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Electrodeposition of RuQ, Layers on
TiO, Nanotube Array toward CO, Electroreduction

Bei Jiang, Lina Zhang, Xianxian Qin, Wenbin Cai"
(Shanghai Key Laboratory of Molecular Catalysis and Innovative Materials, Collaborative Innovation Center of
Chemuistry for Energy Materials, Department of Chemistry, Fudan University, Shanghai 200433, China)

Abstract: RuO,/TiO, composite materials have multitude of electrocatalytic applications including but not limited to CO, re-
duction reaction (CO,RR). RuO,/TiO, electrodes were previously prepared by repetitive coating and thermal decomposition (TD) of
a Ru(Ill) precursor solution on Ti substrate. In this work, electrochemical potential cycling is applied to deposit amorphous RuO,
(a-Ru0,) layers onto TiO, nanotube array (TNA) (RuO,“/TNA) preformed on Ti foil. SEM, GIXRD, and voltammetry are applied
to characterize the structures of the resulting RuO,“/TNA. Ru loading on the RuO,"/TNA electrode is ca. 1/30 of that on the con-
ventional RuO,™/TNA electrode. Although both electrodes yield similar faradaic efficiencies (FEs) for the reduction products, the
RuO,“/TNA electrode displays a much higher reduction current, a more positive initial reduction potential and a better durability
than the RuO,"™/TNA one. In addition to higher FEs for formate and CH,, the RuO,“/TNA electrode yields the product of CO for

the CO,RR in 0.1 mol- L' KHCO;, which is not available in a PBS solution with pH 7.
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CO, reduction reaction (CO,RR) is receiving
much attention™ in considering that it may be used to
convert the largest carbon resource in the atmosphere
to value-added chemicals and in the meantime to re-
duce the greenhouse effect. CO,RR may be accom-
plished by means of chemical hydrogenation!", photo-
chemical reduction®”™ and electrochemical reduction®.
Due to harsh conditions with chemical hydrogenation
and very low efficiencies with photochemical reduc-
tion, electrochemical reduction is attractive for its
mild conditions and diversities in converting CO, to
CO, formate, CH;OH and other small organic
molecules, especially when the electricity comes
from renewable energy sources.

CO,RR on various metal catalysts were widely
studied®". However, the high over-potentials and the
vulnerability to cationic impurities may impede the
applications of metal catalysts. In fact, very negative
potentials such as -1.25 to -1.8 V vs SCE (namely
large absolute over-potentials) are required to effec-
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tively drive CO,RR at most metal electrodes in
CO,-saturated 0.1 mol-L! KHCO; to maintain mean-
ingful currents™. The cationic impurities in solution
may significantly change the activity and selectivity
of the metal electrodes. To address the above con-
cerns, metal complexes™ and metallic oxides™ were
examined for the catalytic materials. Specifically, the
conductive RuO,'"* is expected to have smaller over-
potential for CO,RR as well as hydrogen adsorption,
which is essential for reducing the intermediate CO;,~
to formate. RuO, is unexpectedly stable even under
vigorous hydrogen evolution, as a result only partial
reduction to Ru ox-hydroxide occurs'™!. Along this
line, additional merit of using the RuO, catalyst for
CO,RR lies in its tolerance to cationic impurities in
solution during CO,RR so that a much more stable
reduction current may be retained.

Coating a thin layer of RuO, on TiO, substrate
to form the so-called RuO,/TiO, composites!™? may

further enhance electrocatalytic activity and durabili-
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ty of RuO,!"" for CO,RR. High-temperature thermal
decomposition (TD) of RuCl; salt solution repeatedly
drop-casted on Ti foil in ambient atmosphere was
routinely adopted to prepare polycrystalline RuO,/TiO,
electrodes, in which the amount of RuQO, is quite high
to maintain satisfactory dispersion.

To overcome the drawbacks of the traditional
TD method for preparing the RuO,/TiO, (denoted as
RuO,™/TNA) electrode, in this work, the potential
cycling method is extended to electrodeposit amor-
phous RuO, layers onto vertically oriented TiO, nan-
otube array (TNA) preformed on Ti foil (denoted as
RuO,"Y/TNA) to increase the electroactive surface
area while decreasing markedly the amount of RuO,
deposit. Preliminary analysis of CO,RR on RuO,""/
TNA in pH 7 PBS and bicarbonate solutions are con-
ducted, showing that formate, CO, CH, are detectable
products with significant evolution of H,.

1 Experimental

TNA on Ti foil was formed by means of an-
odization according to procedures similar to previous
reports®*, by using a Ti foil and a Pt sheet as the an-
ode and the cathode, respectively. Before anodiza-
tion, a mechanically polished Ti foil was first etched
in the solution (Vo :V o, : Ve = 5:4:1) for 1 min at
room temperature. After being rinsed with copious
amount of ultrapure water, the Ti foil was anodized
with a voltage of 20 V in a solution containing 0.61
mL HF and 0.39 mL CH;COOH at 30 °C for 1.5 h.

The preformed TNA was sensitized in 15
mmol L' SnCl, + 2 mol -L"' HCI for 10 min, and
then activated in 5 mmol-L"' PdCl, + 0.5 mol-L! HCI
for 10 min prior to potential cycling to trigger the
growth of first @-RuO, layer on TNA from -0.2 V to
1.0 V for 80 cycles at a scan rate of 50 mV s in the
plating bath of 2 mmol -L"' RuCl; and 0.10 mol - L
NaNO;. After that, the electrode was annealed in a
muffle furnace for 2 h at 450 °C to polycrystalline
RuOy/TNA (pc-RuO,/TNA), followed by potential cy-
cling deposition of the second layer of a-RuO, on
pc-RuOy/TNA under otherwise same conditions de-
picted in the above to form the RuO,"/TN A elec-
trode for CO,RR. The annealing pretreatment before

‘ Anodic Polarization Cyclic Voltammetry @

Ti foil TNA o-Ru0,/TNA

I Annealing

E Cyclic Voltammetry |

RuO,V/TNA pe-RuO,/TNA

Fig. 1 Schematic illustration for preparing the RuO,"/TNA

electrode

the second electrodeposition is to increase the adhe-
sion and stability of a-RuO, layer during CO,RR. A
schematic diagram of preparing the RuO,""/TNA elec-
trode is shown in Fig. 1.

For comparison, RuO,"™/ TNA was prepared by
thermal decomposition of alcoholic solution of 2 mg
RuCl; on TNA (2 em?) in a muffle furnace for 2 h at
450 °C. All electrochemical experiments were per-
formed in a conventional three-compartment cell by
using a Pt foil as the counter electrode and an SCE as
the reference electrode, respectively. Linear sweep
voltammograms and chronoamperometry curves were
recorded in 0.2 mol - L' NaClO, buffered with 0.2
mol-L"' Na,HPO,-NaH,PO, (PBS, pH 7) saturated by
either N, (99.999%) or CO, (99.999%). Potential de-
pendent CO,RR was conducted in CO,-saturated 0.1
mol- L' KHCO; which is mostly used in literature.

The solutions were prepared with ultrapure water
Milli-Q, =18.2 M) and AR grade reagents as re-
ceived. The surface morphologies of the samples
were characterized by field emission scanning elec-
tron microscopy (FE-SEM, Hitachi S-4800), and the
components were analyzed by energy dispersive X-ray
spectrometry (EDX, QUANTAX 400). The crystalline
structures were determined by grazing incidence
X-ray diffractometry (GI-XRD, New D8 advance,
Bruker) at an incident angle o; = 0.2°. The gas prod-
ucts of CO,RR were analyzed by using the GC 2060
gas chromatography while the products dissolved in
the electrolyte was analyzed by NMR (500 MHz, Bruk-
er) and IC (Dionex DX-500).

2 Results and Discussion



-240 - W,

v F

2017 4

Fig. 2A-C show the FE-SEM images for TNA
before and after deposition of RuO, layers. The TiO,
nanotubes are vertically aligned with a diameter of 91
+ 15 nm and a wall thickness of 13 + 3 nm (Fig. 2A).
After the first deposition of a-RuO, on TNA, the nan-
otube wall thickness increases to 17 + 4 nm, and it
further increases to 30 + 5 nm after the second poten-
tial cycling deposition, as shown in Fig. 2B. The
SEM images also indicate that a-RuQ, is possibly lo-
cated on the nanotube walls. In contrast, for RuO,™/
TNA, the RuO, deposit with larger individual nano-
particles appears much thicker so that the underlying
TNA is fully covered and blocked (Fig. 2 C), lowering
the utilization of the RuO, to catalyze the CO,RR.
EDX analysis reveals that the atomic ratio of Ru:Ti
is 3.77:36.86 for RuO,"Y/TNA and 31.11:9.77 for
RuO,™/TNA, respectively. Since the two RuO, de-
posits are supported on the same TNA, the amount of
Ru in the RuO,"/TNA electrode is roughly 1/30 of
that in the RuO,™/TNA one. In other words, the elec-
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trochemical deposition facilitates the control of grow-
ing ultrathin RuO, layers over TNA, increasing sig-
nificantly Ru mass utilization.

The GI-XRD (Fig. 2 D) result confirms the phase
change before and after depositing and annealing
RuO,"Y/TNA. Before the deposition of RuO, (Fig .2 D
(a)), only the peaks of the TNA substrate show up.
After the first potential cycling deposition of RuO,
(Fig. 2 D (b)), the peaks for the TNA substrate at 36°
and 54° are weakened, nevertheless no RuO, signals
can be detected, suggesting that the deposited RuO, is
amorphous®. After being annealed at 450 °C for 2 h
(Fig. 2 D (c)), the sample shows two peaks at 28° and
35°, featuring the transition from amorphous RuO,
structure to polycrystalline RuO, structure. The sec-
ond potential cycling deposition of a-RuO, takes
place on this underlying substrate for better adhesive-
ness, the resulting sample is denoted as RuO,“/TNA,
which is used for following electrochemical measure-

ments.
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Fig. 2 FE-SEM images of as-prepared TNA (A), RuO," /TNA (B), RuO,™/TNA (C), and GI-XRD (D) profiles for as-prepared

TNA (a), «-RuO,/TNA (b) and pc-RuO,/TNA (c)
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3LA RuO,“/TNA electrodes were simply compared by recording linear
»l / sweep voltammograms (Fig. 3B) and chronoampero-
‘E A metric curves (Fig. 3 C), revealing that the RuO,"Y/TNA
< electrode is superior to the RuO,™/TNA one in terms
:E“ Or of electrocatalytic performance. Specifically, the
Tt CO-RR initialized at ca. -0.6 V (vs. SCE) on RuO,/
2+ TNA, or positively shifted by ca. 0.1 V, compared to
3l . . . ‘ that on RuO,™TNA, suggesting that a-RuO, may
0.0 0.2 0.4 0.6 0.8 1.0 drive the CO,RR at a smaller overpotential. Further-

E/(V vs. SCE) . .

more, a stablized reduction current of ca. 12 mA -cm?
50 B RuO,“/TNA was detected on RuO,"Y/TNA, which is ca 1.7 times
_40) of that on RuO,™/TNA, consistent with a larger elec-
g 30l trochemical active surface area inherent for the
é uO.™/TNA RuO,"/TNA electrode. It should be pointed out the
Z 20¢ annealing treatment after the electrodeposition of an
10+ /TNA initial layer of a-RuO, benefits the subsequent elec-
ol %20 trodepositon of a second layer of a-RuQO,, leading to a
_0‘.4 06 -6.8 _1"0 _1‘.2 larger electroactive surface area and an enhanced sta-
E/(Vvs. SCE) bility in electrocatalytic performance during CO,RR.
o Table 1 lists the faradaic efficiencies (FEs) for for-
ol C mate, CH, and H, after polarizing the RuO,™/TNA

g 16f RuO,Y/TNA
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Fig.3 A. Cyclic voltammograms for RuO,"Y/TNA, RuO,™/
TNA and TNA electrodes in (A) 0.5 mol-L" H,SO, at
scanrate of 50 mV+s”; B. Linear sweep voltammograms
at 2 mV -s' and current vs. time plots for CO,RR
at -0.8 V (vs. SCE) in CO,-saturated PBS (pH 7) for
RuO,"/TNA, RuO,"™/TNA and TNA electrodes(C).

The as-formed RuO,"/TNA electrode was first
electrochemically characterized in 0.5 mol-L"' H,SO,,
showing a fish-shaped voltammogram (Fig. 3 A), in-
dicative of the formation of an a-RuO, outer layer?®-,
in contrast to an approximately square-shaped
voltammogram for the polycrystalline RuO,™/TNA

electrode!®. The electrocatalytic properties of the two

and RuO,"Y/TNA electrodes at -0.8 V in CO,-saturat-
ed PBS solution for 452 min, respectively. Although
the two electrodes yield similar FEs, RuO,"/TNA ex-
hibits a significantly (1.7 times) higher current densi-
ty with a much lower (ca. 1/30) Ru mass loading than
RuO,™/TNA.

We further examined the potential dependent se-
lectivities of CO,RR on the RuO,"Y/TNA electrode in
commonly used CO,-saturated 0.1 mol - L' KHCO;
electrolyte. The solution products and the gas products
were analyzed by using NMR  (see Fig. 4 A) and GC
(Fig. 4 B and C), respectively. The spectral data were
used to quantitatively calculate FEs and partial cur-
rent densities for formate, CH, and CO as well as for
H,, at potentials varied from -0.8 to -1.2 V, see Fig. 5
A and B.

In comparison with the results listed in Tab.1,
small amount of CO with FE up to 2.7% was addi
tionally detected during CO,RR on RuO,"/TNA in
0.1 mol -L"' KHCO; solution. It can be seen that the
highest FE for formate, ca. 32 % occurs at -0.9 V vs.
SCE, with a highest partial reduction current of ca.
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Tab. 1 Faradaic efficiencies for CO,RR on the RuO,"™/TNA and RuO,"/TNA electrodes at -0.8 V (vs. SCE) in a PBS solution

(pH 7).
Product faradaic efficiency/%
Electrode Total charge/C
Formate CH, H, CO
RuO,™/TNA 31.58 30.98 1.05 32.58 Undetected
RuO,“/TNA 45.05 29.24 1.59 34.35 Undetected
100
A H,0 - A + H,
é 80 [ +HCOO-
oy CH
Phenol g v D
z 2 60t s CO
g E—- A4 v \
= o 40f
- = v
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Fig. 4 A.'H NMR spectrum of the liquid products, B. GC

traces from FID

channels of the gas products and

TCD channels of the gas products in CO,-saturated
0.1 mol-L" KHCO; for 2 h (C).

Fig. 5 Faradaic efficiencies (A) and partial current densities
(B) for CO,RR on the RuO,“/TNA electrode at differ-
ent potentials (vs. SCE) in CO,-saturated 0.1 mol-L"
KHCO; for2 h

6.4 mA -cm™ Also notably, FE for CH, varies from
1.4 % to 5.5 %, specifically it is ca. 5.4 % at -0.8 V
and 5.5% at -0.9 V, much higher than that listed in
Tab.1. It also can be seen that H, production during
CO,RR contributes largely to the resulting reduction
current. Further extension of the RuO,"/TNA for oth-

er electrocatalytic applications is planned.

3 Conclusions

In this preliminary work, a controlled deposition
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of a-RuO, layers on vertically oriented TNA on Ti is
enabled through two-step potential cycling in a Ru(III)
chloride precursor solution. The a-RuO, layers are
well-dispersed on the walls of the TNA without dam-
aging the nanotube structure, and the corresponding
Ru loading decreases to be ca. 1/30 of that for poly-
crystalline RuO, layers on TNA formed through ther-
mal decomposition of a Ru(IlI) precursor. The RuO,Y/
TNA electrode displays an overall reduction current
that is 1.7 times of that obtained on the RuO,™/TNA
one with an initial reduction potential positively shift-
ed by 100 mV, despite that the two electrodes give
the similar faradaic efficiencies for the reduction
products including formate and CH, in a CO,-saturat-
ed PBS solution of pH 7. CO,RR on the RuO,"/TNA
electrode in CO,-saturated 0.1 mol - L' KHCO; pro-
duces additional CO apart from formate and CH,,
showing that highest faradaic efficiencies for formate
and CH, occurs at -0.9 V.
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