg and A1g vibrational modes of Co−O in CoOOH. Although a 

broad spectrum was found, the crystallinily of the sample still remained low and close to 

amorphous CoOOH. Because the crystallinity of our Co-Ni hydroxide is quite low, Raman 

signals (Figure S7 (c)) are too weak to be collected in the electrolyte condition during UOR 

reaction with applying different potential. Therefore, the detailed fine structure of the Co-Ni 

hydroxide before and after UOR reaction were performed by using in-situ XAS during 

electrochemical reaction process as below. 

Figure S7. (a) XRD and (b) ex-situ Raman spectra of Co-Ni hydroxide/CFP before and after 
UOR reaction with 6 hours and 12 hours. (c) In-situ Raman spectra of Co-Ni hydroxide/CFP in 
the electrolyte during UOR reaction.



Figure S8. The image of electrochemical H-cell including two parts separated by a Nafion 
membrane to avoid the oxidation reaction of urea

Table S1. Comparisons of UOR performance of Blending CoOOH-Ni(OH)2/CFP-300s with 
results in recent literatures.

Anode Catalysis Solution Current density Tafel slope Ref.

Blending CoOOH-

Ni(OH)
2
/CFP-300s 

1M KOH+0.5M Urea 1.28V /10mAcm
-2

37.2 

mV dec
-1

(this work)

NiF
3
/Ni

2
P @CC 1M KOH+ 0.33M Urea 1.36V /10mAcm

-2
33 

mV dec
-1

Chem. Eng. J. 2022, 427, 

130865.4

Pt
1
/CNT(Cl)-800 0.1 M HClO

4 
+1 M NaCl 1.39 /10mAcm

-2
37 

mV dec
-1

ACS Catalysis 2021, 11 (19), 

12232.5

Ni@C-250 1M KOH+0.5M Urea 1.5V /100 mAcm
-2

43 

mV dec
-1

Catal. Sci. Technol., 2021, 11, 

24806

Au@AuIr
2

0.5M H
2
SO

4 1.53V /300 mAcm
-2

58.3 

mV dec
-1

J. Am. Chem. Soc. 2021, 143, 

12, 4639–46457

Pt1/CNT 0.1 M HClO
4 
+1 M NaI 1.4V /10mAcm

-2
38 

mV dec
-1

Nature Commun.  2020, 11 

(1), 18

Ni–Co(OH)
2 1M KOH+ 0.33 M KI 1.36V /10mAcm

-2
47 

mV dec
-1

Nanoscale Adv., 2021, 3 (2), 

604.9

NiO/CuO @CuM 1M KOH+0.5M Urea 1.39V /100 mAcm
-2

32.2 

mV dec
-1

Nano Energy, 2023. 115.10

Ce-Co
3
-O

4 1M KOH+0.5M Urea 1.39V /50 mAcm
-2

30.5

mV dec
-1

J Colloid Interface Sci, 2023. 

630(Pt A): p. 512-524.11

Zn@Ni-MOF 1M KOH+ 0.33M Urea 1.31V /10 mAcm
-2 -

Journal of Materials 

Chemistry A, 2023. 11(27): p. 

14870-14877.12

Ni
x
S

y
/NF-3 1M KOH+ 0.33M Urea 1.343V /10 mAcm

-2
34.8 

mV dec
-1

Journal of Electroanalytical 

Chemistry, 2023. 928.13



Table S2. Comparisons of a two-electrode electrolyzer for asymmetric electrocatalysis in 
recent literatures.

Anode Catalyst Solution Membrane separated Current density
Tafel 

slope

Ref.

Blending CoOOH-

Ni(OH)
2
/CFP-300s 

Anode: 1M KOH+0.5M 

Urea 

Cathode: 0.5M H
2
SO

4

Y 0.45V /10mAcm
-2

37.2 

mV dec
-1

 (this work)

CFP

Anode: 0.1M HClO
4 

+1 

M NaI

Cathode: 0.5M H
2
SO

4

Y 0.59V /10mAcm
-2

47.78 

mV dec
-1

 Journal of Materials 

Chemistry A, 2022. 

10(45): p. 23982-

23989.14

RuSn SAO

Anode: 0.1 M HClO
4 

+0.1 M NaI

Cathode: 0.5M H
2
SO

4

Y 1.07V /10mAcm
-2

40 

mV dec
-1

ACS Sustainable Chem. 

Eng. 2021 9 (26), 8803-

881215

CuCl/rGO

Anode: 1M KOH+0.5M 

Urea 

Cathode: 0.5M H
2
SO

4

Y 0.83V /10mAcm
-2 -

Chem. Commun., 2018, 

54, 260316

NiCoP NW/NF
Anode: 1M KOH, 

Cathode: 0.5M H
2
SO

4
 

Y 0.95V /10mAcm
-2 -

ACS Sustainable Chem. 

Eng. 2021 9 (48), 16163-

1617117

Ru-RuO
2
-CNT 

Anode: 1.0M KOH 

Cathode: 0.5MH2SO4
Y

0.73V

/10mAcm
-2

-
Nano Energy 2019, 61, 

576.18

Co-Ni-P/NF
Anode: 1.0M NaOH 

Cathode: 0.5MH2SO4
Y 0.841V/ 10mAcm

-2 -
Carbon Energy, 2020. 

2(4): p. 646-655.19



Table S3. The adsorption energies (eV) and the corresponding bond lengths (Å) of urea on 
CoNiO3(100), (OHsur)9-CoNiO3(100) and (OHsur)7Ov-CoNiO3(100) surfaces.
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