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Abstract	

Carbon	dioxide	(CO2)	plays	an	important	role	in	the	environment.		However,	excess	emission	

of	CO2	leads	to	global	warming	and	greenhouse	effect	to	the	environment.	In	order	to	reduce	

CO2	 emission,	 various	 approaches	 with	 different	 methods	 were	 performed	 by	 different	

researchers	 in	 the	past.	 Electrochemical	 reduction	of	CO2	was	a	promising	and	commonly	

used	way	with	hydrocarbons	generated	as	potential	products.	In	this	project,	rotating	ring-

disc	 electrode	 (RRDE)	 technique	 was	 applied	 for	 both	 electrochemical	 and	 photo-

electrochemical	 reduction	 of	 CO2.	 For	 electrochemical	 reduction	 of	 CO2,	 copper	 (I)	 oxide	

nanoparticles	synthesized	from	continuous	hydrothermal	flow	synthesis	method	were	used	

as	the	catalyst.	In	a	three-electrode	electrochemical	system,	CO2	was	reduced	to	formate	in	

0.5	M	KHCO3	electrolyte	between	-0.5	V	-	-0.9	V	vs	RHE.	The	highest	Faradaic	efficiency	was	

66%	at	-0.8	V	vs	RHE.	While	running	the	experiments,	products	generated	at	the	disc	electrode	

was	 detected	 by	 the	 ring	 electrode.	 Scanning	 of	 the	 ring	 electrode	 also	 confirmed	 the	

formation	of	formate.	Therefore,	RRDE	technique	was	an	efficient,	convenient	and	accurate	

technique	for	electrochemical	reduction	of	CO2.	

Cu2O/TiO2	composite	material	was	synthesized	via	conventional	hot-stirring	procedure,	and	

the	material	was	then	used	as	photo-electro-catalyst	for	photo-electrochemical	reduction	of	

CO2	in	0.5	M	KHCO3	solution.	100	W	light	was	added	to	the	system.	RRDE	technique	was	also	

applied	in	this	series	of	experiments.	Methanol	was	the	major	product	with	highest	Faradaic	

efficiency	of	35.9%	at	-0.7	V	vs	RHE.	

Other	 than	 diagnostic	 experiments	 with	 three-electrode	 cell	 system,	 reduction	 of	 carbon	

dioxide	has	been	applied	in	an	engineering	aspect.		Hence,	a	printed	circuit	board	(PCB)	based	

electrolyser	devices	have	been	designed	and	assembled	for	electrochemical	reduction	of	CO2.	
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There	was	 no	 liquid	 product	 generated	 from	 the	 devices	 as	 dry	 CO2	was	 purged	 into	 the	

system.	This	was	confirmed	via	NMR	detection.	Carbon	monoxide	(CO)	was	the	major	product	

generated	 from	electrochemical	 reduction	of	CO2	using	 the	PCB-electrolyser	device	with	a	

Faradaic	efficiency	of	32.7%	at	1.8	V	cell	potential	(i.e.	-0.57	V	reduction	potential).	

RRDE	was	successfully	used	to	reduce	CO2	electrochemically	and	photo-electrochemically	as	

well	as	PCB-integrated	device	which	was	applied	successfully	for	electrochemical	reduction	

of	CO2.	Both	techniques	could	lead	to	further	researches	in	larger	scales	for	CO2	reduction	

and	its	application	into	industries	in	the	future.	
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Impact	Statement	

This	thesis	included	work	in	energy	and	environmental	aspects	which	could	bring	benefits	to	

future	researches,	commercial	applications	and	the	society.		

Reduction	of	 carbon	dioxide	 is	 a	 globally	 environmental	 topic	which	has	been	 studied	 for	

decades.	 In	 this	 research	work,	a	high	efficiency	carbon	dioxide	electrochemical	 reduction	

was	achieved	with	the	application	of	rotating	ring-disc	electrode	set-up.	An	effective	carbon	

dioxide	photo-electrochemical	reduction	has	also	been	successfully	performed	with	similar	

set-up.	 Rotating	 ring-disc	 electrode	 set-up	 for	 carbon	 dioxide	 reduction	 was	 a	 novel	 but	

effective	approach	with	accurate	in-situ	product(s)	characterisation.	Future	researches	could	

apply	this	technique	with	variations	of	materials	for	different	approaches	of	carbon	dioxide	

reduction.	 Convenient,	 accurate	 and	 efficient	 carbon	dioxide	 reduction	process	 should	be	

able	to	be	achieved.	

Printed	circuit	board	integrated	electrolyser	devices	were	designed	and	manufactured	in	this	

research	work	for	the	purpose	of	electrochemical	reduction	of	carbon	dioxide.	The	successful	

work	 has	 proved	 that	 carbon	 dioxide	 reduction	 process	 could	 be	 realised	 in	 engineering	

aspect	with	thin,	light	and	even	portable	devices.	This	had	a	great	impact	with	future	research	

work	 in	 terms	 of	 electrochemical	 and	 even	 photo-electrochemical	 reduction	 of	 carbon	

dioxide	using	printed	circuit	board	integrated	electrolysers.	Future	researches	could	improve	

the	work	using	different	device	designs	or	materials	applied.	Future	researches	could	also	use	

devices	with	 similar	designs	 for	photo-electrochemical	work	 for	 carbon	dioxide	 reduction.	

This	work	also	had	a	significant	impact	on	commercial	sector	or	entrepreneurship	for	future	

business	or	industry.	The	printed	circuit	board	electrolyser	devices	were	light,	compact,	easy-
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to-manufacture	with	relatively	low	cost,	they	could	be	enlarged	for	larger	scales	to	be	used	in	

energy	and	environmental	industries.	They	could	also	be	applied	for	automotive	industries	to	

monitor	and	convert	 the	exhaust	gas.	The	use	of	 this	device	 for	 carbon	dioxide	 reduction	

could	also	lead	to	collaboration	between	industries	and	laboratories.	

In	general,	this	research	work	has	successfully	proved	that	reduction	of	carbon	dioxide	could	

be	achieved	with	high	efficiency	in	both	laboratory	and	engineering	aspects.	The	results	could	

be	used	or	improved	for	future	work	in	both	inside	and	outside	academia.	The	impact	of	this	

work	could	also	lead	to	the	practical	applications	of	carbon	dioxide	reduction	in	the	society	in	

the	future,	hence	saving	and	improving	the	environment	globally.	
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1.	Introduction	

1.1. Carbon	Dioxide	and	the	Greenhouse	Effect	

Carbon	dioxide	is	a	gas	naturally	existed	in	the	atmosphere	which	occupies	0.03	%	by	volume	

of	 the	air.	CO2	 is	one	of	 the	components	of	 the	atmosphere	that	 leads	to	the	greenhouse	

effect.	The	natural	greenhouse	effect	has	a	warming	effect	on	the	atmosphere	that	provides	

the	environmental	conditions	required	to	support	life	on	Earth	[1].	The	greenhouse	effect	can	

be	illustrated	by	Figure	1:	

	

Figure	1.	Illustration	of	process	of	greenhouse	effect	[2]	

The	incident	solar	energy,	which	is	absorbed	by	the	Earth’s	surface,	is	re-radiated	back	into	

the	atmosphere,	it	can	then	be	re-emitted	in	all	directions.	Greenhouse	gases	can	absorb	the	

radiated	energy	in	the	atmosphere	and	then	contribute	to	the	energy	radiated	back	to	the	
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Earth.	Therefore,	higher	concentration	of	greenhouse	gases	leads	to	a	higher	temperature	on	

Earth	[3].	

Since	industrial	evolution,	the	amount	of	carbon	dioxide	in	the	environment	has	increased	

dramatically	[4].	The	major	source	of	CO2	emission	is	from	combustion	of	fossil	fuels	required	

for	electricity	generation,	heating	and	transportation.	In	addition	to	the	emission	of	CO2	from	

hydrocarbons,	other	harmful	molecules,	including	NxOy,	SO2,	etc.,	can	also	lead	to	toxic	effects,	

such	as	acid	rain	[5].	

Typical	hydrocarbons	combust	according	to	the	following	reactions:	

𝐶𝐻4	 + 	2𝑂2	 → 	𝐶𝑂2	 + 	2𝐻2𝑂	 + 	55	𝑀𝐽		per	kg	CH4																								[Equation	1]	

2𝐶8𝐻18	+ 	25𝑂2	 → 	16𝐶𝑂2	 + 	18𝐻2𝑂	 + 	44.4	𝑀𝐽		per	kg	C8H18															[Equation	2]	

𝐶	 + 	𝑂2	 → 	𝐶𝑂2	 + 	32	𝑀𝐽		per	kg	C																																				[Equation	3]	

According	to	Equation	1,	for	every	1	kg	natural	gas,	2.75	kg	carbon	dioxide	and	15.3	kWh	of	

energy	will	be	produced,	so	each	kWh	of	energy,	produces	0.18	kg	of	carbon	dioxide.		

As	a	result	of	climate	change	it	is	predicted	that	the	sea	level	will	increase	and	some	of	the	

lands	around	the	coasts	will	be	covered	by	water.	According	to	the	increase	rate	of	carbon	

dioxide	emission,	before	the	end	of	the	21st	century,	Antarctic	ice	sheet	will	disappear	[6].		

1.2. Introduction	to	Approaches	for	Reduction	of	CO2	

CO2	can	be	stored	or	converted	into	other	species.	There	are	various	ways	of	reduction	and	

storage	 of	 carbon	 dioxide,	 including	 electrochemical	 reduction,	 photo-catalytic	 reduction,	

biochemical	conversion,	and	geological	storage	for	carbon	dioxide	[7].		One	of	the	natural	CO2	
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conversion	method	 is	 via	photosynthesis,	where	CO2	 is	 converted	 into	 glucose	and	O2,	 as	

shown	in	Figure	2.	

	

Figure	2.	Diagram	for	basic	photosynthesis	process	[8]	

	

Electrochemical	reduction	is	a	promising	means	of	converting	CO2	into	useful	(fuel)	molecules.	

Carbon	dioxide	can	be	reduced	and	converted	into	products	including,	methanol,	formic	acid,	

methane,	etc.	[9].	The	products	from	CO2	reduction	can	be	further	treated	and	subsequently	

used	for	industrial	chemicals	processing	or	power	production.	This	can	complete	the	carbon	

cycle	(C-cycle),	and	this	recycling	process	can	generate	power	while	reducing	the	greenhouse	

effect	in	the	environment.		

For	 electrochemical	 reduction	 of	 carbon	 dioxide,	 a	 catalytic	 ink	 is	 typically	 coated	 on	 the	

surface	 of	 an	 electrode,	 electrons	 are	 transferred	 by	 applying	 sufficient	 potential	 to	 the	

system.	Electron	and	proton	pairs	can	then	break	down	carbon	dioxide	chemical	bonds	at	

certain	overpotentials	applied	to	the	system	[10].	Carbon	dioxide	can	then	be	transformed	

into	other	species	depending	on	the	overpotentials	applied	[11]:	
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𝐶𝑂2	 + 	2𝐻+	 + 2𝑒-	 → 	𝐻𝐶𝑂𝑂-						E=-0.61	V																													[Equation	4]	

	𝐶𝑂2	 + 	2𝐻+	 + 	2𝑒-	 → 	𝐶𝑂	 + 	𝐻2𝑂				E=-0.53	V																										[Equation	5]	

	𝐶𝑂2	 + 	6𝐻+	 + 6𝑒-	 → 	𝐶𝐻3𝑂𝐻	 + 	𝐻2𝑂			E=-0.38	V																					[Equation	6]	

	𝐶𝑂2	 + 	8𝐻+	 + 8𝑒-	 → 	𝐶𝐻4	 + 	2𝐻2𝑂				E=-0.24	V																						[Equation	7]	

The	shown	potentials	between	Equation	4	and	Equation	7	are	against	standard	hydrogen	ele

ctrode	in	electrolytes	of	pH	=	7	under	room	temperature.	Common	products	from	the	reduc

tion	of	carbon	dioxide	include	methane,	methanol,	syngas,	and	formic	acid.		

Mechanism	of	carbon	dioxide	reduction	can	be	illustrated	in	Figure	3	[8].	
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Figure	3.	Reaction	mechanism	for	CO2	reduction	[12]	
	

As	illustrated	in	Figure	3,	with	the	aid	of	appropriate	catalysts,	CO2	will	attach	to	the	surface	

of	catalysts	where	its	strong	C=O	bond	will	be	weakened	and	bent.	Then	adsorbed	CO2
•	and	

CO•	radicals	are	generated,	intermediate	products	will	be	generated,	and	final	products	will	

hence	be	produced	depending	on	the	catalysts	used	and	the	conditions	applied.	The	product

	from	CO2	reduction	can	then	be	used	for	further	synthesis	or	treatment	to	generate	power.	

For	example,	photocatalytic	CO2	reduction	can	produce	syngas	(CO	+	H2)	with	the	production

ratio	of	1:2,	the	syngas	can	then	be	mixed	to	produce	methanol	[13]:	
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𝐶𝑂	 + 	2𝐻2	 → 	𝐶𝐻3𝑂𝐻																																									[Equation	8]	

Photo-catalytic	reduction	of	CO2	can	also	reduce	carbon	dioxide	to	hydrocarbons	with	the	aid	

of	light.	In	photo-catalytic	reduction	of	CO2,	light	is	inserted	to	the	working	electrode	which	

carries	the	photocatalysts,	light	energy	(hv)	with	sufficient	energy	then	activates	the	electrons	

from	the	valence	band	and	the	electrons	can	then	transfer	to	the	conduction	band.	Valence	

band	is	then	left	with	holes	(h+).	Photocatalysts	can	absorb	light,	separate	photo-generated	

charges	and	transport	them	to	the	surface	to	assist	photo-catalytic	reactions	[14].	The	band	

gaps	 of	 the	 photocatalysts	 are	 important	 because	 it	 determines	 the	 activation	 energy	

required	 and	 hence	 determines	 the	 properties	 of	 the	 catalysts.	 Therefore,	 different	

photocatalysts	can	lead	to	different	products	from	reduction	of	CO2.		

	

Figure	4.	Band	gap	energies	for	different	semiconductors	[15]	

	



16	
	

1.3. Characterisation	of	Products	from	CO2	Reduction	

Various	 of	 techniques	 are	 commonly	 used	 for	 detection	 of	 products	 from	 CO2	 reduction	

including	mass	spectrometry,	gas	chromatography	(GC),	nuclear	magnetic	resonance	(NMR)	

spectroscopy	and	combinations	thereof	[16].		

Nuclear	 magnetic	 resonance	 (NMR)	 spectroscopy	 is	 commonly	 used	 for	 quantitative	

evaluation	of	product	species	in	the	electrolyte.	The	NMR	effect	occurs	due	to	the	spinning	

effect	when	the	nuclei	insert	in	one	magnetic	field	exposed	to	another	magnetic	field.	NMR	

would	 use	 the	 active	 1H	 nucleus	 or	 13C	 nucleus	 for	 the	 detection	 by	 absorbing	 the	

electromagnetic	 radiation	 from	 the	 isotope.	 The	 NMR	 detects	 the	 product	 by	 identifying	

different	 functional	 groups	of	molecules.	However,	 if	 there	 are	more	 than	one	molecules	

occupied	 with	 the	 same	 functional	 group,	 NMR	 then	 will	 identify	 the	 molecules	 by	 the	

different	neighboring	atoms	to	the	functional	group.	1H	NMR	spectroscopy	is	commonly	used	

and	was	used	in	this	research	project.	D2O	was	the	preparation	solution	for	NMR	tests	and	

the	chemical	functional	groups	against	the	1H	chemical	shifts	were	shown	in	Appendix	Figure	

1.	

Mass	 spectrometry	 (MS)	 is	 commonly	used	 for	 in-line	detection	of	 gaseous	products.	 The	

sample	goes	through	the	silica	inlet	capillary	which	is	heated	and	pressurised	and	then	into	

the	mass	spectroscopy	detection	section.	The	sample	is	detected	based	on	its	composition	of	

atoms	and	atomic	weight	in	g/mol.		

Gas	chromatography	(GC)	is	another	gas	characterisation	technique	which	can	be	applied	for	

detection	of	gaseous	product(s)	from	reduction	of	CO2.	All	these	techniques	require	external	
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detection	of	the	species	generated	from	CO2	reduction,	they	are	commonly	used,	however,	

ex-situ	detection	makes	it	difficult	to	analyse	the	dynamics	of	the	reactions.		

Faradaic	efficiency,	calculated	based	on	these	techniques,	is	the	average	of	the	batch	product	

at	 certain	 potentials	 over	 a	 period	 of	 time.	 Therefore,	 a	 more	 dynamic,	 accurate	 and	

convenient	in-situ	detection	of	the	CO2	reduction	products	is	required.	The	rotating	ring-disc	

electrode	 (RRDE)	 has	 been	 identified	 in	 this	 study	 as	 a	 promising	 technique	 to	 provide	

dynamic	(immediate)	identification	of	reaction	products	and	unique	mechanistic	insight.	

1.4. Rotating	Ring-Disc	Electrode	(RRDE)	

Static	electrode,	rotating	disc	electrode	(RDE)	and	rotating	ring-disc	electrode	(RRDE)	can	all	

be	applied	for	CO2	reduction.	For	RDE	and	RRDE	working	electrodes,	the	working	electrode	is	

can	 be	made	 of	 glassy	 carbon,	 metals,	 etc.,	 catalyst	 can	 be	made	 into	 catalytic	 ink,	 and	

dispersed	evenly	on	the	glassy	carbon	electrode.	For	the	RRDE	system,	there	is	an	additional	

ring	electrode	around	the	glassy	carbon	disc	electrode	with	a	PTFE	gap	in	between	the	disc	

and	ring	electrodes.	Compared	to	conventional	static	working	electrodes	including	copper,	

carbon,	silver,	etc.	[17],	use	of	RDE	and	RRDE	for	reduction	of	carbon	dioxide	can	control	and	

reduce	the	mass	transportation	loss	of	the	system.	In	addition,	with	the	use	of	RRDE,	in-situ	

detection	of	product(s)	 is	possible	while	 the	major	experiment	 is	 running.	With	 the	RRDE,	

glassy	 carbon	 disc	 electrode	 is	 the	 primary	 working	 electrode	 where	 the	 CO2	 reduction	

reaction	occurs,	the	ring	electrode	can	be	set	at	a	certain	potential	to	oxidise	and	detect	the	

products	at	the	same	time,	while	disc	electrode	is	performing	CO2	electrochemical	reduction	

process.	With	rotation	added	to	the	RRDE	system,	products	generated	at	the	disc	electrode	

will	 be	 swept	 outward	 by	 convection	 to	 the	 ring	 electrode	 [18].	 Based	 on	 the	 oxidation	

potential	observed	on	the	ring	electrode,	product(s)	can	then	be	detected	directly	using	the	
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ring	electrode.	Disc	and	ring	electrodes	can	also	be	switched	over	so	that	the	ring	electrode	

is	 the	 primary	 working	 electrode	 which	 is	 scanned	 for	 oxidation	 process	 with	 the	 disc	

electrode	being	held	at	certain	reduction	potential.	Therefore,	the	product(s)	generated	from	

reduction	of	CO2	can	then	be	confirmed	via	this	procedure,	in	addition,	the	potential	range	of	

CO2	reduction	can	also	be	observed	and	analysed	using	RRDE	technique.		

The	basic	mechanism	taken	place	for	RRDE	can	be	explained	by	the	equations	below:	

𝐴	 + 	𝑛𝑒-	 → 	𝑋																																													[Equation	9]	

𝑋	― → 	𝑍																																																		[Equation	10]	

𝑋	 → 	𝐴	 + 	𝑛𝑒-																																																																			[Equation	11]	

Equation	9	is	the	reduction	reaction	at	disc	electrode,	unstable	species	X	is	produced	from	A.	

Then,	some	of	the	X	species	can	be	decayed	to	stable	and	inactive	Z	species.	The	rest	of	the	

intermediate	X	species	can	be	directed	to	the	ring	electrode	and	detected.	It	is	then	oxidised	

back	to	species	A,	or	another	oxidised	product.	The	diagram	of	the	RRDE	surface	is	shown	in	

Figure	5.	

	

	

	

	

	

Figure	5.	Diagram	of	the	RRDE	electrode	with	Cu2O	catalyst	

platinum	ring	
electrode	

Glassy	carbon	working	
electrode	with	Cu

2
O	
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However,	not	all	 products	 generated	 from	 the	disc	electrode	 can	be	detected	by	 the	 ring	

electrode.	 Therefore,	 the	 collection	 efficiency	 is	 an	 important	 factor	 to	 determine	 the	

performance	of	 the	RRDE.	The	collection	efficiency	 is	 the	fraction	of	species	 from	the	disc	

electrode	 that	 can	be	detected	by	 the	 ring	electrode.	 The	 collection	efficiency	always	 lies	

between	0	–	1,	and	in	practise,	the	collection	efficiency	of	a	RRDE	is	typically	20%	to	40%.	The	

higher	 the	 collection	 efficiency,	 the	 better	 the	 performance	 of	 the	 RRDE,	 because	 more	

products	will	be	detected	by	 the	ring	electrode.	Calculation	of	collection	efficiency	can	be	

achieved	by	performing	redox	reaction	at	 the	RRDE	electrode,	 the	proportion	of	current	/	

current	density	of	the	ring	electrode	to	the	disc	electrode	can	be	calculated	as	the	collection	

efficiency	of	the	RRDE.	

RRDE	performance	also	relates	to	the	rotating	speed	of	the	working	electrode	[19].	Rotating	

speed	of	the	RRDE	electrode	controls	the	amount	of	species	flowing	towards	the	electrode	

surface.	This	contributes	to	a	factor	named	‘mass	transport	limiting	current’.	Limiting	current	

is	related	to	the	mass	transport	of	the	species	in	the	system,	where	it	is	limited	by	the	rate	of	

the	material	/	species	arriving	to	the	surface	of	the	electrode.	As	the	rotation	rate	increases,	

the	limiting	currents	for	both	disc	and	ring	electrodes	increase	as	the	species	moves	to	the	

electrode	surface	faster.	Therefore,	a	higher	mass	transport	limiting	current	(iLC)	on	both	disc	

and	ring	electrodes	can	be	achieved	with	an	increasing	rotating	speed	of	the	electrode,	as	

shown	in	Figure	6.	
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Figure	6.	Current	vs	disc	potential	plots	for	potential	sweep	for	RRDE	[19]	

	

There’s	also	another	factor	which	can	affect	the	limiting	currents	from	RRDE	or	even	RDE.	As	

the	electrode	 rotates,	a	 layer	of	 laminar	 flow	closer	 to	 the	electrode	 surface	 forms	which	

rotates	together	with	the	electrode,	this	is	called	the	‘hydrodynamic	boundary	layer’	[19].	The	

thickness	 of	 the	 hydrodynamic	 boundary	 layer	 relates	 to	 the	 kinematic	 viscosity	 of	 the	

solution	and	the	angular	rotation	rate.		

dH	=	3.6	´	(n	/	v)1/2																																				[Equation	12]	

With	 increasing	 rotation	 rate,	 the	 thickness	of	 the	hydrodynamic	boundary	 layer	 reduces.	

When	the	species	move	from	the	bulk	solution	to	the	laminar	flow	layer,	convection	due	to	

stirring	plays	the	important	factor;	whereas,	when	the	species	enter	the	laminar	flow	layer	
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closer	to	the	electrode	surface,	diffusion	plays	a	more	important	factor	than	convection.	A	

very	thin	diffusion	layer	adjacent	to	the	electrode	surface	will	be	formed.	

d; 	= 	1.61	´	𝐷=/>	´	n=/?	×	vA=/B																									[Equation	13]	

Therefore,	as	the	rotation	speed	increases,	the	diffusion	layer	thickness	will	increase	as	well.	

In	overall,	with	increasing	rotation	speed,	thickness	of	hydrodynamic	boundary	layer	reduces	

which	 allows	 easier	 diffusion	 of	 the	 species	 onto	 the	 electrode	 surface,	 hence	 the	 higher	

limiting	currents.	

1.5. Continuous	Hydrothermal	Flow	Synthesis	

Various	 catalysts	 and	 metal	 electrodes	 have	 been	 used	 for	 reduction	 of	 CO2;	 however,	

compared	 to	 bulk	 electrodes	 and	 conventional	 synthesis	 of	 catalysts,	 continuous	

hydrothermal	flow	synthesis	(CHFS)	is	a	rapid	and	effective	method	for	producing	inorganic	

nanoparticles	under	high	temperatures	and	high	pressures.		
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Figure	7.	Continuous	hydrothermal	flow	synthesis	system	for	producing	copper	oxides	nanoparticles	[20].	

	

Schematic	diagram	of	 the	CHFS	system	 is	 shown	 in	Figure	7.	Aqueous	precursor	and	base	

solutions	 meet	 at	 the	 T-piece	 and	 flowed	 to	 the	 reactor.	 Supercritical	 water	 at	 high	

temperature	wis	used	as	the	reagent	in	this	system,	which	combines	with	the	mixed	solution	

in	 the	 Reactor.	 Then	 the	 entire	 solution	 is	 heated	 up	 to	 a	 high	 temperature.	 Crystallised	

nanoparticles	start	to	form	as	the	joint	flow	leaves	the	reactor.	When	the	system/solution	is	

cooled	to	40	°C,	the	solution	containing	nanoparticles	is	then	collected	and	dried,	the	final	

nanoparticles	will	be	analysed	using	other	techniques	including	SEM,	TEM,	XRD,	etc	[21].	In	a	

CHFS	 system,	depending	on	 the	 require	catalysts,	precursors	and	base	 solutions	and	 their	

concentrations	can	be	changed.	Temperature	of	the	system	can	be	varied	as	well	as	the	flow	

rate	 of	 the	 species.	 Different	 sized	 and	 structured	 nanoparticles	 will	 be	 produced	 under	
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different	conditions.	Therefore,	this	method	is	efficient	and	controllable	compared	to	other	

synthesis	methods	[22].	

1.6. Electrolyser	Devices	and	PCB-Integrated	Electrolysers	

Majority	of	the	researches	on	electrochemical	and	photo-electrochemical	CO2	reduction	were	

lab-based	 in	 an	 aqueous	 solution.	 To	make	 this	 reaction	more	practical	 in	 an	engineering	

aspect,	 an	 electrolyser	 system	 containing	 a	 membrane	 electrode	 assembly	 (MEA),	 gas	

diffusion	 layers,	 flow	 channels,	 and	 backing	 plates	 was	 introduced.	 In	 an	 engineering	

electrolyser	device,	there	generally	are	two	electrodes,	a	cathode	and	an	anode.	At	the	anode,	

oxidation	 reaction	 takes	 place,	 and	 at	 the	 anode,	 reduction	 process	 happens.	 For	 carbon	

dioxide	reduction,	the	carbon	dioxide	reduction	process	is	taken	place	on	the	cathode	and	on	

the	anode	side,	water	 is	 inserted	 into	the	device	for	oxidation	process	with	oxygen	as	the	

product.	Water	splitting	process	will	take	place	on	the	anode,	and	protons	will	be	generated	

and	transferred	through	a	proton	exchange	membrane	to	the	cathode.		

Oxidation	reaction	on	the	anode	is	shown	in	Equation	14.	

																																																																			2𝐻2𝑂	 → 	4𝐻+	 + 	𝑂2																																					[Equation	14]	

Therefore,	on	the	cathode	side,	carbon	dioxide	reduction	takes	place,	where	carbon	dioxide	

combines	with	both	electrons	and	protons,	as	shown	in	Equation	15.	

																																																								𝐶𝑂2	 + 	𝑛𝑒-	 + 	𝑛𝐻+	 → 	𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠																										[Equation	15]	

Currently,	 the	majority	 of	 the	 conventional	 fuel	 cell/electrolyser	 devices	 are	 thick,	 heavy,	

bulky	 and	 expensive.	 Use	 of	 printed	 circuit	 board	 based	 electrochemical	 devices	 is	 an	

innovative	and	unique	approach	which	has	great	number	of	advantages	over	the	conventional	
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devices.	 Compared	 to	 conventional	 devices,	 these	devices	 can	be	made	much	 lighter	 and	

thinner.	Manufacturing	of	PCB	fuel	cells	(PCBFCs)	is	much	easier	than	the	conventional	fuel	

cells	as	using	epoxy	and	FR-4	plastic	and	glass	fibres,	therefore,	the	cost	of	the	PCBFCs	are	

much	lower	[23].	Flow	channels	can	be	designed	and	amended	as	required,	and	the	entire	

devices	 can	 be	 either	 hot-pressed	 or	 screwed	 together.	 According	 to	 Brett	 et	 al.,	 PCBFC	

showed	much	higher	power	density	generation	compared	to	the	conventional	devices	[24].	

Hence,	PCBFC	carries	great	expectation	for	energy	utilisation	in	the	future.		

1.7. Objectives	for	This	Project	

To	deal	with	the	greenhouse	gas	as	well	as	global	warming,	electrochemical	reduction	of	CO2	

is	 an	 appropriate	 method.	 Compared	 to	 previous	 studies,	 efficiencies	 of	 electrochemical	

reduction	of	CO2	should	be	 improved,	especially	when	using	more	abundant	non-precious	

catalysts.	By	using	more	abundant	catalysts,	the	potential	costs	for	operation	can	be	reduced,	

and	 the	 process	 can	 be	 repeated	 easily.	 In	 addition,	 novel	 electrochemical	 techniques	

including	rotating	ring-disc	electrode	(RRDE)	can	also	be	used	for	CO2	reduction	which	hasn’t	

been	well-studied	before.	Therefore,	in	the	first	part	of	this	project,	in	depth	diagnostic	study	

of	electrochemical	and	photo-electrochemical	reduction	of	carbon	dioxide	will	be	explored	

using	novel	electrochemical	technique	(RRDE)	with	the	application	of	abundant	catalysts.		

Nano-scaled	 copper	 oxide	 is	 chosen	 to	 be	 the	 electro-catalyst	 which	 is	 synthesized	 using	

continuous	 hydrothermal	 flow	 synthesis	 (developed	 in	 Chemistry	 Department)	where	 the	

particles	size	can	be	monitored	and	controlled.	Cu2O/TiO2	photo-catalyst	synthesized	using	

conventional	 magnetic	 hot-stirring	 method	 will	 be	 used	 for	 photo-electrochemical	 CO2	

reduction.	Rotating	ring-disc	electrode	(RRDE)	as	a	novel	technique	for	CO2	reduction	are	used	

for	all	experiments	in	three-electrode	electrochemical	cell.	RRDE	are	able	to	accurately	detect	
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the	 product(s)	 from	 CO2	 reduction	 while	 the	 experiments	 are	 running,	 by	 using	 RRDE	

technique,	 reaction	 dynamics	 can	 also	 be	 detected	 and	 monitored	 throughout	 the	

experiments.	With	the	aid	from	effective	catalysts	and	novel	electrochemical	techniques,	CO2	

reduction	is	expected	to	perform	promisingly	with	improved	product	efficiency	compared	to	

previous	researches.	In	addition,	dynamics	and	reaction	mechanism	of	CO2	reduction	will	be	

further	understood.	

Based	on	the	success	 in	first	part	of	the	project,	the	second	part	of	the	project	 is	to	move	

laboratory	diagnostic	tests	of	CO2	reduction	into	a	more	engineering-based	practical	work.	

The	aim	for	this	part	of	the	project	is	to	design,	develop	and	test	a	custom-made	electrolyser	

device	 for	electrochemical	 reduction	of	CO2,	which	 can	possibly	bring	CO2	 reduction	 from	

laboratory	 to	 industry.	 Therefore,	 PCB-integrated	 electrolyser	 devices	 are	 designed,	

manufactured	 and	 tested	 for	 CO2	 electrochemical	 reduction.	 The	 electrolyser	 device	 is	

custom-designed,	custom-made	and	tested	 in	Electrochemical	 Innovation	Lab	with	applied	

dry	CO2	gas	inserting	into	the	device.	In	this	part	of	the	project,	CO2	reduction	is	brought	to	a	

novel	development	stage	where	no	one	has	ever	done	before.	With	the	success	of	this	part	

of	 the	project,	devices	 for	CO2	reduction	can	be	 further	developed	and	enlarged	for	more	

practical	industrial	applications.	
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2.	Literature	Survey	

2.1.	Electrochemical	Reduction	of	CO2	Approaches	

Electrochemical	reduction	is	being	actively	explored	as	a	means	of	converting	CO2	into	useful	

products.	Sreekanth	et	al.	has	reduced	CO2	to	formate	and	CO	in	bicarbonate	solution	[25].	

They	have	used	scanning	electrochemical	microscopy	(SECM)	method	to	detect	the	products.	

According	 to	 Sreekanth	 et	 al.,	 0.1	M	 KHCO3	 and	 0.5	M	 KHCO3	were	 used	 as	 electrolytes	

separately	from	Au	electrodes.	Formate/formic	acid	was	the	only	product	in	0.5	M	KHCO3,	

whereas	CO	and	formate	both	appeared	in	more	acidic	0.1	M	KHCO3	electrolytes.	There	was	

no	Faradaic	efficiency	recorded	from	their	research.	Ma	et	al.	found	a	high	Faradaic	efficiency	

electrochemical	reduction	from	CO2	to	CO	using	40	wt%	Ag/TiO2	catalyst,	0.5	M	K2SO4	was	

used	as	electrolyte	for	the	experiments	[26].	Cyclic	voltammetry	scans	for	CO2	on	different	

catalysts	were	performed	in	0.5	M	K2SO4	electrolyte	which	are	shown	in	Figure	8.	
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Figure	8.	Cyclic	voltammetry	scans	with	different	catalysts	for	CO2	reduction	in	0.5	M	K2SO4.	a).	Ag	

nanoparticles	were	used	as	catalyst;	b).	40	wt%	Ag/C	was	used	as	catalyst;	c).	40	wt%	Ag/TiO2	was	

used	as	catalyst;	d).	40	wt%	Ag/TiO2	was	used	as	catalyst,	several	times	of	Ar	was	bubbled	into	the	

system	and	scanned,	CO2	was	bubbled	for	15	minutes	[26].	

	

According	to	Figure	8	a)	–	c),	large	amount	of	H-evolution	took	place	on	the	electrode	when	

Ar	 was	 bubbled	 into	 the	 system;	 whereas,	 when	 CO2	 was	 bubbled	 into	 the	 system,	 H-

evolution	reaction	was	restricted.	According	to	Figure	8	c)	and	d),	during	CO2	reduction,	there	

were	two	reduction	peaks	on	the	negative	scan	and	two	oxidation	peaks	on	the	positive	scan.	
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The	first	reduction	peak	was	at	-1.4	V	vs	Ag/AgCl	and	the	second	reduction	peak	was	at	-1.75	

V	vs	Ag/AgCl.	As	illustrated	in	Figure	8	d),	when	CO2	concentration	was	reduced,	peak	I	was	

smaller,	which	indicated	that	the	reduction	peak	was	related	to	CO2	reduction	process.	Peak	

II	was	not	affected	too	much	by	the	concentration	of	CO2	in	the	electrolyte	which	indicated	

that	it	was	related	to	the	TiO2	which	acted	as	redox	electron	carrier	for	CO2	reduction	[27].	

The	highest	Faradaic	efficiency	was	~90%	between	-1.5	V	to	-1.8	V	vs	Ag/AgCl.		

Chen	et	al.	performed	electrochemical	reduction	of	CO2	using	a	nanostructured	Cu2O-derived	

Cu	 electrode	 in	 0.1	M	KHCO3	 electrolyte	 [28].	 Ethylene	 and	 ethanol	were	 generated	with	

highest	Faradic	efficiencies	of	32.1	%	and	16.4	%	at	-1.0	V	vs	RHE.	The	‘real’	catalyst	for	this	

process	was	Cu	which	was	reduced	from	Cu2O	precursor	during	the	CO2	reduction	process.	

Chen	et	al.	have	also	added	PdClx	in	their	electrolyte	solution	which	resulted	in	a	suppression	

of	 Faradaic	 efficiency	 of	 ethylene	 and	 an	 increased	 Faradaic	 efficiency	 in	 ethanol.	 The	

proposed	mechanism	is	shown	in	Figure	9.	

	

Figure	9.	Mechanism	of	CO2	reduction	to	ethylene	and	ethanol	on	Cu2O-derived	Cu	electrode	with	

additional	PdClx	added	in	0.1	M	KHCO3	solution	[28]	
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As	explained	by	Chen	et	al.,	ethylene	was	first	generated	on	Cu	electrode	from	reduction	of	

CO2;	 however,	 addition	 of	 PdClx	 in	 the	 electrolyte	 transformed	 ethylene	 to	 ethanol	 via	

hydrogenation	as	PdClx	particles	absorbed	hydrogen	in	the	system	[29].		

Lamy	 et	 al.	 used	 lead	 and	 mercury	 for	 electrochemical	 reduction	 of	 CO2	 where	 carbon	

monoxide,	oxalate	and	formate	were	produced	[30].	Kuhl	et	al.	performed	reduction	of	CO2	

using	various	transition	metal	electrodes,	including	Ag,	Cu,	Pt,	and	Fe,	etc.	[31].	They	found	

methane	and	methanol	on	all	electrodes	including	Ag,	An,	Cu,	Ni,	and	Pt,	but	on	Fe	electrode,	

only	methane	was	generated	and	methanol	was	the	single	major	product	on	Au	electrode.	

Bumroongsakulsawat	et	 al.	 found	 formate	 and	CO	 from	electrochemical	 reduction	of	 CO2	

using	 Sn	metal	 electrode	 [32].	 They	 also	 reported	 that	 in	 a	 lower	pH	electrolyte,	 formate	

formation	was	favoured	as	CO	intermediate	could	be	converted	into	formate.	Ma	et	al.	used	

Au-Pt	bimetallic	alloy	as	catalyst	material	for	electrochemical	reduction	of	CO2	in	0.1	M	KHCO3	

electrolyte	[33].	Syngas	(CO	+	H2)	were	the	major	products	detected	from	reduction	of	CO2.	

According	 to	Ma	et	al.	 the	composition	of	Au-Pt	alloy	could	play	an	 important	 role	 in	 the	

formation	ratio	between	CO	and	H2,	i.e.	the	syngas	ratio	on	the	bimetallic	alloy	film	could	be	

‘tuned’	by	the	composition	of	the	Au-Pt	alloy.	
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Figure	10.	Faradaic	efficiencies	of	CO	and	H2	formation	from	electrochemical	reduction	of	CO2	on	Au-

Pt	bimetallic	alloy	electrode	in	CO2-saturated	0.1	M	KHCO3	electrolyte.	Different	compositions	of	

bimetallic	alloys	were	used.	Constant	potential	of	-0.65	V	vs	RHE	was	applied	[33]	

	

As	shown	in	Figure	10,	with	higher	Au	composition	in	the	bimetallic	alloy,	CO	formation	was	

favoured	over	hydrogen	evolution	reaction	which	took	place	on	pure	Pt	electrodes.	Hod	et	al.	

have	 used	 Fe-porphyrin-based	 metal-organic	 framework	 as	 catalyst	 for	 electrochemical	

reduction	of	CO2	where	carbon	monoxide	was	generated	as	the	major	product	[34].	However,	

competing	hydrogen	evolution	reaction	also	occurred	in	their	experiments	which	limited	the	

overall	performance.	Li	et	al.	have	tuned	SnO2	catalyst	with	coated	copper	nanoparticles	for	

electrochemical	 CO2	 reduction	 with	 CO	 generated	 at	 -0.7	 V	 vs	 RHE	 and	 a	 high	 Faradaic	

efficiency	of	93	%	[35].	

2.2.	Photocatalytic	Reduction	of	CO2	

Other	than	electrochemical	reduction	of	CO2,	photocatalytic	reduction	is	also	a	well-known	

approach	to	reduce	CO2	to	appropriate	products	under	the	aid	of	light.	Various	researchers	

have	reported	successful	photo-reduction	of	CO2	into	products,	including	CO,	methane,	etc.	
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In	 order	 to	 perform	 photo-reduction	 of	 CO2,	 semiconductors	 were	 chosen	 to	 be	 photo-

catalysts,	 this	 included	TiO2,	 copper	oxides,	 etc	 [36].	Anpo	et	al.	 used	TiO2	photocatalysts	

combined	with	Y-zeolite	for	photocatalytic	reduction	of	CO2	at	55	°C	[37].	Methanol	 in	gas	

phase	was	the	major	product.	 In	 their	 research,	TiO2	species	 in	a	 tetrahedral	coordination	

were	 dispersed	 in	 Y-zeolite	 cavities	 and	 formation	 of	 methanol	 was	 favoured.	 However,	

octahedral	coordinated	TiO2	species	in	Y-zeolite	cavities	favoured	the	formation	of	methane.	

Liu	et	al.	has	synthesized	Zn2GeO4	nanoribbons	in	a	binary	ethylenediamine	and	water	solvent	

system	 using	 solvothermal	 method	 [38].	 They	 have	 used	 the	 Zn2GeO4	 nanomaterial	 for	

photocatalytic	 reduction	 of	 CO2	with	 existence	 of	 water	 vapour	 where	methane	was	 the	

major	product.	

Tseng	et	al.	used	TiO2	and	Cu/TiO2	as	photocatalysts	for	photo-reduction	of	carbon	dioxide	in	

0.2	M	NaOH	aqueous	solution.	A	quartz	reactor	was	used	for	this	experiment	with	addition	of	

an	8	W	Hg	lamp	which	is	shown	in	Figure	11	[39].		

 

Figure	11.	Schematic	diagram	of	quartz	reactor	for	photo-catalytic	reduction	of	CO2	[39]	
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During	reduction	of	carbon	dioxide,	the	quartz	reactor	was	shielded	by	a	metal	case	to	avoid	

interference	from	external	light.	Catalyst	powder	was	added	in	the	electrolyser.	Stirring	was	

added	by	magnetic	stirrer	in	order	to	disperse	the	catalyst	in	the	solution.	

Methanol	 was	 the	 major	 product,	 the	 proposed	 mechanism	 of	 photo-catalytic	 reduction	

process	is	shown	in	Figure	12.	

 
	

Figure	12.	Mechanism	for	photo-catalytic	reduction	of	CO2	using	Cu/TiO2	catalyst	[39]	

	

As	explained	before,	 light	energy	can	activate	 the	electrons	 from	the	valence	band	 to	 the	

conduction	band.	Cu	atoms	can	sit	on	the	porous	sites	of	TiO2	atoms.	Electrons	will	be	trapped	

by	Cu	atoms	and	CO2	photo-catalytic	reduction	will	occur.	On	the	other	side,	oxygen	will	be	

generated	from	oxidation	of	OH-	ions.	Similar	process	has	been	proposed	by	Tamashita	et	al.	

[40].	They	used	TiO2	and	Cu/TiO2	catalysts	to	photo-catalytically	reduce	CO2.	When	TiO2	was	
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used	 as	 the	 photocatalyst,	 methane	 was	 the	 major	 product;	 when	 Cu/TiO2	 was	 used	 as	

photocatalyst,	methanol	was	the	major	product.	

Different	 semiconductors	 have	 been	 applied	 in	 the	 photo-reduction	 of	 carbon	 dioxide,	

including	 ZnO,	 SiC,	WO3	 and	 CdS	 [41].	 Inoue	et	 al.	 suggested	 that	 formic	 acid,	methanol,	

methane	 and	 formaldehyde	 were	 generated	 respectively	 as	 products	 from	 CO2	 photo-

catalysis	 reduction.	 This	depended	on	 the	activity	of	 the	 catalysts,	which	determines	how	

many	electrons	are	transferred	and	used	for	CO2	reduction.	

Copper	oxides	could	also	be	used	as	photo-catalysts	for	CO2	reduction.	Cu2O	has	a	band	gap	

of	2.0	eV,	and	CuO	has	a	band	gap	of	1.2	eV.	Both	of	them	are	appropriate	materials	to	be	

applied	 as	 photo-catalysts.	 However,	 according	 to	 the	 Pourbaix	 diagram	 of	 copper,	 both	

copper	oxides	are	not	thermodynamically	stable;	therefore,	a	substrate	material	is	commonly	

chosen	to	be	used	as	photocatalysts	in	combination	with	copper	oxides.		

CuO	could	also	be	used	as	one	of	the	co-catalysts	with	TiO2	for	photocatalytic	reduction	of	

carbon	dioxide.	The	band	gaps	for	both	TiO2	and	CuO	are	shown	in	Figure	13	[42].	
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Figure	13.	Band	positions	for	TiO2	and	CuO	for	reduction	of	CO2	[42]	

	

Qin	 et	 al.	 prepared	 CuO-TiO2	 composite	 catalysts	 for	 photocatalytic	 reduction	 of	 carbon	

dioxide	in	methanol.	TiO2	has	a	band	gap	of	3.2	eV,	and	CuO	has	a	band	gap	of	1.8	eV.	They	

formed	the	hetero-junction	combination	with	matching	band	gaps	and	potentials.	When	light	

was	inserted	into	the	system,	CuO	was	activated	where	electrons	from	valance	band	‘jumped’	

to	the	conduction	band,	photo-electrons	from	the	conduction	band	of	CuO	could	then	move	

to	the	conduction	band	of	TiO2.	The	excited	electrons	from	the	conduction	band	in	TiO2	can	

combine	with	 the	 holes	 at	 the	 valence	 band	 of	 CuO.	 The	 electron-hole	 pairs	 could	 carry	

additional	charge,	lower	the	resistance	of	the	material	and	even	break	down	the	C=O	bond,	

hence	resulting	in	an	enhanced	performance	of	the	CO2	reduction	[43].	The	yields	for	products	

as	formic	acid,	formaldehyde,	and	methanol	lay	between	the	conduction	band	of	CuO	and	the	

valence	 band	of	 TiO2.	 Therefore,	 these	would	 be	 the	 possible	 products	 for	 photocatalytic	

reduction	of	carbon	dioxide.		
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Qin	et	al.	demonstrated	that	by	adding	1	wt%	of	CuO	on	TiO2,	the	photocatalytic	activity	could	

be	 improved,	 and	 the	 photocatalytic	 reduction	 of	 carbon	 dioxide	 on	 1.0CuO-TiO2	 catalyst	

produced	methyl	formate.	However,	the	catalyst	only	showed	its	highest	activity	after	being	

calcined	at	450	 ˚C.	What	was	more,	according	 to	Qin	et	al.,	methyl	 formate	could	also	be	

produced	 by	 esterification	 of	 methanol	 and	 formic	 acid,	 or,	 it	 could	 be	 produced	 via	

dimerization	of	formaldehyde.	

Other	 researchers	 have	 also	 performed	 photocatalytic	 reduction	 of	 CO2	 using	 various	

photocatalysts,	and	majority	of	the	catalysts	were	based	on	TiO2.	Copper-doped	TiO2	[44],	

Iodine-doped	 TiO2	 [45],	 Pt-loaded	 TiO2	 [46],	 etc.	 have	 been	 applied	 for	 photocatalytic	

reduction	of	CO2,	major	products	included	methanol,	carbon	monoxide	and	methane.	Koci	et	

al.	discussed	the	particle	size	of	TiO2	photocatalyst	on	photocatalytic	reduction	of	CO2	[47].	

Crystallised	 TiO2	 nanoparticles	 between	 4.5	 to	 29	 nm	 were	 applied	 for	 CO2	 reduction,	

methane	and	methanol	were	constant	products	generated.	However,	with	nanoparticles	of	

14	nm,	highest	production	of	both	methane	and	methanol	were	obtained.	

g-C3N4	combined	with	NaNbO3	nanowires	were	used	as	catalyst	for	photocatalytic	reduction	

of	 CO2	 reported	by	 Shi	et	 al.	 [48].	Methane	was	detected	 as	 the	major	 product	 from	 the	

reaction.	
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Figure	14.	Methane	production	from	photocatalytic	reduction	of	CO2	with	comparison	between	

NaNbO3,	g-C3N4,	and	g-C3N4/NaNbO3	[48]	

	

Photocatalytic	reduction	of	CO2	was	performed	by	Liu	et	al.	using	modified	CdS	catalyst	 in	

organic	 solvent	 containing	 2-propanol	 as	 hole	 scavenger	 [49].	 Carbon	 monoxide	 was	

generated	by	the	reaction	and	detected	using	gas	chromatography.	

Graphitic	 carbon	 nitride	 (g-C3N4)	 has	 also	 been	 a	 popular	 photocatalyst	 for	 both	 water	

splitting	process	and	CO2	reduction	[50].	In	terms	of	photo-reduction	of	CO2,	Yu	et	al.	have	

synthesized	Pt-doped	g-C3N4	photocatalyst	and	produced	methane,	methanol	and	formic	acid	

as	major	products	[51].	Wang	et	al.	have	generated	methanol	from	photocatalytic	reduction	

of	CO2	using	sulphur-dope	graphitic	carbon	nitride	catalyst	[52].	Raziq	et	al.,	Ohno	et	al.	and	

Huang	 et	 al.	 have	 also	 applied	 g-C3N4	 for	 their	 experiments	 of	 photo-reduction	 of	 CO2	

[53][54][55].		

2.3.	Electrolyte	Study	for	Reduction	of	CO2	

Various	types	of	electrolytes	have	been	used	for	reduction	of	CO2.	Pardal	et	al.	has	applied	

ionic	 liquid	 based	 electrolyte	 for	 electrochemical	 reduction	 of	 CO2	 [56].	 1-ethyl-3-methyl-
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imidazolium	triflate	and	water	(10	%wt)	was	used	as	the	electrolyte.	CO2	reduction	occurred	

on	a	bimetallic	Zn-Cu	electrode	with	syngas	generated	as	the	products.	Sodium	bicarbonate	

and	sulphuric	acid	were	used	as	catholyte	and	anolyte	in	Salazar-Villalpando	et	al.’s	work	for	

reduction	of	CO2	[57].	They	have	also	studied	between	NaHCO3	and	KHCO3	catholytes	for	CO2	

reduction	and	concluded	that	use	of	KHCO3	could	give	higher	reduction	current	than	NaHCO3.	

According	 to	 other	 researchers	 [58][59],	 bicarbonate	 solution	 was	 commonly	 used	 as	

electrolyte	 for	CO2	reduction.	The	equilibrium	of	 the	solution	was	studied.	When	CO2	was	

dissolved	 in	water,	aqueous	state	CO2,	 i.e.	CO2	(aq),	was	formed.	Aqueous	state	CO2	could	

combine	with	water	to	form	carbonic	acid,	H2CO3.	Carbonic	acid	could	transfer	to	HCO3
-	by	

releasing	an	H+	ion,	HCO3
-	could	then	be	transferred	to	CO3

2-.	These	were	reversible	reactions.	

𝐻2𝐶𝑂3	(𝑎𝑞) 	↔ 	𝐻+	(𝑎𝑞) 	+ 	𝐻𝐶𝑂3
-	(𝑎𝑞)																								[Equation	16]	

𝐻𝐶𝑂3
-	(𝑎𝑞) 	↔ 	𝐻+	(𝑎𝑞) 	+ 	𝐶𝑂3

2-	(𝑎𝑞)																									[Equation	17]	

The	fractional	amount	of	the	species	could	be	calculated	by	the	following	equations.	

𝛼	H2CO3	 = 	
[Q+]2

[Q+]2	S	[Q+]Ta1	S	Ta1Ta2
																																			[Equation	18]	

𝛼	HCO3-	 = 	
[Q+]Ta1

[Q+]2	S	[Q+]Ta1	S	Ta1Ta2
																																			[Equation	19]	

𝛼	CO3(2-)	 = 	
Ta1Ta2

[Q+]2	S	[Q+]Ta1	S	Ta1Ta2
																																[Equation	20]	

where	Ka1	and	Ka2	were	both	constants,	Ka1	was	4.45×10-7	and	Ka2	was	4.69×10-11.	Therefore,	

with	carbon	dioxide	purged	into	the	electrolyte,	pH	value	of	the	electrolyte	will	decrease	as	

the	 solution	 turns	 to	be	more	acidic.	 The	 carbonic	 solution	equilibrium	 is	 illustrated	as	 in	

Figure	15.	
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Figure	15.	Bicarbonate	electrolyte	solution	equilibrium	showing	fractional	amount	changes	of	bicarbonate	

solution	into	carbonate	and	carbonic	acid	with	related	pH	values	

	

Schouten	et	al.	prepared	0.2	M	phosphate	buffers,	0.2	M	NaClO4	solutions	and	0.1	M	HClO4,	

H3PO4	and	NaOH	solutions	for	electrochemical	 reduction	of	CO2	[60].	From	their	research,	

they	have	found	that	formation	of	methane	was	dependent	on	the	solutions	and	the	pH	of	

the	 solutions.	However,	 formation	 of	 carbon	monoxide	was	 independent	 of	 the	 solutions	

used	for	the	CO2	reduction	process.		

Selecting	the	electrolyte	for	CO2	reduction	should	take	into	consideration	such	as	the	pH	of	

the	electrolyte,	solubility	of	CO2,	as	well	as	stability	of	the	electrolyte	[61].	These	factors	can	

affect	the	mass	transportation	loss,	overpotentials,	as	well	as	ionic	conductivity	of	the	system,	

which	can	then	affect	the	efficiency	and	performance	of	the	CO2	reduction	procedure.	Murata	

and	Hori	have	found	that	the	efficiency	of	CO2	reduction	on	a	copper	electrode	was	highly	

dependent	on	the	cations	in	the	electrolyte	[62].	Kas	et	al.	has	also	found	that	by	varying	the	

0

0.2

0.4

0.6

0.8

1

1.2

2 4 6 8 10 12 14

Fr
ac
tio

na
l	A
m
ou

nt

pH

H2CO3

HCO3-

CO3(2-)



39	
	

pH	 and	 the	 concentration	 of	 the	 electrolyte,	 different	 products	 were	 favourable	 to	 be	

generated	from	CO2	reduction	[63].	

2.4.	Catalysts	for	Reduction	of	CO2	

Catalysts	are	always	one	of	the	most	important	factors	for	carbon	dioxide	reduction.	Carbon	

dioxide	in	the	system	will	attach	to	the	catalyst	surface,	where	with	applied	potentials,	the	

chemical	bond	will	be	bent	and	weakened,	and	adsorbed	radicals	will	then	form	and	hence	

final	products	from	CO2	reduction	can	be	generated.	A	range	of	catalysts	have	been	studied	

for	the	reduction	of	CO2,	these	include:	platinum,	silver,	gold,	copper,	etc.	[64].	The	catalysts	

can	 be	 used	 on	 their	 own,	 or	 they	 can	 be	 coated	 on	 porous	 carbon	 or	 graphite	 particle	

supports,	which	can	help	improve	catalyst	surface	area	and	durability,	including	Au	electrode,	

Ag	and	Ag/TiO2	electrodes	mentioned	 in	Section	2.2.	By	using	different	catalysts,	different	

possible	products	can	be	generated.	This	relates	to	the	structure	and	property	of	the	catalysts	

where	different	 catalysts	 have	different	 abilities	 to	 release	electrons	hence	 the	 activation	

energy	for	the	reaction	to	take	place	can	be	varied	accordingly.	In	addition,	catalytic	surface	

can	also	affect	the	chemical	bonding	of	carbon	dioxide,	adsorbed	radicals	and	intermediate	

products,	especially	the	C-C	bonding,	which	can	hence	lead	to	different	possible	products	[65]	

[66]	[67].	

Hammouche	et	al.	has	used	electrogenerated	iron	porphyrins	as	catalyst	for	reduction	of	CO2	

with	generation	of	CO	as	the	major	product	[68].	[Pd(triphosphine)(CH3CN)]-(BF4)2	complexes	

have	been	applied	as	catalyst	for	electrochemical	reduction	of	CO2	to	CO	by	Miedaner	et	al.	

[69].	 Dong	 et	 al.	 has	 reached	 similar	 results	 using	 a	 similar	 catalyst	 for	 electrochemical	

reduction	of	CO2	[70].	Ohya	et	al.	coated	copper	oxide	on	Zn	metal	surface	to	form	the	co-

catalyst	 for	 reduction	of	 carbon	dioxide	 [71].	They	detected	hydrocarbon	 formation	when	
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copper	oxide	was	pressed	and	combined	with	Zn	metal.	Without	copper	oxide	particles,	only	

formic	acid	and	carbon	monoxide	were	detected.	Copper	(I)	oxide	had	a	better	effect	than	

copper	(II)	oxide	when	combined	with	Zn	to	reduce	carbon	dioxide.	KOH/methanol	was	used	

as	the	electrolyte	for	their	test	because	carbon	dioxide	had	a	better	solubility	 in	methanol	

than	in	water;	therefore,	a	more	efficient	medium	could	be	formed	[72].		

Zhang	et	al.	 found	formic	acid	as	the	major	product	using	nitrogen-doped	SnO2	catalyst	 in	

electrochemical	reduction	of	CO2	[73].	Billy	et	al.	has	found	various	hydrocarbons	including	

ethane,	ethylene,	ethanol,	propanol	and	CO	in	their	research	of	electrochemical	reduction	of	

CO2	using	CuRu	bimetallic	catalyst	[74].	They	also	found	that	with	increasing	Ru	existence	in	

the	 bimetallic	 catalyst,	 CO2	 reduction	 activity	 was	 reduced	 with	 higher	 activity	 of	 the	

hydrogen	evolution	reaction.	CO	and	formic	acid	were	found	when	Bernal	et	al.	performed	

electro-reduction	of	CO2	using	CuCo	bimetallic	catalyst	[75].	Yan	et	al.	used	Ru/Al2O3	catalyst	

for	CO2	reduction	process,	methane	and	carbon	monoxide	were	found	as	major	products	[76].	

Fang	et	al.	have	developed	the	complex	working	electrode	with	 functional	 ligands	 for	CO2	

electrochemical	reduction,	where	three	different	functional	 ligands	–	2-mercaptopropionic	

acid,	4-pyridinylethanemercaptan,	and	cysteamine,	were	attached	to	Au	electrode	surface	

[77].	Formate	and	carbon	monoxide	were	generated	as	the	products	with	efficiency	up	to	

22.5	 %	 and	 35	 %	 respectively.	 Boron	 phosphide	 has	 been	 synthesized	 and	 applied	 for	

electrochemical	 reduction	of	carbon	dioxide	by	Mou	et	al.	where	methanol	was	produced	

with	high	efficiency	of	92	%	at	-0.5	V	vs	RHE	in	0.1	M	KHCO3	[78].	Siahrostami	et	al.	have	used	

N-doped	defected	graphene	for	electrochemical	reduction	of	CO2	where	carbon	monoxide	

was	generated	[79].	Efficiency	of	the	product	was	not	reported	in	the	literature.	
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As	stated	in	previous	paragraphs,	different	products	were	generated	according	to	different	

kinds	of	catalysts	used	for	carbon	dioxide	reduction.	Some	catalysts	were	complex	and	some	

were	 precious	metals.	 Of	 all	 catalysts	 used,	 one	 of	 the	 commonly	 used	 catalysts	 for	 CO2	

reduction	 is	 copper	oxide.	 Both	Cu(I)	 and	Cu(II)	 oxide	have	been	 reported	 to	be	 effective	

catalysts	for	the	reduction	of	carbon	dioxide.	Copper	oxide	nanoparticles	are	normally	up	to	

100	nm	in	diameter,	depending	on	the	synthesis	method,	which	means	that	they	have	high	

surface	 area	 in	 order	 to	 enhance	 the	 reduction	 process.	 The	 crystal	 structures	 of	 copper	

oxides	are	shown	in	the	Figure	16.	

	

Figure	16.	Microstructural	unit	cells	for	Cu2O	and	CuO.	Left:	Cu2O;	Right:	CuO	[80]	

	

Each	crystal	structure	from	Figure	16	represents	the	crystal	unit	cell	of	copper	oxide,	on	the	

left	it	is	copper	(I)	oxide	and	on	the	right,	it	is	copper	(II)	oxide.	Copper	(I)	oxide	has	a	cubic	

structure	 in	which	 the	oxygen	atoms	are	 sitting	on	 the	body-centre	cubic	 structure	 (BCC);	

there	are	two	atoms	in	total	in	the	Cu2O	unit	cell.	For	copper	(II)	oxide,	it	has	a	monoclinic	

crystal	structure,	in	which	there	are	five	atoms	in	total	in	each	unit	cell.		
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In	order	to	help	interpret	the	electrochemistry	obtained,	reference	to	the	Pourbaix	diagram	

for	copper	is	instructive	Figure	17.	A	Pourbaix	diagram	shows	the	equilibria	and	compositions	

of	certain	species	with	relationships	between	potential	and	pH.		

	

Figure	17.	Pourbaix	diagram	for	copper	[81]	

	

According	to	Figure	17,	copper	(II)	oxide	(CuO)	appears	in	the	diagram	between	pH	4.5	and	

12.5.	Under	a	certain	pH	value,	copper	(II)	oxide	could	transform	into	copper	(I)	oxide,	and	

then	into	copper	metal	with	reduced	potential	applied	to	the	system.	In	a	neutral	solution	

(pH	=	7),	Cu	appears	below	0	V	vs	SHE,	as	the	potential	increases	from	0	–	0.3	V	vs	SHE,	Cu2O	

appears,	with	higher	applied	potential,	CuO	exists	in	the	system.	
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Cu	and	Cu	oxides	have	been	reported	as	promising	catalysts	for	CO2	reduction,	especially	for	

the	formation	of	C2	–	C3	products	[82]	[83].	Ren	et	al.	found	that	ethylene	and	ethanol	were	

obtained	 as	 the	 major	 products	 from	 CO2	 electrochemical	 reduction	 using	 Cu2O	 films	

deposited	on	Cu	discs	when	in	0.1	M	KHCO3	electrolyte.	The	Faradaic	efficiency	was	observed	

to	be	in	the	range	34	to	39%	for	ethylene	and	9	to	16%	for	ethanol	[84].	Le	et	al.	has	used	

different	kinds	of	copper	oxide	as	catalysts	to	successfully	reduce	carbon	dioxide	to	methanol	

[85].	Three	different	types	of	copper	oxides	were	used,	including	air-oxidised	Cu,	anodised	Cu,	

and	electrodeposited	cuprous	oxide	film.	The	scanning	potential	was	from	-1.0	V	to	-1.9	V	vs.	

SCE.	Methanol	was	the	product	which	was	detected	by	gas	chromatography-flame	ionisation	

detector	(GC	–	FID).	The	methanol	formation	rate	against	potential	is	shown	in	Figure	17.	

	

Figure	18.	Methanol	production	rate	vs.	potential.	 :	air-oxidised	Cu;	○:	anodised	Cu;	●:	

electrodeposited	cuprous	oxide	film.	Pt	wire	was	used	as	counter	electrode,	and	Ag/AgCl	electrode	

saturated	with	NaCl	was	selected	to	be	the	reference	electrode.	A	three-electrode	system	was	

applied,	containing	0.5	M	KHCO3	electrolyte	[85]		
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From	Figure	18,	electrodeposited	cuprous	oxide	film	had	the	best	result	in	terms	of	producing	

methanol.	Formation	was	found	to	increase	as	the	potential	scans	from	-1.0	V,	and	reached	

the	maximum	at	-1.56	V,	then	it	decreased	dramatically	because	of	the	existence	of	significant	

hydrogen	evolution	reaction.	The	Faradaic	efficiencies	vs.	potential	is	shown	in	Figure	19.	

	

Figure	19.	Faradaic	efficiencies	vs	potential	for	reduction	of	carbon	dioxide	on	copper	oxides.	 :	air-

oxidised	Cu;	○:	anodised	Cu;	●:	electrodeposited	cuprous	oxide	film	[85]	

	

The	greatest	Faradaic	efficiency	(~38%)	was	achieved	by	using	electrodeposited	cuprous	oxide	

electrodes	at	-1.1	V	vs	SCE.	This	also	proved	that	the	electrodeposited	cuprous	oxide	film	was	

the	best	in	terms	of	carbon	dioxide	reduction.	However,	oxidised	copper	electrodes	may	be	

reduced	 to	 copper	metal;	 therefore,	 CH4	might	 be	 produced	 as	 it	was	 the	major	 product	

during	CO2	reduction	on	copper	metal.		

It	was	believed	that	Cu2O	played	a	more	important	role	in	reduction	of	carbon	dioxide	than	

CuO,	 because	 it	 could	 stabilise	 reaction	 intermediates	 such	 as	 carbonates,	 formates	 and	

methoxy	adsorbates.	By	increasing	Cu(I)	concentration,	the	methanol	yield	could	be	increased	
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as	well.	Methoxy	adsorbates	(H3CO-)	could	be	adsorbed	at	(111)	surfaces	of	copper(I)	oxide	

crystal	 structure,	 this	 could	 allow	 co-ordinately	 unsaturated	 oxygen	 to	 act	 as	 hydrogen	

abstraction	sites	for	dehydrogenation.	The	possible	mechanism	is	shown	in	Figure	20.	

	

Figure	20.	Hydrogenation	of	methoxy	adsorbates	at	copper	(I)	oxide	(111)	surface	[85]	

	

Wang	et	al.	applied	CuO	catalyst	coated	on	carbon	rod	for	electrochemical	reduction	of	CO2	

in	0.5	M	KHCO3	solution	which	found	formic	acid	to	be	the	major	product.	The	purpose	of	

their	work	was	to	study	the	in-situ	structural	change	of	copper	oxides	in	bicarbonate	solution	

during	the	process	of	reduction	of	CO2	[86].	According	to	their	research,	when	the	electrolyte	

was	degassed,	but	before	saturated	with	CO2,	bicarbonate	and	carbonate	species	existed	in	

the	electrolyte	which	absorbed	to	the	electrode	and	then	reduced	CuO	to	Cu2O	and	Cu.		
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Figure	21.	CV	scan	for	reduction	and	oxidation	of	copper	oxides	in	0.5	M	KHCO3	electrolyte	using	CuO	

catalyst	–	before	saturation	of	CO2.	Peak	I:	reduction	from	CuO	to	Cu2O;	Peak	II:	further	reduction	

from	Cu2O	to	Cu;	Peak	III:	oxidation	from	Cu	to	Cu2O;	Peak	IV:	oxidation	towards	CuO.	[86]	

	

As	 indicated	and	explained	by	Wang	et	al.,	 peak	 I,	 shown	 in	Figure	21	was	 related	 to	 the	

reduction	from	CuO	to	Cu2O,	and	peak	II	was	related	to	the	further	reduction	from	Cu2O	to	

Cu	in	the	aqueous	solution.	Peaks	III	and	IV	were	the	oxidation	peaks	for	Cu	oxidation	into	

either	Cu2O	or	CuO.	

However,	when	the	solution	was	saturated	with	CO2,	bicarbonate	or	carbonate	species	were	

not	 absorbed	 to	 the	 electrode	 surface	 according	 to	 their	 in-situ	 infra-red	 spectroscopy	

detection.	Therefore,	the	catalyst	status	of	CuO	was	much	more	stable	according	to	Wang	et	

al.	CO2	saturated	bicarbonate	solution	had	a	lower	pH	value,	which	could	affect	the	reactivity	
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of	CuO,	and	in	addition,	CO2	favoured	the	binding	with	CuO	catalyst	to	undergo	CO2	reduction.	

Other	studies	have	also	shown	similar	results	as	Wang	et	al.’s	work	[87][88].		

Zhao	et	al.	treated	Cu	electrode	with	phosphate	anions	before	electrochemical	reduction	of	

CO2	[89].	Compared	to	conventional	Cu	foil,	phosphate-tuned	electro-deposited	Cu	electrode	

performed	much	better	with	a	high	Faradaic	efficiency	of	80	%	on	formation	of	formic	acid,	

whereas	using	conventional	Cu	foil,	a	Faradaic	efficiency	of	33	%	was	achieved.	However,	the	

effects	of	phosphate	anions	on	the	electrodeposition	process	remained	unknown.	

Cu2O	was	a	reactive	and	promising	catalyst	for	carbon	dioxide	reduction,	however,	it	was	not	

a	stable	catalyst	under	certain	conditions	according	to	the	Pourbaix	Diagram.	Therefore,	the	

catalytic	surface	before,	during	and	after	CO2	reduction	should	be	studied.	In	this	area,	not	

many	researchers	have	applied	significant	efforts	in	deep	understanding	and	study,	however,	

Dutta	 et	 al.	 has	 reported	 the	 use	 of	 operando	 XAS,	 operand	 Raman	 spectroscopy	 and	

operando	 XRD	 to	 study	 the	 catalytic	 surface	 of	 copper	 oxides	 during	 carbon	 dioxide	

electrochemical	reduction	process	[90].	They	have	obtained	structural	alteration	occurred	to	

copper	oxides	before	and	during	the	reaction.	Dry	samples	of	copper	oxides	were	confirmed	

by	XPS	and	Raman	 spectroscopy,	however,	with	 the	 contact	 in	electrolyte,	 the	outermost	

surface	of	the	copper	oxides	was	instantly	disappeared.	Throughout	the	CV	scans,	CuO	was	

reduced	 to	 Cu2O	 and	hence	 to	 Cu,	 and	 in	 their	 after-experiment	 detection,	 there	was	 no	

copper	oxides	found	at	the	electrode	surface.	Therefore,	for	majority	of	the	electrochemical	

CO2	reduction	process,	 there	was	an	estimation	that	Cu	was	the	major	catalyst	during	the	

experiments.	 Other	 researchers	 including	 Lin	 et	 al.,	 Zhang	 et	 al.,	 and	 Gao	 et	 al.	 have	 all	

confirmed	similar	findings	[91]	[92]	[93].	They,	as	well	as	other	researchers	have	also	found	
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that	 at	 copper	 surface,	 flexible	 C-C	 chemical	 bond	wagging	motion	 occurred	which	 could	

enhance	the	efficiency	of	formation	of	C2	–	C3	products	[94]	[95].	

There	 have	 been	 other	 researchers	 who	 applied	 Cu	 or	 Cu	 oxides	 for	 their	 study	 of	 CO2	

reduction.	Frese	Jr	et	al.	has	prepared	copper	oxide	from	heating	copper	foil	in	air	at	130	°C,	

and	applied	the	intentionally	oxidised	copper	electrode	for	his	CO2	electrochemical	reduction	

process	where	methanol	and	small	amount	of	carbon	monoxide	were	generated	[96].	Le	Duff	

et	al.	have	studied	the	role	of	oxygen	species	in	electrochemical	reduction	of	carbon	dioxide	

using	 copper	 electrode	 [97].	Oxygenated	hydrocarbons	were	 discovered	 and	 studied,	 and	

they	 have	 reported	 that	 the	 coverage	 of	 OH	 group	 on	 catalytic	 surface	 could	 affect	 the	

selectivity	of	 the	oxygenated	product.	 In	addition,	 they	have	also	 reported	 the	 favourable	

formation	 of	 C-C	 bond	 on	 Cu	 surface	 during	 the	 CO2	 reduction	 process.	 Yano	 et	 al.	 have	

obtained	 Cu-mesh	 confined	 from	 copper	 (I)	 halide	 and	 applied	 the	 catalyst	 for	

electrochemical	CO2	reduction	where	ethylene	was	found	with	a	high	efficiency	of	80	%	[98].	

Faradaic	efficiency	of	87	%	was	achieved	by	Mun	et	al.	when	they	used	Cu-Pd	alloy	as	catalyst	

for	CO2	 reduction	 to	CO	[99].	Durand	et	al.	have	studied	the	effect	of	 structure	of	copper	

catalyst	on	CO2	electrochemical	reduction	[100].		
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Figure	22.	Free	energy	diagram	showing	intermediates	during	the	production	of	methane	from	CO2	

reduction	at	different	copper	facets	(@	0	V	vs	RHE)	[100]	

	

As	shown	in	Figure	22,	formation	of	methane	was	studied	at	different	facets	of	copper	catalyst.	

There	were	two	intermediate	reactions	in	the	pathway	of	methane	formation	–	formation	of	

adsorbed	carboxyl	from	CO2	and	h+-e-	pair,	and	protonation	of	CO.	According	to	Durand	et	

al.’s	study,	Cu	(211)	was	a	more	favourate	facet	in	these	pathways	leading	to	the	formation	

of	methane	with	a	lower	energy	required.	Similar	concept	applied	to	the	formation	of	formic	

acid.	With	Cu	(100)	and	Cu	(111)	catalysts,	intermediate	OCHO*	showed	a	more	favourable	

pathway	for	the	formation	of	formic	acid	over	Cu	(211).	
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Figure	23.	Free	energy	diagram	for	production	of	formic	acid	at	different	Cu	facets	from	

electrochemical	reduction	of	CO2.	F	stands	for	formate,	C	stands	for	carboxyl	[100]	

	

By	 using	 different	 catalysts	 for	 the	 electrochemical	 reduction	 of	 carbon	 dioxide,	 different	

performances	 and	 products	 can	 be	 obtained.	 The	 products	 from	 the	 electrochemical	

reduction	of	carbon	dioxide	also	depend	on	the	materials	for	electrodes	and	electrolyte,	the	

overpotentials	applied	to	the	system,	the	pH	and	even	the	pressure	of	carbon	dioxide	gas	

applied	to	the	system	[101].	Of	all	the	catalysts	studied	for	CO2	reduction,	platinum	was	one	

of	 the	 most	 commonly	 used	 in	 decades	 ago,	 but	 it	 was	 almost	 abandoned	 due	 to	 high	

hydrogen	evolution	 reaction	as	well	 as	higher	 cost	as	platinum	 is	 a	precious	metal.	Other	

catalysts	including	Ag	and	Au	both	showed	good	but	not	promising	results	in	CO2	reduction,	

they	were	also	precious	metals	as	well.	Compared	to	majority	of	the	catalysts	used	in	previous	

research,	Cu	or	Cu-oxides	showed	promising	results	for	CO2	reduction	with	high	selectivity,	as	

well	as	restricted	competition	from	hydrogen	evolution	reaction,	it	was	also	one	of	the	most	
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abundant	and	cheapest	materials	to	be	used.	Therefore,	copper	and	copper	oxides	have	been	

studied	deeply	and	widely	in	the	application	of	electrochemical	reduction	of	CO2.	

2.5.	Continuous	Hydrothermal	Flow	Synthesis	

Continuous	hydrothermal	 flow	 synthesis	 (CHFS)	 is	 a	 fast	 and	 continuous	method	 to	make	

inorganic	 nanoparticles	 with	 high	 temperature	 and	 pressure	 applied.	 Via	 this	 system,	

different	kinds	of	nanoparticles	could	be	made	rapidly,	for	example,	magnesium	substituted	

calcium	 phosphate	 bio-ceramic	 nanoparticles	 has	 been	 produced	 using	 CHFS	 method	 by	

Chaudhry	et	al.	 [102].	Other	materials	 including	 copper	oxides	 could	be	made	using	CHFS	

method	as	well	with	appropriate	precursors	and	base	solutions	[103].	

Elouali	 et	 al.	 has	 prepared	 nano-sized	 indium	 oxides	 via	 continuous	 hydrothermal	 flow	

synthesis	using	indium	nitrate	solution	[104].	Superheated	water	at	400	°C	flowed	through	

the	 system	 and	 24.1	 MPa	 of	 pressure	 was	 added.	 Highly	 crystalline	 nanomaterials	 were	

produced	rapidly	and	indium	oxides	nanoparticles	were	then	used	for	gas	sensing	substrates.	

Middelkoop	et	al.	 has	used	CHFS	method	 for	 synthesizing	CeO2	nanoparticles	 at	 different	

temperatures	 from	 supercritical	water	 flow	 [105].	 CeO2	 nanoparticles	with	 different	 sizes	

were	produced	at	different	temperatures.	With	higher	temperatures	applied	to	the	system	

(increased	from	350	°C	to	450	°C),	the	nanoparticles	sizes	increased	from	3.5	nm	to	3.96	nm.	

TADDI	in	situ	mapping	was	also	applied	in	their	research	experiments.	

Kellici	et	al.	has	used	high-throughput	continuous	hydrothermal	flow	synthesis	method	for	

production	of	Zn-Ce	oxides	[106].	Raman,	BET,	and	PXRD	spectra	have	shown	detection	of	Zn-

Ce,	ZnO	and	CeO2.	In	addition,	Zhang	et	al.	has	synthesized	2D	sodium	titanate	nano-sheets	

using	the	CHFS	method	[107].	According	to	Zhang	et	al.,	the	synthesized	nano-sheet	had	an	
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excellent	photocatalytic	property	for	decolurisation	of	methylene	blue	dye.	Both	SEM	and	HR-

TEM	have	shown	the	images	of	the	sodium	titanate	nano-sheet	synthesized	using	the	CHFS	

method.	

	

Figure	24.	a).	SEM	image	of	the	sodium	titanate	nano-sheet	made	by	CHFS	method.	b).	HR-TEM	

image	of	the	sodium	titanate	nano-sheet	made	by	CHFS	method	which	showed	the	lattice	spacing	of	

the	nano-sheet	[107]	

	

Other	nanoparticles	have	also	been	synthesized	using	CHFS	method,	including	Ag	[108],	Al2O3	

[109],	CeO2	[110][111][112],	Co3O4	[113]	[114],	iron	oxides	[115][116][117],	etc.	Yang	et	al.	

has	produced	1-D	ZnO	using	CHFS	method	with	different	precursors	[118].	Zinc	hydroxide,	

LHS-Zn,	 Zn(NCS)2(C5H5N)2	 and	 Zn(Cl)2(C5H5N)2	 were	 used	 as	 precursors	 for	 the	 synthesis	
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procedures,	 respectively.	 Morphology	 of	 synthesized	 ZnO	 varied	 according	 to	 different	

precursors	used.	Kawai-Nakamura	et	al.	has	produced	TiO2	nanoparticles	with	diameter	of	4.5	

nm	using	CHFS	method	at	523	K	and	30	MPa	[119].	Ti(SO4)2	was	used	as	precursor	for	this	

synthesis	procedure.		

2.6.	Characterisation	of	Products	from	CO2	Reduction	

GC,	 NMR	 spectroscopy,	 mass	 spectroscopy	 are	 the	 most	 commonly	 used	 techniques	 for	

characterisation	of	products	from	reduction	of	CO2	process.	Koci	et	al.	used	GC	to	detect	both	

methane	and	methanol	in	photocatalytic	reduction	of	CO2	using	Ag	doped	TiO2	catalyst	[120].	

Chen	et	al.	used	GC	to	detect	formation	of	carbon	monoxide	from	their	research	of	reducing	

carbon	dioxide	using	tin	and	tin	oxide	catalysts	[121].	They	have	also	found	formic	acid	with	

maximum	Faradaic	efficiency	of	19	%	using	NMR	spectroscopy.	Other	researchers	including	Li	

et	al.	have	also	used	GC	in	their	set-up	for	detection	of	products	from	photocatalytic	reduction	

of	CO2	[122].	Humidified	water	inserted	into	the	reactor	loaded	with	Cu/TiO2-SiO2	catalyst,	Xe	

lamp	was	applied	to	the	system	through	the	quartz	window.	CO	and	CH4	were	produced	from	

photo-catalytic	reduction	of	CO2.	GC	combined	with	a	thermal	conductivity	detector	(TCD)	

were	used	to	detect	the	products,	He	gas	was	used	as	the	carrier	gas.	Li	et	al.	have	also	used	

both	GC	and	NMR	spectroscopy	to	detect	the	products	from	electrochemical	reduction	of	CO2	

with	Cu	electrode	derived	from	thick	Cu2O	layer	[123].	CO	was	detected	by	the	GC	and	HCO2H	

was	 detected	 as	 the	 liquid	 product	 from	 the	 electrolyte	 using	NMR	 spectroscopy.	 Similar	

characterisation	techniques	were	used	in	Chen	et	al.’s	research	of	electrochemical	reduction	

of	CO2	on	Au	electrode	where	CO	was	detected	[124].	Anpo	et	al.	used	mass	spectroscopy	

and	GC	and	found	CH4,	CO	and	CH3OH	as	major	products	from	photocatalytic	reduction	of	

CO2	on	TiO2	catalyst	[125].	Other	researchers	including	Di	et	al.	[126],	Yu	et	al.	[127],	Atoguchi	
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et	 al.	 [128],	 and	 Sagara	 et	 al.	 [129],	 etc.	 have	 all	 used	 gas	 chromatography	 as	 detection	

instrument	 for	 gaseous	 products	 generated	 from	 electrochemical	 and	 photocatalytic	

reduction	of	CO2.	Sagara	et	al.	have	also	used	single-channel	ion	chromatography	to	detect	

the	liquid	product	(methanol,	ethanol	and	formaldehyde)	from	their	photocatalytic	reduction	

of	CO2	experiments.		

GC,	 NMR	 spectroscopy	 and	mass	 spectroscopy	 are	 well-developed	 techniques	 which	 can	

accurately	 detect	 the	 species	 generated	 from	 CO2	 reduction.	 However,	 most	 of	 these	

techniques	involve	analysis	of	the	electrolyte	solution	off-line,	with	product	generated	at	a	

given	potential	being	determined	by	analysing	the	batch	produced	over	a	given	integration	

time.	This	means	that	the	dynamics	of	product	formation	is	much	harder	to	access	and	the	

calculated	Faradaic	efficiency	is	an	average	over	the	batch	period.	Therefore,	an	efficient	and	

convenient	technique	needs	to	be	used	to	detect	and	analyse	CO2	reduction	process	in-situ,	

and	rotating	ring-disc	electrode	technique	therefore	was	chosen	for	this	project.	

2.7.	RRDE	for	Electrochemistry	and	for	CO2	Reduction	

Rotating	 ring-disc	electrode	 is	 a	well-studied	 technique	applied	 in	electrochemistry.	 It	has	

been	 used	 in	 different	 research	 projects	 including	 oxygen	 reduction	 reaction	 at	 sulphide	

minerals	[130],	anodic	dissolution	and	passivation	of	iron	in	KHCO3	solution	[131],	study	of	

various	 cobalt-related	 oxygen	 reduction	 catalysts	 [132],	 etc..	 As	 there	 are	 two	 working	

electrodes	on	the	RRDE,	and	the	working	electrodes	can	be	switched	between	primary	and	

secondary	 electrodes,	 in-situ	 electrochemical	 study	 involving	 product	 generation	 and	

reaction	dynamics	can	be	performed	and	investigated	via	RRDE	technique.	
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Krishnan	 et	 al.	 has	 studied	 borohydride	 electrochemical	 oxidation	 process	 using	 RRDE	

electrode	in	6	M	NaOH	solution	[133].	Ring	electrode	detected	BH3(OH)-	and	then	BH2(OH)2-	

due	to	oxidation	of	BH4
-	on	the	disc	electrode	between	-0.6	and	-0.8	V	vs	NHE.	

	

Figure	25.	Oxidation	reaction	of	NaBH4	recorded	by	ring	cyclic	voltammogram	in	6	M	NaOH	solution	

[133]	

	

According	to	Krishnan	et	al.,	peak	a1	during	the	forward	scan	was	related	to	oxidation	of	BH4
-,	

and	 all	 other	 peaks	 were	 related	 to	 the	 oxidation	 of	 adsorbed	 intermediates	 from	 BH4
-	

oxidation.	

Hseueh	et	al.	has	used	RRDE	electrode	to	study	the	kinetics	of	oxygen	reduction	reaction	in	

various	 electrolytes	 [134].	 Various	 electrolytes	 including	 perchloric	 acid,	 phosphoric	 acid,	

sulfuric	acid,	and	potassium	hydroxide,	etc.	were	tested.	Superior	oxygen	reduction	reaction	

was	taken	place	 in	KOH	electrolyte	because	of	minimal	adsorption	of	the	OH-	 ions.	Use	of	

RRDE	 gave	 the	 researchers	 a	 dynamic	 in-situ	 study	 of	 the	 kinetics	 of	 the	 project.	 Other	
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researchers,	 including	Shinozaki	et	al.	and	Zhan	et	al.,	have	also	studied	oxygen	reduction	

reaction	and	hydrogen	evolution	reaction	using	RRDE	techniques	[135][136].	

However,	 there	has	been	 limited	 research	about	CO2	 reduction	using	 the	RRDE	electrode.	

Zhang	 et	 al.	 reported	 using	 cobalt	 tetramethylpyridoporphyrazine	 catalyst	 for	

electrochemical	 reduction	 of	 CO2	 using	 RRDE	 electrode	 in	 1996	 [137]	 Cobalt	

tetramethylpyridoporphyrazine	catalyst	was	coated	on	pyrolytic	graphite	disc	electrode	and	

CO	 was	 detected	 as	 the	 major	 product	 on	 Pt	 ring	 electrode.	 No	 Faradaic	 efficiency	 was	

reported	in	their	research	work.		

In	this	project,	electrochemical	and	photo-electrochemical	reduction	of	CO2	were	performed	

using	RRDE	technique	and	discussed	in	detail	in	Chapter	3	and	4.		

2.8.	MEA	Testing	for	Reduction	of	CO2		

The	majority	of	carbon	dioxide	reduction	studies	have	been	taken	place	in	aqueous	solution.	

There	have	been	few	reports	regarding	the	engineering	of	devices	for	CO2	reduction.	Lim	et	

al.	has	reported	a	review	on	approaches	of	electrochemical	reduction	of	CO2	using	devices	

[138].	In	this	report,	the	so-called	“solid	oxide	‘fuel	cells’	(SOFCs)”	were	the	major	device	used	

in	terms	of	reduction	of	CO2	used	by	other	researchers.	In	reality,	the	engineering	devices	in	

the	report	were	electrolysers	rather	than	fuel	cells.	Huang	et	al.	used	copper	 in	SOFCs	for	

electrochemical	reduction	of	CO2,	where	CO	was	generated	as		the	major	product	[139].	Dried	

pure	CO2	was	inserted	into	the	device,	and	a	maximum	power	density	of	2.67	mW	cm-2	was	

achieved.		

Delacourt	et	al.	reported	different	possible	designs	for	the	elecytrolyser	systems	for	reduction	

of	CO2	which	is	shown	in	Figure	26	[140].		
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Figure	26.	Different	approaches	of	the	designs	of	cells	for	CO2	reduction	[140].	

	

On	the	cathode	side	of	the	device,	dried	or	humidified	CO2	was	inserted	into	the	system.	In	

Figure	26	a),	b)	and	d),	cation	exchange	membranes	were	applied	with	protons	or	cations	

transferred	from	the	anode	to	the	cathode.	In	Figure	26	c),	an	anion	exchange	membrane	was	

applied	instead	of	a	CEM.	In	addition,	in	Figure	26	b),	a	pH	buffer	solution	was	used	in	order	

to	 reduce	 the	amount	of	protons	 towards	 the	 cathode	 to	 restrict	 the	hydrogen	evolution	

reaction.	However,	thicker	pH	buffer	solution	could	increase	the	resistance	of	the	device	so	

that	the	reactions	were	less	active.	

There	were	other	researchers	who	performed	the	electrochemical	reduction	of	CO2	process	

with	an	MEA	set-ups.	Narayanan	et	al.	found	formate	from	CO2	reduction	using	an	alkaline	
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polymer	electrolyte	membrane	cells	[141].	By	using	alkaline	polymer	electrolyte	membrane,	

OH-	ions	were	transferred	from	the	cathode	to	the	anode,	instead	of	H+	ions	transferring	from	

the	anode	 to	 the	cathode.	Nafion-based	membranes	were	also	used	 in	Narayanan	et	al.’s	

research,	where	metal	ions	from	alkali	solution	were	transferred	towards	the	cathode.		

CO2	 was	 inserted	 into	 water	 or	 an	 alkaline	 solution	 (1	 M	 sodium	 bicarbonate),	 and	 the	

hydrated	CO2	was	inserted	into	the	cathode	of	the	device.	On	the	other	side,	an	alkali	solution	

(sodium	hydroxide	or	1	M	sodium	bicarbonate)	was	used	and	it	was	pumped	into	the	device	

for	oxidation	reaction	on	the	anode.	Catalysts	used	on	the	cathode	side	for	CO2	reduction	

were	indium	and	lead,	commercial	grade	platinum	on	porous	carbon	paper	was	used	on	the	

anode	 side.	 According	 to	 Narayanan	 et	 al.,	 two	 kinds	 of	 membrane	 were	 used	 in	 the	

membrane	electrode	assembly,	one	was	alkaline	metal-ion	exchange	membrane	made	from	

Nafion	115	 sheet	 treated	 in	 10%	 sodium	hydroxide.	 The	other	 kind	of	membrane	was	 an	

alkaline	membrane	sheet	which	could	transfer	OH-	ions	directly.	This	is	illustrated	in	Figure	

27.	

	

Figure	27.	Schematic	diagram	for	ions	transfer	between	electrodes	with	relative	reactions	on	the	

cathode	and	anode	for	CO2	reduction	[141].	
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Formate	 was	 generated	 as	 the	 major	 product	 form	 CO2	 reduction	 with	 higher	 Faradaic	

efficiency	of	80%	when	an	alkaline	membrane	was	used.	Figure	28	shows	a	comparison	of	

Faradaic	efficiency	of	formate	production	using	alkaline	membrane	and	metal-ion	exchange	

membrane.	

	

Figure	28.	Faradaic	efficiency	of	formate	production	over	time	with	alkaline	and	Nafion	membranes	

[141].	

	

Garcia	et	al.	has	used	Pb	and	Pt/CNT	catalysts	for	electrochemical	reduction	of	CO2	in	a	PEM	

type	 cell,	 where	 formic	 acid	 was	 the	 major	 product	 [142].	 A	 small	 amount	 of	 methane,	

methanol	and	CO	were	also	discovered	as	minor	products.	Alvarez-Guerra	et	al.	has	produced	

formate	 as	 a	major	 product	 from	CO2	 electrochemical	 reduction	 in	 an	 electrolyser	 device	

[143].	0.45	M	KHCO3	and	0.5	M	KCl	was	mixed	and	used	as	the	catholyte,	0.1	M	KOH	was	used	
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as	the	anolyte.	Lead	plate	was	used	as	cathode	for	CO2	reduction.	Highest	Faradaic	efficiency	

for	formate	production	was	57%	obtained	from	the	device.	

Ma	et	al.	has	used	buffer	solution	in	between	cathode	and	membrane	for	their	research	of	

electrochemical	reduction	of	CO2	using	a	proton	exchange	membrane	reactor,	where	formic	

acid	was	detected	[144].	Both	hydrogen	and	carbon	dioxide	were	humidified	before	entering	

the	device.	Commercial	Pt/C	GDE	was	used	as	anode,	Sn,	Cu	or	In	was	sprayed	on	carbon	gas	

diffusion	 layer	 to	make	 the	 cathode	GDE,	Nafion	 115	membrane	was	 used	 as	 the	 proton	

exchange	membrane.	Use	of	buffer	solution	reduced	the	hydrogen	evolution	reaction	at	the	

cathode	 side;	 however,	 it	 did	 not	 help	 with	 increasing	 production	 of	 formic	 acid	 from	

reduction	of	carbon	dioxide.	

2.9.	Printed	Circuit	Board	Integrated	Devices	

Compared	 to	 lab-based	MEA	 tests	 for	 reduction	of	CO2,	PEM	electrolyser	devices	with	an	

integrated	PCB	 flow	 channel	 is	 a	 novel	 and	practical	 approach	 for	 achieving	practical	 CO2	

electroreduction.	However,	currently	there	hasn’t	been	any	research	of	CO2	reduction	using	

PCB	 integrated	 PEM	 electrolyser	 devices.	 Some	 researchers	 have	 applied	 PCB	 systems	 in	

other	electrochemical	devices.	

Obeisun	et	al.	designed	an	open-cathode	polymer	electrolyte	 fuel	cell	device	with	printed	

circuit	board	flow	channels,	the	design	of	the	device	is	shown	in	Figure	4	[145].	By	varying	

different	 factors	 in	 the	device,	 they	 reached	 a	maximum	power	density	 of	 250	mW	cm-2.	

Authors	from	the	same	team	have	also	integrated	printed	circuit	boards	as	flow	field	plates	

in	a	self-breathing	fuel	cells	[146].	Use	of	PCBs	in	the	system	reduced	the	overall	volume	and	

cost.	
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Ibrahim	et	al.	has	integrated	PCB	design	into	supercapacitors	and	achieved	a	power	density	

of	26	mW	cm-3	[147].	They	have	used	porous	carbon	electrodes	and	two	different	types	of	

electrolytes	to	test	the	performance	of	the	SC-PCB	system.	Due	to	decreased	thickness	of	the	

device,	and	removal	of	the	bulky	components	in	a	normal	system,	the	SC-PCB	device	showed	

a	much	better	performance	compared	to	the	conventional	supercapacitors.		

In	1998,	Gleghorn	et	al.	applied	a	PCB	design	in	a	fuel	cell	system	in	order	to	measure	the	

current	 distribution	 of	 the	 system	 [148].	 An	 100	 cm2	 fuel	 cell	 device	 with	 Nafion	 117	

membrane	 and	 humidified	 hydrogen/air	 gas	 inlets	 were	 used.	 PCB	 boards	 were	 used	 as	

current	collectors	and	flow	channels	in	the	system.	According	to	Gleghorn	et	al.,	the	use	of	

PCB	in	polymer	electrolyte	fuel	cells	was	convenient	and	was	easier	to	be	modified	according	

to	the	research	needs.	Feeds	could	be	supplied	evenly	into	the	system	through	the	PCB	flow	

channel	which	enhanced	the	performance.	
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3.	Electrochemical	Reduction	of	CO2	Using	RRDE	Technique	

3.1.	Introduction	

As	discussed	in	earlier	sections,	electrochemical	reduction	of	CO2	is	one	of	the	most	common	

approaches	 being	 developed	 by	 researchers	 to	 reduce	 CO2	 into	 various	 hydrocarbon	

substances.	In	this	work,	electrochemical	reduction	of	CO2	was	performed	in	a	conventional	

three-electrode	 electrochemical	 cell	 using	 the	 RRDE	 technique.	 Nano-scaled	 Cu2O	

synthesized	from	continuous	hydrothermal	flow	synthesis	was	applied	as	the	catalyst	for	the	

reaction.	 In-situ	characterisation	of	products	 from	CO2	reduction	was	performed	using	the	

RRDE	 technique,	 ex-situ	 characterisation	 of	 products	 from	 CO2	 reduction	was	 done	 using	

nuclear	magnetic	resonance	spectroscopy	to	confirm	and	analyse	the	production	from	CO2	

reduction.		

3.2.	Experimental	

3.2.1.	Continuous	Hydrothermal	Flow	Synthesis	

Copper	(I)	oxide	nanoparticles	were	synthesized	using	a	lab	scale	CHFS	system.	The	process	

uses	four	high-pressure	diaphragm	pumps	to	feed	solutions	into	an	engineered	mixer,	which	

allows	 for	 efficient	 mixing	 and	 rapid	 nucleation	 of	 nanoparticles.	 A	 room	 temperature	

solution	 of	 0.1	M	 copper	 sulfate	 pentahydrate	 (Sigma	 Aldrich,	 >98	%)	mixed	with	 1	wt%	

fructose	(Sigma	Aldrich,	>	99%)	was	pumped	(via	pump	2	at	40	mL	min-1)	 to	meet	a	room	

temperature	solution	of	0.2	M	KOH	(Sigma	Aldrich,	>85	%)	(via	pump	3	at	40	mL	min-1)	under	

pressure	 in	 a	 T-piece.	 The	 combined	 solution	 was	 then	 rapidly	 mixed	 with	 a	 feed	 of	

supercritical	water	at	450	°C	(via	pump	1	at	80	mL	min-1)	inside	a	confined	jet	mixer	(CJM	1)	
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as	denoted	in	the	diagram.	The	mixing	temperature	at	this	point	was	~335	°C.	The	CJM	was	

designed	to	prevent	blockages	under	turbulent	mixing	regimes.	The	Reynolds	number	for	the	

initial	mixing	stage	was	~6900.	At	the	initial	mixing	point,	nanoparticles	were	rapidly	formed	

and	following	a	residence	of	~0.76	s	were	quenched	in	a	second	CJM	with	a	feed	of	deionized	

water	(via	pump	4	at	160	mL	min-1),	with	a	Reynolds	number	of	~	3300.	The	newly	formed	

and	partially	cooled	nanoparticles	were	the	cooled	further	via	a	pipe-in-pipe	heat	exchanger	

and	 subsequently	 continuously	 collected	 at	 the	 exit	 of	 the	 back-pressure	 regulator.	 The	

collected	slurry	was	left	to	settle	and	the	supernatant	was	decanted.	The	nanoparticle	paste	

was	cleaned	via	three	centrifugation	cycles	until	the	conductivity	was	below	50	µS	(measured	

using	 Hanna	 instruments	 H198311,	 Bedfordshire,	 UK).	 The	 concentrated	 slurry	 was	 then	

freeze-dried	with	slow	heating	from	–	40	°C	to	25	°C	using	a	VirTis	Genesis	35	XL	Lyophilizer	

at	x10-7	MPa	for	24	hours.		

In	addition	to	the	synthesis	of	Cu2O	nanoparticles,	CuO	nanoparticles	were	also	synthesized	

using	continuous	hydrothermal	flow	synthesis	with	varying	parameters	in	order	to	determine	

the	 effects	 of	 different	 parameters	 (temperature,	 concentration,	 flow	 rate)	 on	 the	 final	

outcome	of	the	nanoparticles.	

3.2.2.	Characterisation	of	Copper	(I)	Oxide	

The	copper	(I)	oxide	nanoparticles	were	examined	by	powder	X-ray	diffraction	(PXRD)	(STOE	

STADI	 P	with	Mo	 X-ray	 source).	 XRD	was	 commonly	 used	 to	 analyse	 crystal	 structures	 of	

substances.	When	X-ray	beam	was	inserted	into	the	material,	the	beam	with	wavelength	of	

the	same	order	of	magnitude	as	the	atomic	spacing	of	the	substance	can	be	scattered.	Some	

radiation	 can	 be	 cancelled	 and	 some	 radiation	 can	 be	 reinforced	 [149].	 Bragg’s	 Law	was	

commonly	used	for	detection	of	X-ray	diffraction.	
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																																																																		𝑠𝑖𝑛	q	 = 	 l	2𝑑ℎ𝑘𝑙																																																[Equation	21]	

The	angle	q	 is	half	of	the	angle	between	the	inserting	beam	and	diffraction	beam,	l	 is	the	

wavelength	of	the	beam	and	dhkl	is	the	space	between	crystal	planes.	

Surface	 analysis	 was	 conducted	 using	 Thermo	 Scientific	 K-Alpha	 X-ray	 photoelectron	

spectrometer.	Survey	scans	were	conducted	at	a	pass	energy	of	150	eV	and	high-resolution	

region	 scans	 were	 conducted	 at	 50	 eV.	 The	 XPS	 spectra	 were	 processed	 using	 CASAÔ	

software.	 The	 binding	 energy	 scale	 was	 calibrated	 by	 the	 C	 1s	 peak	 at	 285.0	 eV.	 The	

morphology	 and	 size	 analysis	was	 carried	 out	 using	 high-resolution	 transmission	 electron	

microscopy	 (HRTEM).	 Images	 were	 obtained	 on	 a	 JEOL	 JEM	 2100	 TEM	 with	 200	 keV	

accelerating	voltage	and	a	LaBF6	filament.	HRTEM	samples	were	prepared	by	dispersing	the	

particles	in	methanol	by	ultra-sonication	before	dropping	the	resulting	dispersion	onto	300	

mesh	 holey	 copper	 film	 grids	 (Agar	 Scientific,	 Stansted	 UK).	 Particle	 size	 distribution	was	

determined	by	measuring	the	diameter	of	150	particles	from	TEM	images.	

3.2.3.	Preparation	of	Ink	and	Electrode	

Copper	(I)	oxide	catalyst	of	8.7	mg	was	mixed	with	32.4	µL	Nafion	solution	(9.61	wt%),	3	mL	

D.I.H2O,	and	7	mL	IPA,	to	form	the	catalytic	ink	which	was	sonicated	in	a	sonic	bath	for	one	

hour.	The	catalyst	particles	were	well-dispersed	after	sonicating,	forming	a	pale	yellow	ink.	

Catalyst	ink	was	drop-coated	on	the	surface	of	the	glassy	carbon	disc	electrode.	A	total	ink	

volume	of	30	μL	was	coated	on	the	glassy	carbon	disc	electrode,	to	achieve	a	final	loading	of	

26.1	μg	cm-2	(0.026	mg	cm-2).	The	counter	electrode	was	a	platinum	mesh	of	1	cm	´	1	cm	

attached	with	platinum	wire	(F	=	0.2	mm)	(Sigma-Aldrich,	UK),	and	the	reference	electrode	

was	a	reversible	hydrogen	electrode,	RHE		(Hydroflex,	Gaskatel,	Germany).	
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3.2.4.	Experimental	Set-ups	and	Fundamental	Tests	of	RRDE	

The	experimental	set	up	for	RRDE	testing	is	shown	in	Figure	29.		

	

	

	

	

	

	

	

	

	

Figure	29.	Photo	of	experiment	rig	for	electrochemical	and	photo-electrochemical	reduction	of	carbon	dioxide.		

	

Figure	 29	 shows	 a	 photo	of	 the	 set-up	 including	 rotator	 (Pine	Research	 Instrumentation),	

electrochemical	cell,	light	source	with	power	supply,	potentiostat	(Ivium	Technologies)	and	

rotation	controller	(Pine	Research	Instrumentation).	The	major	operation	region	was	within	

the	Faraday	cage,	which	was	used	for	blocking	the	electromagnetic	waves,	in	order	to	achieve	

a	 better	 performance	 for	 the	 experiments.	 The	 potentiostat	 was	 connected	 to	 the	

electrochemical	cell	and	rotator	for	potential	scans.	Data	and	plots	could	also	be	collected	

and	read	from	the	programme	corresponding	to	the	potentiostat.	The	light	source	(Newport,	

150	W	Ozone	Free	Research	Lamp)	with	full	spectrum	was	used	to	supply	light	to	the	system	

bi-potentiostat	

Light	 source	
(for	 photo-
electrochemi
cal	 reduction	
of	CO

2
)		

rotator	

electrochemical	cell	
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for	 photo-electrochemical	 reduction	 of	 CO2	 which	 would	 be	 discussed	 in	 Section	 4.	 The	

circulating	water	bath	could	be	used	to	vary	the	temperature	of	the	cell,	in	order	to	see	the	

differences	 in	 performance	 for	 reduction	 of	 carbon	 dioxide.	 For	 all	 the	 experiments,	 the	

counter	 electrode	 was	 Pt	mesh	 (1	 cm	´	 1	 cm)	 attached	 to	 a	 Pt	 wire,	 and	 the	 reference	

electrode	was	a	Reversible	Hydrogen	Electrode	(RHE),	the	counter	electrode	compartment	

and	 the	 reference	 electrode	 compartment	 shared	 the	 same	 electrolyte	with	 the	working	

electrode.	

Redox	tests	of	potassium	ferricyanide	was	used	in	the	RRDE	system	which	aimed	to	prove	the	

RRDE	system	was	working	properly,	and	it	could	be	used	to	calculate	the	collection	efficiency	

of	the	system.	Potassium	ferricyanide	solution	(0.1	M)	of	10	ml	was	added	to	100	ml	of	1.0	M	

KNO3	electrolyte.	Linear	sweep	on	the	disc	electrode	was	operated	from	1.5	V	to	0	V	vs	RHE,	

while	the	ring	electrode	was	held	at	1.1	V	vs	RHE.	The	rotation	speed	was	changed	from	500	

rpm,	1000	rpm,	1500	rpm	to	2000	rpm.	Collection	efficiency	of	the	RRDE	could	be	calculated	

by	 the	 ratio	 of	 the	 ring	 electrode	 and	 disc	 electrode	 current.	 Acidic	 solutions	 have	 been	

popular	choices	for	the	platinum	CV	scan	as	well	as	blank	RDE	scan,	due	to	the	rich	existence	

of	H+	ions,	hence	the	disc	electrode	and	the	ring	electrode	were	also	scanned	separately	in	

1.0	M	H2SO4	electrolyte	to	indicate	that	the	RRDE	electrode	had	a	proper	functionality	where	

the	results	could	be	compared	to	other	research.			

3.2.5.	Calibration	for	Appropriate	Products	from	CO2	Reduction	

Calibration	 of	 different	 possible	 products	 was	 done	 in	 80	 ml	 CO2-saturatd	 0.5	 M	 KHCO3	

electrolyte	 separately,	 including	 methanol	 (10	 mL),	 potassium	 formate	 (5	 g)	 and	 carbon	

monoxide	 (bubbled	 carefully	 to	 the	 electrolyte	 for	 1.5	 minutes	 in	 fume-cupboard).	 Ring	

electrode	was	scanned	and	disc	electrode	was	switched	off.	The	electrolyte	was	CO2	saturated	
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for	40	minutes	and	catalyst	was	not	included	in	this	calibration	procedure.	Electrochemical	

oxidation	of	each	possible	product	could	be	detected	by	the	ring	electrode,	the	oxidation	peak	

for	each	product	could	be	obtained.	

In	addition,	performance	of	formate	oxidation	in	acidic	solution	was	examined	with	different	

rotation	speeds	in	order	to	understand	the	mechanism	for	the	formate	oxidation	process.	

3.2.6.	Electrochemical	Reduction	of	CO2	

A	jacketed	three-electrode	electrochemical	cell	(Adams	&	Chittenden,	USA)	was	used	for	all	

experiments	at	room	temperature.	Potassium	bicarbonate	solution	(0.5	M)	was	prepared	as	

the	electrolyte.	The	original	pH	of	0.5	M	KHCO3	electrolyte	was	8.1	and	it	was	reduced	and	

settled	at	7.1	after	CO2	saturation	for	40	minutes.	A	rotator	(Pine	Research	Instrumentation,	

USA)	was	used	to	control	the	rotation	and	a	bi-potentiostat	(Iviumstat,	Ivium	Technology,	The	

Netherlands)	was	used	to	perform	and	monitor	the	electrochemical	testing.	Rotating	ring-disc	

electrode	(Pine	Research	Instrumentation,	USA)	was	used	as	working	electrode.		



68	
	

	

Figure	30.	Illustration	of	use	of	RRDE	for	CO2	reduction.	(a).	top	view	image	of	the	RRDE,	showing	the	

disc	electrode	with	Cu2O	catalyst,	and	Pt	ring	electrode;	(b).	schematic	diagram	and	dimensions	of	

the	RRDE;	(c).	mechanism	of	the	RRDE	working	process.	

	

Electrochemical	reduction	of	CO2	took	place	on	the	disc	electrode	where	the	ring	electrode	

could	then	directly	oxidise	any	possible	product	generated	from	the	disc	electrode.	The	disc	

electrode	 had	 an	 area	 of	 0.2475	 cm2	 and	 the	 ring	 electrode	 was	 0.1866	 cm2.	 The	 RRDE	

electrode	was	calculated	to	have	a	38.5%	collection	efficiency.			

As	different	products	from	the	electro-reduction	of	CO2	are	possible,	the	Pt	ring	electrode’s	

electrochemistry	was	characterised	in	80	ml	0.5	M	KHCO3	electrolyte	containing:	methanol	

(10.0	mL),	potassium	formate	(5.0	g)	and	saturated	with	carbon	monoxide.		
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Prior	to	the	electrochemical	reduction	of	CO2,	the	system	was	initially	degassed	with	N2	for	

40	minutes	at	a	flow	rate	of	100	mL	min-1.		The	electrolyte	was	then	saturated	with	CO2	after	

bubbling	it	for	40	minutes	with	a	flow	rate	of	100	mL	min-1	once	the	pH	of	the	solution	reached	

the	 equilibrium.	 In	 each	 case,	 cyclic	 voltammetry	 scans	 were	 performed	 while	 the	 disc	

electrode	was	 scanned	 from	0	 to	 -1.2	 V	 vs	 RHE,	 and	 ring	 electrode	was	 held	 at	 different	

potentials	 in	 the	 range	 +0.7	V	 and	 +1.1	V	 vs	 RHE	with	 0.1	V	 intervals.	 	 During	 this	 set	 of	

experiments,	CO2	could	be	reduced	to	the	product	and	the	ring	electrode	could	detect	the	

product	at	the	same	time	by	oxidising	it	at	a	certain	potential	on	the	ring	electrode.	For	all	

experiments,	 the	 RRDE	 rotation	 speed	 was	 set	 to	 1500	 rpm	 in	 order	 to	 have	 controlled	

hydrodynamics	with	reproducible	flow	of	reactant	to	the	disc	surface	and	subsequent	product	

to	the	ring	electrode.		

In	the	second	set	of	experiments,	the	ring	electrode	was	scanned	in	the	range	0.0	to	1.3	V	vs	

RHE,	while	the	disc	electrode	was	held	at	various	reduction	potentials	in	the	range	-0.4	to	-

0.9	V	vs	RHE	 (with	0.1	V	 intervals).	 In	 this	 set	of	experiments,	 the	product	was	generated	

consistently	at	the	disc	electrode,	while	the	ring	electrode	could	detect	the	product	from	its	

oxidation	current	/	potential.		

Chronoamperometry	tests	were	performed	on	the	disc	electrode	in	the	range	-0.4	to	-0.9	V	

vs	RHE	with	0.1	V	potential	intervals	to	determine	the	Faradaic	efficiency	at	each	point.	Each	

potential	was	held	for	one	hour	to	accrue	product	in	the	cell	and	the	ring	was	not	activated	

during	 this	 period	 (to	 avoid	 product	 oxidation).	 Samples	 of	 the	 electrolyte	 (2.0	mL)	were	

collected	after	chronoamperometry	tests	and	NMR	analysis	was	performed.	According	to	the	

chronoamperometry	 tests,	 charge	 passed	 through	 the	 disc	 at	 each	 potential	 hold	 can	 be	

calculated	by	taking	the	integral	of	current	over	time.		
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For	the	NMR	analysis,	samples	were	added	to	the	NMR	tube	with	D2O	as	the	base	solution	

and	analyses	performed	using	a	600-MHz	NMR	spectrometer	(Bruker	Avance	III	600	Cryo).	

The	NMR	 analysis	 could	 provide	 qualitative	 identification	 based	 on	 1H	 analysis	 as	well	 as	

quantitative	analysis	based	on	controlled	calibration.	Therefore,	Faradaic	efficiency	could	be	

calculated	 for	 a	 given	 product	 based	 on	 the	 amount	 generated	 and	 the	 charged	 passed	

according	to	Faraday’s	law.	

Faradaic	efficiency	could	be	calculated	by	using	Faraday’s	Law,	

																																																											𝒬 = 𝐼𝑡 = 𝓃𝐹𝑁																																															[Equation	22]	

where	Q	is	the	total	charge	passed,	and	can	be	obtained	from	chrono-amperometry	tests	over	

a	certain	period	of	 time,	n	 is	 the	number	of	electrons	 transferred,	F	 is	 Faraday’s	 constant	

which	 was	 96485	 C	 mol-1,	 N	 is	 the	 concentration	 of	 the	 sample/solution.	 From	 NMR	

spectroscopy,	by	knowing	the	concentration	of	the	detected	product,	Np,	it	could	multiply	the	

total	volume	used	for	the	test,	and	then	the	result	could	be	divided	by	N	which	was	the	total	

concentration	of	the	solution.	The	ratio	would	be	the	Faradaic	efficiency	of	the	product.	

3.3.	Results	and	Discussion	

3.3.1.	Characterization	of	Catalyst	

Copper	 (I)	oxide	nanoparticles	were	synthesized	using	the	 lab-scale	CHFS	reactor.	A	0.1	M	

copper	sulfate	pentahydrate	with	1	wt%	fructose	and	0.2	M	KOH	were	used	as	precursors	to	

produce	the	nanoparticles.	The	resulting	yellow	coloured	slurry	was	cleaned	and	freeze-dried.		

There	 have	 been	 several	 other	 Cu2O	 nanoparticles	 being	 synthesized	 with	 different	

precursors	which	were	shown	in	Table	1.	N4870	was	the	one	to	be	used	for	electrochemical	

CO2	reduction	due	to	the	high	purity	of	Cu2O	and	small	nanoparticle	size.		
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Table	1.	Nanoparticles	of	Cu2O	synthesized	by	continuous	hydrothermal	flow	synthesis	

	

The	powder	XRD	pattern	confirmed	the	presence	of	pure	phase	Cu2O	with	a	cubic	structure,	

similar	to	the	standard	reference	pattern	for	Cu2O	(JCPDS	01-071-3645)	(Figure	30	a)).	The	

pattern	showed	the	existence	of	only	the	Cu2O	phase	with	no	secondary	phases	from	CuO	or	

Cu	metal,	confirming	the	short	residence	time	within	the	first	CJM	was	sufficient	to	form	pure	

phase	Cu2O	(see	Appendix	4	for	reference	of	fingerprint	of	CuO	XRD	peaks).	The	sharp	peaks	

indicated	the	particles	were	crystalline	in	nature.	In	order	to	determine	the	formed	crystal	

size,	application	of	the	Scherrer	equation	was	used	which	resulted	in	a	crystallite	size	of	25	

nm.		

t	 = 	 Tl
b ^_` q

																																																[Equation	23]	

where,	t	refers	to	the	size	of	the	crystal,	l	is	the	incident	wavelength	of	the	X-ray,	q	is	the	

Bragg’s	angle,	K	is	a	constant	number	which	is	the	shape	factor,	b	refers	to	the	full	width	at	

half	maximum	intensity	of	the	peak	in	radius.	Surface	analysis	of	the	Cu2O	sample	showed	the	

existence	of	Cu2O	(peak	2p3/2	at	932.3	eV)	but	also	the	presence	of	CuO	phase,	as	confirmed	

from	the	satellite	peaks	and	the	presence	of	the	2p3/2	peak	at	934.8	eV	corresponding	to	CuO	

(Figure	 30	 b)).	 The	 existence	 of	 CuO	 in	 the	 surface	 analysis	 suggests	 the	 presence	 of	 an	

amorphous	CuO	layer	on	the	surface	of	the	Cu2O	nanoparticles,	which	was	likely	not	seen	in	

the	XRD	due	to	its	amorphous	nature.	This	 is	expected	as	the	surface	undergoes	oxidation	

from	Cu2O	to	form	amorphous	CuO	due	to	the	unstable	Cu+	oxidation	state.	As	synthesised	

nano-powders	were	also	characterised	by	TEM	(Figure	31	c)).	The	electrochemical	behaviour	

Average	Scherrer	Crystal
Temperature	(°C) Flow	rate	(ml/min) Size	(nm)

N4868 CuSO4,	KOH,	1	w/v	%	Fructose 335 320 0.0262 Cu2O,	minor	Cu 29,	35
N4870 CuSO4,	KOH	+	1	w/v	%	Na4P2O7,	1	w/v	%	Fructose 335 320 0.0219 Cu2O 25
N4871 CuSO4,	KOH	+	1	w/v	%	Na4P2O7,	5	w/v	%	Fructose 335 320 0.0269 Cu,	minor	Cu2O 28,	22
N4873 Cu(Ac)2,	KOH	+	1	w/v	%	Na4P2O7,	1	w/v	%	Fructose 335 320 0.0405 Cu2O 26
N4874 Cu(Ac)2,	KOH	+	1	w/v	%	Na4P2O7,	5	w/v	%	Fructose 335 320 0.017 Cu,	minor	Cu2O 32,	20

Conditions
Mass	given	(g) Phase(s)	identifiedPrecursorsSample	Number
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of	 the	 as	 prepared	 Cu2O	 nanoparticles	 was	 subsequently	 examined	 to	 evaluate	 the	

performance	of	Cu2O	nanoparticles	for	CO2	conversion.			

	

Figure	31.	Structural	characterisation	of	Cu2O	nanoparticles	as	synthesised	by	CHFS	a)	PXRD	of	Cu2O	

nanoparticles	in	agreement	with	JCPDS	01-071-3645,	b)	high-resolution	Cu	2p	XPS	scan	of	Cu2O	sample	and	c)	

TEM	image	of	Cu2O	nanoparticles	

	

Varying	the	parameters	of	continuous	hydrothermal	flow	synthesis	procedure	could	also	lead	

to	different	outcome	of	the	nanoparticles.	This	could	be	demonstrated	in	Table	2.	

	

Table	2.	Nanoparticles	of	CuO	synthesized	using	continuous	hydrothermal	flow	synthesis	with	

different	parameters	

	

Pump	No.	1	(P-1) SET Mix	T-1 Residence
DI	water	ml	min-1 Precursor	1 Conc.	/	M ml	min-1 Precursor Conc.	/	M ml	min-1 Precursor Conc.	/	M ml	min-1 H.O.T.	/	°C (°C) Time	(s) Amount/g XRD Scherrer	Eqn/nm BET	m2/g

N4805 CuO/Cu2O 80 CuSO4 .5H2O 0.05 40 KOH 0.1 40 D.I.	Water 0 160 400 305 0.84 0.2625 CuO 12 75
N4808 CuO/Cu2O 80 CuSO4 .5H2O 0.05 40 KOH 0.1 40 D.I.	Water 0 160 450 335 0.76 0.2609 CuO 16 48
N4811 CuO/Cu2O 80 CuSO4 .5H2O 0.05 25 KOH 0.1 25 D.I.	Water 0 160 450 375 0.69 0.0729 CuO 19 31
N4826 CuO/Cu2O 80 CuSO4 .5H2O 0.1 40 KOH	+	1	w/v	%	Na4 P2 O7 0.2 40 D.I.	Water 0 160 400 305 0.84 0.3458 CuO 8.5 75
N4828 CuO/Cu2O 80 CuSO4 .5H2O 0.1 40 KOH	+	1	w/v	%	Na4 P2 O7 0.2 40 D.I.	Water 0 160 450 335 0.76 0.2948 CuO 11.5 52
N4829 CuO/Cu2O 80 CuSO4 .5H2O 0.1 25 KOH	+	1	w/v	%	Na4 P2 O7 0.2 25 D.I.	Water 0 160 450 375 0.69 0.3726 CuO 9.1 57
N4849 CuO/Cu2O 80 CuSO4 .5H2O 0.05 40 KOH	+	1	w/v	%	Na4 P2 O7 0.1 40 D.I.	Water 0 160 400 305 0.84 0.2341 CuO 11 -

CharacterisationPump	No.	2	(P-2) Pump	No.	3	(P-3) Pump	No.	4	(P-4)
Desired	ProductNAMES
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As	 illustrated	 in	 Table	2,	with	 lower	 flow	 rate,	 the	 size	of	 the	nanoparticles	 tended	 to	be	

smaller,	the	same	applied	with	higher	precursor	concentration.	However,	as	the	temperature	

increased,	the	nanoparticles’	size	tended	to	be	bigger.	As	 for	electrochemical	reduction	of	

CO2,	smaller	nanoparticles	were	superior	due	to	high	surface	area	which	could	lead	to	more	

efficient	reaction	taken	place	at	the	catalyst	surface.	

3.3.2.	Characterisation	of	the	RRDE	System	

In	order	to	prove	that	the	system	operated	correctly,	redox	reactions	between	ferricyanide	

and	ferrocyanide	were	studied	to	determine	the	collection	efficiency.			Ferricyanide	ions	are	

reduced	 to	 ferrocyanide	 ions	 on	 the	 disc,	 and	 ferrocyanide	 ions	 are	 then	 oxidised	 to	

ferricyanide	ions	on	the	ring	electrode.	10	ml	of	potassium	ferricyanide	solution	(0.1	M)	was	

added	to	100	ml	of	potassium	nitrate	solution.	The	electrolyte	was	degassed	by	nitrogen	for	

40	minutes.	The	rotation	speed	ranged	from	500	rpm	to	2000	rpm	in	steps	of	500	rpm.	The	

disc	was	scanned	from	1.5	V	to	0	V	vs	RHE,	and	the	ring	was	held	at	1.1	V	vs	RHE.	Linear	sweep	

voltammetry	was	applied	to	the	system;	Figure	32	illustrated	the	linear	sweep	voltammetry	

of	the	RRDE	electrode	at	different	rotation	speeds.	
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(a).	Linear	sweep	voltammetry	scans	for	disc	electrode	showing	ferricyanide	reduction	at	different	

rotation	speeds.		

	

(b).	Linear	sweep	voltammetry	scans	for	ring	electrode	showing	ferrocyanide	oxidation	at	different	

rotation	speeds.		

Figure	32.	Linear	sweep	voltammetry	scans	of	RRDE	electrode	for	ferricyanide	redox	reactions.	Disc	was	

scanned	from	1.5	V	vs	RHE	to	0	V	vs	RHE	shown	on	x-axis,	ring	was	consistently	held	at	1.1	V	vs	RHE.	
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As	demonstrated	from	Figure	32,	the	ferricyanide	to	ferrocyanide	reduction	process	occurred	

at	the	disc	electrode,	therefore,	cathodic	potential	scan	was	performed	on	the	disc	electrode.	

As	 the	 rotation	 speed	 increased,	 the	 current	 density	 of	 the	 disc	 electrode	 increased	

accordingly.	The	ring	electrode	performed	the	anodic	scan	as	it	collected	fractional	amount	

of	 ferrocyanide	 from	 ferricyanide	 reduction	 and	 then	 oxidised	 the	 product	 back	 to	

ferricyanide.	As	the	rotation	speed	increased,	the	current	density	on	the	ring	electrode	also	

increased.	

The	 collection	 efficiency	 of	 the	 RRDE	 electrode	 could	 be	 calculated	 by	 the	 ratio	 of	 the	

maximum	current	density	of	the	ring	electrode	to	the	maximum	current	density	of	the	disc	

electrode	under	the	same	rotation	speed.	Therefore,	the	collection	efficiency	(CE)	of	the	RRDE	

electrode	was	0.15/0.4	=	0.375,	which	was	37.5%.	The	 stated	 collection	efficiency	 for	 the	

RRDE	electrode	according	to	the	company	(Pine	Research	Instrumentation,	USA)	was	37%	to	

39%.	

The	background	electrochemistry	of	each	electrode	was	obtained	by	recording	a	CV	of	the	

disc	electrode	and	ring	electrode	respectively,	0.5	M	H2SO4	was	used	as	electrolyte	 in	 the	

system	with	no	catalyst	added	to	the	electrode.	The	system	was	run	with	only	one	working	

electrode	each	time	separately	to	check	the	status	of	both	disc	and	ring	electrode	separately.	

The	CV	plot	for	the	disc	electrode	in	0.5	M	H2SO4	is	shown	in	Figure	33.	It	was	between	0	–	

1.2	V	vs	RHE,	while	the	ring	electrode	was	switched	off.	The	result	showed	a	promising	and	

comparable	result	to	some	researches	[150]	[151].	
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Figure	33.	CV	plot	for	disc	electrode	(glassy	carbon)	without	catalyst	in	0.5	M	H2SO4	solution.	Ring	electrode	

was	switched	off.	

	

The	ring	electrode	was	scanned	between	0	V	and	1.5	V	vs	RHE,	disc	electrode	was	switched	

off.	As	the	ring	electrode	was	made	of	platinum,	a	typical	Pt	CV	plot	shown	in	Figure	34.	Large	

HER	peak	was	obtained	between	0	–	0	08	V	vs	RHE,	Hupd	peak	for	hydrogen	desorption	was	

obtained	at	0.1	V	vs	RHE.	As	the	scan	went	into	higher	potentials,	OER	was	obtained	at	1.5	V	

vs	RHE,	platinum	oxide	was	formed,	where	the	reduction	of	Pt	oxide	happened	at	0.8	V	vs	

RHE.	The	ring	electrode	scan	was	also	comparable	to	some	researches	[152]	[153].	Therefore,	

the	RRDE	electrode	was	proved	to	be	able	to	function	properly.	
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Figure	34.	CV	plot	for	ring	electrode	(Pt)	in	0.5	M	H2SO4.	No	catalyst	was	added,	disc	electrode	was	switched	

off.	Ring	electrode	was	scanned	between	0	–	1.5	V	vs	RHE.	

	

3.3.3.	Calibration	of	Possible	Products	from	CO2	Reduction	

There	 were	 several	 possible	 products	 from	 reduction	 of	 CO2,	 including	methanol,	 formic	

acid/formate,	 methane,	 carbon	 monoxide,	 formaldehyde,	 etc.	 Methanol,	 formic	

acid/formate	were	quite	common	products	from	CO2	reduction,	whereas	CO	could	be	a	major	

product	or	an	intermediate	product	during	the	CO2	reduction	process.	

To	 calibrate	 the	 possible	 products	 from	CO2	 reduction,	 different	 species	 including	 carbon	

monoxide,	 potassium	 formate	 and	 methanol	 were	 added	 to	 0.5	 M	 KHCO3	 electrolyte	

separately.	Cyclic	voltammetry	scans	of	the	ring	electrode	were	performed	from	0	–	1.4	V	vs	

RHE,	where	the	disc	electrode	was	switched	off.	The	electrolyte	was	already	saturated	with	
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CO2	to	mimic	the	environment	of	carbon	dioxide	reduction.	Figure	35	showed	the	CV	plots	of	

the	electro-oxidation	for	each	different	species	under	the	same	environment.	

Figure	35.	Cyclic	voltammetry	scans	for	calibration	of	possible	products	from	CO2	reduction	in	CO2-saturated	0.5	

M	KHCO3	electrolyte.	a)		Ring	Pt	electrode	cyclic	voltammetry	(no	species	added)	and	that	containing:	b)	

formate;	c)	methanol	and	d)	CO.	The	ring	was	scanned	from	0	–	1.4	V	vs.	RHE.	Disc	electrode	was	off.	Rotation	

speed	of	1500	rpm	was	used.	Scan	rate:	100	mV	s-1.	
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A	 characteristic	 Pt-type	 CV	was	 obtained	when	 there	was	 no	 additional	 substance	 in	 the	

electrolyte.	 Daubinger	 et	 al.	 reported	 the	 electrochemistry	 of	 polycrystalline	 platinum	 in	

different	electrolytes	[154].	In	phosphate	buffered	saline	electrolyte	with	a	neutral	pH,	the	

PtO	reduction	peak	took	place	at	0.75	V	vs	RHE,	which	matched	the	Pt	‘calibration’	in	0.5	M	

KHCO3	electrolyte.		Formate	oxidation	took	place	with	a	peak	at	0.93	V	vs	RHE,	and	is	thought	

to	 be	 oxidised	 to	 CO2	 via	 a	 dehydrogenation	 route.	 CO	 can	 also	 be	 generated	 during	 the	

indirect	dehydration	process	of	formate	oxidation	[155].	On	the	reverse	scan,	the	peak	at	0.82	

V	vs	RHE	was	attributed	to	formate	oxidation	taking	place	on	the	re-activated	ring	electrode.	

Zhang	et	al.	outlines	the	possibility	of	another	smaller	feature	at	a	slightly	lower	potential	on	

the	reverse	scan	due	to	decreased	rate	of	formate	oxidation	into	CO2,	and	increased	rate	of	

CO	produced	from	formate	[156].		

Methanol	oxidation	was	detected	with	a	peak	at	1.03	V	vs	RHE.	During	the	reverse	scan,	a	

peak	at	0.9	V	vs	RHE	indicated	the	re-activation	of	the	Pt	ring	associated	with	reduction	of	

PtO,	leading	to	further	oxidation	of	methanol,	as	described	by	Hofstead-Duffy	et	al.	[157].		

A	carbon	monoxide	electrochemical	oxidation	(stripping)	peak	was	observed	at	1.1	V	vs	RHE	

for	this	CO-saturated	electrolyte.	Garcia	et	al.	found	CO	oxidation	at	0.8	V	vs	RHE	in	0.1	M	

NaOH	solution	[158].	Considering	the	difference	in	pH	between	the	NaOH	alkaline	electrolyte	

(pH»12)	and	that	of	this	CO2-saturated	KHCO3	electrolyte	matrix,	the	CO	oxidation	would	be	

expected	to	be	~1.09	V	vs	RHE,	in	accordance	with	that	observed	here.	

There	 have	 been	 researches	 to	 study	 and	 understand	 formate	 oxidation,	majority	 of	 the	

researches	 were	 done	 in	 an	 acidic	 solution	 [159][160][161].	 In	 order	 to	 fully	 understand	

formate	 oxidation	 process,	 potassium	 formate	was	 added	 in	 0.1	M	 perchloric	 acid	 for	 its	

oxidation	tests,	so	that	the	results	could	be	compared	and	analysed	against	other	research.	
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Rotation	speed	factor	was	also	considered	during	the	tests.	With	different	rotation	speeds,	

different	performances	were	obtained.	

	

Figure	36.	Formic	acid	oxidation	in	0.1	M	HClO4	with	no	rotation.	Disc	electrode	was	off,	ring	

electrode	was	scanned	between	0	–	1.4	V	vs	RHE.	

	

According	to	Figure	36,	there	were	three	peaks	on	the	forward	scan	for	oxidation	processes.	

The	first	oxidation	peak	was	at	0.05	V	vs	RHE	which	was	referred	to	as	H-desorption.	At	0.6	V	

vs	 RHE,	 there	 was	 another	 oxidation	 peak	 which	 was	 related	 to	 direct	 oxidation	 from	

formate/formic	 acid	 to	 carbon	 dioxide.	 At	 0.97	 V	 vs	 RHE,	 an	 oxidation	 peak	with	 current	

density	of	2	mA	cm-2	was	related	to	the	indirect	oxidation	from	formate/formic	acid	to	carbon	

monoxide.	As	in	Figure	33,	current	density	for	oxidation	peak	towards	CO	was	higher,	which	
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illustrated	that	more	CO	was	produced	during	this	test,	CO	could	react	with	water	to	produce	

CO2	and	hydrogen;	therefore,	more	vacant	sites	could	be	produced	on	the	reverse	scan	once	

the	 ring	electrode	was	 re-activated.	Hence,	a	higher	 current	density	would	appear	on	 the	

reverse	scan	which	was	illustrated	in	Figure	33	as	an	oxidation	peak	at	0.8	V	vs	RHE	reached	

10.6	mA	cm-2.	It	was	followed	by	another	smaller	peak	at	0.55	V	vs	RHE	with	current	density	

of	6	mA	cm-2	which	was	explained	in	the	previous	text.	This	result	could	be	compared	and	

confirmed	as	H.	Okamoto	et	al.	obtained	the	same	result	in	acidic	solution	[162].	

When	rotation	was	added	to	the	system,	the	oxidation	peaks	looked	different,	as	shown	in	

Figure	37.	

	

Figure	37.	Formic	acid	oxidation	in	0.1	M	HClO4	with	various	rotation	speed.	Disc	electrode	was	off,	

ring	electrode	was	scanned	between	0	–	1.4	V	vs	RHE.	
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By	adding	the	rotation	to	the	system,	direct	reaction	from	formate/formic	acid	to	CO2	was	

enhanced.	When	 the	 rotation	speed	was	at	2000	 rpm,	 the	current	density	 for	 formic	acid	

oxidation	was	2.5	times	higher	than	that	at	500	rpm.	This	was	because	formate	oxidation	into	

carbon	dioxide	was	a	straight-forward	direct	reaction	where	CO2	and	hydrogen	was	produced.	

On	the	other	hand,	the	current	density	for	the	oxidation	peak	into	CO	remained	the	same.	

This	 indicated	 that	 CO	 concentration	 in	 the	 solution	 was	 suppressed	 with	 higher	

concentration	of	CO2.	Therefore,	less	vacant	sites	could	be	produced	when	the	ring	electrode	

was	re-activated.	A	 lower	current	density	on	the	reverse	scan	was	expected.	This	was	 the	

result	shown	in	Figure	37,	as	the	reverse	scan	showed	an	oxidation	peak	to	CO2	at	0.8	V	vs	

RHE	with	current	density	of	7	mA	cm-2.		

Rotation	speed	played	a	factor	on	the	oxidation	current	density.	As	the	rotation	was	increased	

from	500	rpm	to	1000	rpm	to	1500	rpm,	a	big	increase	in	the	oxidation	current	density	into	

CO2	on	 the	 forward	scan	was	observed.	Other	oxidation	peaks	 remained	 the	same,	which	

meant	that	oxidation	into	CO	was	a	surface	reaction.	When	the	rotation	speed	was	at	1500	

rpm	and	2000	rpm,	not	much	current	density	difference	was	observed,	which	indicated	that	

the	solution	has	been	well	saturated.	

3.3.4.	Electrochemical	Reduction	of	CO2	

In	order	to	use	the	RRDE	to	help	identify	oxidation	product	type,	quantity	and	efficiency,	three	

approaches	were	taken.	The	first	approach	scans	the	disk	potential	through	the	CO2	reduction	

window	and	collects	the	ring	current	at	a	number	of	fixed	potentials.	This	allows	the	potential	

(range)	of	CO2	reduction	to	be	determined	with	some	information	inferred	about	the	nature	

of	the	product	formed.	Ring	electrode	oxidation	of	the	product	can	be	shown	via	oxidation	

peaks,	this	can	detect	the	possible	potentials	for	the	product	to	be	oxidized.	
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The	second	approach	holds	 the	disk	at	certain	potentials	where	substantial	CO2	 reduction	

occurs	(determined	using	the	first	approach)	and	scans	the	ring	potential	to	characterise	the	

product	species	with	comparison	to	the	calibration	tests	in	Section	3.2.4.	

Finally,	batch	reduction	takes	place	with	product	species	quantification	using	NMR	compared	

with	the	total	charge	passed	to	determine	the	Faradaic	efficiency.	

3.3.4.1.	Scan	Disc	Electrode,	Hold	Ring	Electrode	(disc-scan)	

Cyclic	voltammetry	was	performed	on	N2-purged	electrolyte,	with	the	disc	electrode	scanned	

from	0	to	-1.2	V	vs.	RHE	and	ring	electrode	held	at	+0.9	V	vs.	RHE.	The	same	process	was	

repeated	in	CO2-saturated	electrolyte,	with	the	ring	held	at	various	oxidation	potentials.			
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Figure	38.	Cyclic	voltammetry	scans	of	the	RRDE.	Disc	electrode	was	scanned	between	0	-	-1.2	V	vs.	RHE,	the	

ring	electrode	was	held	at	various	potentials.	a)	Initial	CV	scan	for	N2	purged	electrolyte.	Ring	electrode	was	

held	at	+0.9	V	vs.	RHE.	b)	CV	scan	for	the	system	after	CO2	saturation	with	the	ring	held	at	+0.9	V	vs.	RHE.	c)	CV	

scan	for	the	system	after	CO2	saturation	with	ring	held	at	+1.0	V	vs	RHE.	d)	CV	scan	for	the	system	after	CO2	

saturation	with	ring	held	at	+1.1	V	vs	RHE.		The	experiments	were	all	performed	at	room	temperature.	Scan	

rate:	100	mV	s-1.	Constant	rotation	(1500	rpm)	was	used.	

	

In	 Figure	 38	 a)	 and	 b),	 disc	 electrode	 was	 scanned	 between	 0	 -	 -1.2	 V	 vs	 RHE,	 and	 ring	

electrode	was	held	at	+0.9	V	vs	RHE.	Figure	38	a)	shows	the	N2-purged	reduction	profile;	the	
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disc/ring	show	characteristic	hydrogen	evolution/reduction	profiles	which	contrast	with	the	

CO2-containing	voltammetry,	where	CO2	reduction	(in	the	range	-0.5	V	to	-0.9	V	vs.	RHE)	and	

subsequent	product	oxidation	is	clearly	seen,	with	a	peak	ring	current	of	0.23	mA	cm-2	at	a	

disc	potential	of	-0.75	V	vs.	RHE	which	was	shown	in	Figure	38	b).			

A	ring	hold	potential	of	0.9	V	vs.	RHE	corresponds	to	the	peak	formate	oxidation	potential	

(Figure	38	b)).	When	the	ring	hold	potential	was	increased	to	1.0	V	vs.	RHE	(close	to	the	the	

maximum	methanol	peak	potential),	the	peak	ring	current	decreased	to	0.07	mA	cm-2.	Also,	

as	the	ring	potential	is	below	that	for	CO	stripping,	if	CO	were	a	disk	product,	the	Pt	ring	would	

be	expected	to	be	poisoned	(blocked).	However,	the	ring	current	was	stable	with	time	(over	

the	course	of	1	hr)	and	increasing	the	ring	current	to	1.1	V	vs.	RHE	(close	to	the	CO	stripping	

potential)	actually	 resulted	 in	 further	decrease	 in	 the	 ring	current	 to	0.04	mA	cm-2.	These	

electrochemical	 results	 suggest	 that	 formate	 is	 the	major	 CO2	 reduction	 product	 for	 this	

catalyst/electrolyte	system.	Smaller	oxidation	peaks	at	1.0	V	vs	RHE	and	1.1	V	vs	RHE	on	the	

ring	electrode	suggested	that	methanol	or	CO	was	not	produced	during	the	electrochemical	

reduction	of	CO2.	

3.3.4.2.	Hold	disc	electrode,	scan	ring	electrode	(ring-scan)	

The	ring	electrode	was	scanned	in	the	range	0.0	to	1.3	V	vs	RHE	with	scan	rate	of	100	mV	s-1,	

and	 the	 disc	 electrode	 was	 held	 at	 certain	 potentials	 where	 it	 could	 generate	 products	

continuously	(identified	from	Figure	37(b))	to	be	over	the	range	-0.4	to	-0.9	V	vs	RHE	(0.1	V	

intervals).	The	oxidation	peaks	of	 the	product	on	the	ring	electrode	at	different	potentials	

could	also	be	 related	 to	 the	efficiencies	of	products	being	produced.	Figure	36	 shows	 the	

change	of	the	ring	scans	while	the	disc	was	held	at	different	potentials.	
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Figure	39.	Cyclic	voltammetry	scan	of	the	ring	electrode	when	the	disc	electrode	was	held	from	-0.4	V	to	-0.9	V	

vs.	RHE.	Ring	electrode	was	scanned	between	0	–	1.3	V	vs.	RHE.	A	constant	rotation	of	1500	rpm	was	applied	in	

each	case.	Scan	rate:	100	mV	s-1.	

	

As	shown	in	Figure	39	(a),	the	ring	electrode	did	not	show	an	obvious	oxidation	peak	when	

the	disc	electrode	was	held	at	-0.4	V	vs	RHE,	indicating	product	from	reduction	of	CO2	was	not	
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generated	 at	 this	 potential.	 As	 the	 holding	 potential	 of	 the	 disc	 electrode	 became	more	

negative,	the	oxidation	peak	of	the	product	became	more	apparent.	When	the	disc	electrode	

was	held	at	-0.5	V	vs	RHE,	the	electro-oxidation	peak	was	observed	at	+0.94	V	vs	RHE	with	a	

current	 density	 of	 0.58	mA	 cm-2.	 	With	 increasingly	 negative	 disc	 potential,	 a	 single	well-

defined	ring	peak	was	observed	at	+0.94	V	vs	RHE,	indicating	that	a	consistent	product	type	

was	being	generated	across	the	range	of	disc	reduction	potentials.	This	was	consistent	with	

the	production	of	formate,	as	implied	in	Section	3.3.1	and	calibrated	for	at	+0.93	V	vs	RHE	in	

Figure	35	(b).	

From	Figure	39	(b)	to	(f),	the	reverse	scan	showed	an	oxidation	peak	on	the	re-activated	ring	

electrode.	In	Figure	39	(b),	the	re-activated	ring	oxidation	peak	at	-0.73	V	vs	RHE	was	large	

and	broad;	however,	the	peak	reduces	from	Figure	39	(c)	to	(e).	The	size	of	the	peak	then	

increased	in	Figure	39	(f)	when	the	disc	electrode	was	held	at	-0.9	V	vs	RHE.		

Okamoto	et	al.	have	shown	that	for	formic	acid,	the	current	in	the	negative-going	potential	

sweep	is	strongly	influenced	by	the	accessibility	of	water	to	support	the	oxidation	process,	

the	current	increasing	with	water	concentration.		The	increase	in	current	is	associated	with	

increasing	number	of	 vacant	 sites	 produced	by	 the	oxidation	of	 adsorbed	CO	with	water,	

hydroxide	 or	 oxide	 on	 platinum	 [162].	 Increasing	 formate	 generation	with	more	 negative	

potential	reduces	the	relative	availability	of	water	at	the	ring;	this	is	taken	to	account	for	the	

decrease	in	negative-going	current	observed	in	Figure	34.		

3.3.4.3.	Batch	reduction	and	determination	of	Faradaic	efficiency	

For	 comparison	 with	 electrochemical	 results	 and	 to	 determine	 the	 Faradaic	 efficiency,	

chemical	 characterisation	 and	 quantification	 of	 the	 product	 species	was	 performed	 using	
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NMR	of	the	electrolyte	after	batch	electrolysis.	Chronoamperometry	was	performed	while	

the	disc	was	held	at	specific	potentials	in	the	range	-0.4	to	-0.9	V	vs	RHE	(0.1	V	intervals	and	

holding	 for	 one	 hour	 at	 each	 potential).	 The	 ring	 electrode	 was	 switched	 off	 during	

chronoamperometry	 tests	 to	 avoid	 conversion	of	 any	product	 species.	An	example	of	 the	

NMR	spectra	obtained	in	Figure	40.			

	

Figure	40.	NMR	spectrum	for	sample	from	RRDE	chrono-amperometry	test	when	disc	electrode	was	

held	at	-0.8	V	vs	RHE.	

	

According	 to	 Figure	 40,	 the	 largest	 peak	 at	 4.79	was	 H2O	 peak,	 and	 the	 peak	 at	 8.4	was	

referred	to	the	existence	of	formate	[163].	Of	the	possible	expected	products,	only	formate	

was	detected,	regardless	of	the	disc	hold	potential.	Other	peaks	at	low	chemical	shift/ppm	
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were	 referred	 to	 the	 DSS,	 i.e.	 sodium	 trimethylsilylpropanesulfonate,	 a	 chemical	 shift	

standard	for	1H	NMR	detection,	which	also	was	not	sensitive	to	pH	of	the	environment.	

Of	the	possible	expected	products,	only	formate	was	detected,	regardless	of	the	disc	hold	

potential.	 Compared	 to	 the	 formation	 of	 methanol	 according	 to	 Le	 et	 al.	 [85],	 with	 two	

electrons	and	two	protons	provided,	formic	acid	formation	was	an	easier	and	more	efficient	

reaction	when	CO2	was	 reduced.	 	 The	 Faradaic	 efficiency	 of	 formate	 production	over	 the	

range	-0.4	to	-0.9	V	vs	RHE,	was	calculated	as	described	in	Section	3.2.6	and	shown	in	Figure	

41.	

	

Figure	41.	Faradaic	efficiency	of	formate	produced	from	CO2	reduction	on	RRDE	electrode.	Potassium	

bicarbonate	of	0.5	M	was	electrolyte,	Cu2O	was	catalyst.	Disc	electrode	was	held	between	-0.4	V	and	-0.9	V	vs	

RHE	for	one	hour	for	each	holding	potential.	
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The	errors	bars	in	Figure	41	were	calculated	via	the	standard	deviation	of	several	repeated	

experiments.	The	experiments	were	repeated	five	times.	Formate	was	the	constant	and	only	

product	generated.	In	agreement	with	the	electrochemical	characterisation,	at	-0.4	V	vs.	RHE,	

there	was	almost	no	formate	generated	and	the	efficiency	at	this	point	was	negligible,	the	

current	density	was	dominated	by	the	onset	of	H2	evolution.		The	Faradaic	efficiency	increases	

up	 to	44%	at	 -0.6	V	vs.	RHE	after	which	 is	decreased	slightly	 (or	plateaus)	at	 -0.7	V	 (36%)	

before	reaching	a	maximum	of	66%	at	-0.8	V	vs.	RHE,		

It	is	useful	to	compare	the	Faradaic	efficiency	with	the	amount	of	formate	produced.	These	

figures	could	be	observed	from	Figure	39	by	integration	of	oxidation	peaks	of	the	product	on	

the	ring	electrode.	By	integrating	the	peak	area	between	0.8	V	and	1.2	V	vs.	RHE,	the	oxidation	

peak	area	increased	to	9	×	10-4	C	cm-2	(-0.6	V	vs.	RHE).	The	oxidation	peak	was	slightly	smaller	

at	-0.7	vs.	RHE	according	to	Figure	39	d).	At	-0.8	V	vs.	RHE,	oxidation	peak	on	the	ring	electrode	

in	Figure	39	e)	increased	to	9.3	C	cm-2	which	matched	the	Faradaic	efficiency	obtained	from	

the	NMR	spectroscopy.	Formate	oxidation	peak	when	the	disc	electrode	was	at	-0.9	V	vs	RHE	

was	larger	because	more	formate	was	produced	at	a	more	negative	potential.	However,	the	

Faradaic	efficiency	decreased	to	35%	where	H2	evolution	reaction	started	to	dominate	and	

took	place	at	more	negative	potentials.	Therefore,	the	fraction	of	formate	in	the	solution	was	

smaller	which	led	to	the	decrease	in	Faradaic	efficiency	at	-0.9	V	vs.	RHE.	By	comparing	the	

RRDE	results	to	the	NMR	results,	they	were	well-matched	which	indicated	that	RRDE	was	a	

straight-forward	 and	 convenient	 technique	 to	 be	 used	 for	 CO2	 reduction	 and	 its	 related	

analysis.	Gupta	et	al.	reported	production	of	formic	acid	from	electrochemical	reduction	of	

CO2	 in	 0.5	M	 KHCO3	 electrolyte	 using	 CuO	 catalyst	 [23].	 They	 found	 the	 highest	 Faradaic	

efficiency	to	be	61%	at	-1.4	V	vs	Ag/AgCl	when	25	wt%	of	Nafion	was	added	to	the	catalytic	
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ink.	According	to	Gupta	et	al,	the	catalyst	loading	on	their	electrode	was	0.3	mg	cm-2	which	

was	much	higher	compared	to	the	catalyst	loading	on	the	RRDE	electrode	(0.026	mg	cm-2)	in	

this	research.	However,	Faradaic	efficiency	by	using	RRDE	electrode	was	slightly	higher	(66%	

compared	to	61%).	

3.4.	Conclusion	

The	RRDE	has	been	used	for	electrochemical	reduction	of	carbon	dioxide	to	gain	new	insight	

into	the	reduction	process	using	an	in	situ	commonly	used	lab-based	technique.	Before	doing	

CO2	reduction,	collection	efficiency	was	calculated	for	the	RRDE	electrode	which	was	38.5%.	

Disc	and	ring	electrode	were	scanned	respectively	to	confirm	the	proper	working	order	for	

the	RRDE	electrode.	The	RRDE	electrode	was	then	used	to	detect	the	HER/HOR	reactions	in	

both	 acidic	 and	 alkaline	 electrolytes	with	 and	without	 additional	 hydrogen	 purged	 in	 the	

system.	In	0.1	M	perchloric	acid	solution,	HER/HOR	performance	was	much	better	than	that	

in	0.5	M	potassium	bicarbonate	alkaline	solution.	Copper	(I)	oxide	nanoparticles	synthesized	

from	CHFS	system	was	used	for	electrochemical	reduction	of	CO2.	RRDE	was	used	to	calibrate	

the	possible	products	in	a	CO2-saturated	0.5	M	KHCO3	electrolyte.	Methanol,	formate	and	CO	

were	 the	 products	 being	 calibrated	 with	 formate	 oxidation	 at	 0.93	 V	 vs	 RHE,	 methanol	

oxidation	at	1.03	V	vs	RHE,	and	CO	oxidation	at	1.1	V	vs	RHE.	For	electrochemical	reduction	

of	CO2,	RRDE	technique	was	used	in	0.5	M	KHCO3	aqueous	solution	with	a	platinum	counter	

electrode	 and	 reversible	 hydrogen	 reference	 electrode.	 With	 26.1	 µg	 catalytic	 loading,	

formate	was	produced	between	-0.5	V	and	-0.9	V	vs	RHE	on	the	disc	electrode.	At	the	same	

time,	ring	electrode	oxidised	and	detected	 its	oxidation	at	around	+0.9	V	vs	RHE.	The	ring	

electrode	was	scanned	and	showed	the	oxidation	of	formate	at	different	reduction	potentials	

between	-0.4	V	and	-0.9	V	vs	RHE.	Constant	oxidation	peak	at	+0.94	V	vs	RHE	matched	the	
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formate	 oxidation	 calibration	 which	 confirmed	 formate	 as	 the	 product	 from	 CO2	

electrochemical	reduction.	Samples	after	chrono-amperometry	tests	were	detected	by	NMR	

which	 confirmed	 the	 formation	 of	 formate	 as	 the	 only	 product	 from	 reduction	 of	 CO2.	

Faradaic	efficiency	was	calculated	where	the	highest	Faradaic	efficiency	was	66%	at	-0.8	V	vs	

RHE	on	the	disc	electrode.		
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4.	Photo-electrochemical	Reduction	of	CO2	Using	the	RRDE	Technique	

4.1.	Introduction	

Photocatalytic	 reduction	 of	 CO2	 has	 been	 done	 by	 various	 researchers	 in	 the	 past	 using	

incident	light	as	the	energy	source	to	activate	the	electrons	in	order	to	undergo	the	reaction.	

Photo-electrochemical	reduction	of	CO2	was	performed	in	this	work	with	not	only	light	by	also	

potentials	applied	to	the	system.	Similar	set-ups	were	used	as	in	Section	3	for	electrochemical	

reduction	of	CO2;	however,	100	W	of	light	was	incident	on	the	system.	Cu2O-TiO2	composite	

catalyst	was	applied	as	the	photocatalyst	for	this	reaction.	TiO2	is	a	semiconductor	with	large	

band	gap	and	good	activity	and	stability,	the	use	of	TiO2	can	easily	obtain	fast	recombination	

rate	of	photo-generated	electron-hole	pairs.	However,	TiO2	only	responds	well	under	the	UV	

radiation,	 therefore,	 the	doping	of	 smaller	band	gap	Cu2O	can	help	with	 the	utilisation	of	

visible	light	range	which	can	then	enhance	the	performance	of	the	photo-catalyst	[164].	RRDE	

technique	was	used	in	this	approach	with	in-situ	characterisation	of	the	product(s)	from	CO2	

photo-electrochemical	reduction	process.	NMR	was	applied	as	ex-situ	detection	for	product(s)	

from	CO2	reduction	process.	

4.2.	Experimental	

4.2.1.	Synthesis	of	Cu2O/TiO2	composite	catalyst		

The	 synthesis	 method	 for	 Cu2O/TiO2	 composite	 material	 was	 a	 conventional	 hot-stirring	

method.	TiO2	nanoparticles	(99.0%,	Sigma-Aldrich)	of	four	grams	were	added	to	100	ml	of	

0.25	M	CuSO4	solution	(>	99.0%,	Sigma-Aldrich).	The	mixture	was	then	stirred	magnetically	

for	40	minutes.	While	the	mixture	was	stirring,	1	M	NaOH	(≥85%,	Sigma-Aldrich)	was	added	
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in	 the	 solution	 drop-by-drop	 slowly,	 until	 the	 pH	 of	 the	 mixed	 solution	 reached	 12.	 The	

solution	was	then	heated	at	70℃	for	30	minutes	while	the	stirring	process	continued.	Then,	

1	M	hydrazine	hydrate	(N2H4·H2O,	N2H4)	(50	–	60	%,	Sigma-Aldrich)	solution	was	added	to	the	

hot-stirred	mixture	drop-by-drop	until	the	entire	solution	turned	to	pale	yellow.	This	process	

was	 followed	 by	 continuous	 heating	 and	 stirring	 for	 another	 30	minutes.	When	 the	 hot-

stirring	 process	 was	 finished,	 the	 solution	 was	 then	 vacuum-filtrated,	 wet	 powder	 was	

collected.	 The	 solid	was	 then	 dried	 in	 a	 vacuum	oven	 at	 60°C	 for	 three	 hours.	 The	 dried	

Cu2O/TiO2	composite	material	was	then	grinded	carefully	into	fine	powder.	The	molar	ratio	

of	Cu	and	Ti	element	is	1:2.	

The	catalyst	was	then	characterized	by	X-ray	diffraction	(XRD,	Stoe	Stadi	P	capillary	geometry	

system),	with	Cu	Kα	radiation	(λ	=	1.54	Å)	at	a	scan	rate	of	0.2°	min-1,	2θ=	20°	~	90°.	The	XRD	

characterisation	process	was	similar	to	the	one	in	Section	3.	

4.2.2.	Calibration	of	Possible	Product(s)	from	CO2	photo-reduction	

According	to	various	researchers	and	their	research	work	discussed	in	Section	2,	for	photo-

reduction	 of	 CO2	 with	 involvement	 of	 TiO2,	 methanol	 was	 the	 most	 common	 product	

generated.	Methanol	oxidation	therefore	was	calibrated	 in	80	ml	0.5	M	KHCO3	electrolyte	

with	 100	W	 incident	 light.	 The	 electrolyte	 was	 CO2-saturated	 with	 pH	 value	 of	 7.2.	 This	

calibration	 result	 was	 then	 compared	 with	 the	 result	 obtained	 in	 Section	 3.3.3,	 where	

methanol	oxidation	calibration	was	performed	in	the	same	solution	without	incident	light.		

4.2.3.	Photo-electrochemical	Reduction	of	CO2	

Cu2O/TiO2	catalyst	of	100	mg	was	mixed	with	32.7	µl	Nafion	solution	(Sigma	Aldrich,	Dorset,	

UK),	1	ml	D.I.H2O	and	9	ml	iso-propanol	(IPA)	solution	(Sigma	Aldrich,	Dorset,	UK).	Additional	
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IPA	could	help	with	dispersion	of	the	catalyst	in	the	solution.	The	mixture	was	then	sonicated	

for	one	hour	with	ice	cubes	added	in	the	sonicator	(VWR	Ultrasonic	Cleaner).	Catalyst	ink	of	

15	µl	was	coated	evenly	on	the	disc	electrode.	Thus,	the	overall	catalytic	loading	on	the	disc	

electrode	was	0.15	mg.		

The	photo-electrochemical	reduction	of	CO2	was	done	in	a	three-electrode	electrochemical	

cell	made	of	borosilicate	glass,	and	the	bottom	of	the	cell	was	made	using	a	quartz	window.	

The	cell	was	similar	to	the	one	used	for	electrochemical	reduction	of	CO2,	but	the	bottom	of	

the	cell	was	made	of	quartz	for	full	light	transparency.	The	transparency	spectrum	is	shown	

in	Figure	42.	

	

Figure	42.	Transmission	spectra	for	quartz,	soda	lime	and	borosilicate	[165]	
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Quartz	has	the	light	transmission	over	90%	even	at	280	nm	or	less,	therefore,	with	the	quartz	

window	bottom,	light	energy	will	not	be	cut-off	for	CO2	reduction	with	Cu2O/TiO2	composite	

catalyst	being	activated.		

The	electrolyte	was	80	ml	of	0.5	M	KHCO3	solution.	To	start	the	experiments,	there	was	no	

light	added	to	the	system.	Nitrogen	was	purged	into	the	system	for	degassing	for	40	minutes,	

cyclic	voltammetry	scans	on	the	RRDE	was	performed	with	the	disc	electrode	being	scanned	

between	0	-	-1.5	V	vs	RHE	and	ring	electrode	was	held	at	+0.9	V	vs	RHE.	Carbon	dioxide	was	

then	added	into	the	electrolyte	for	another	30	minutes	so	that	the	electrolyte	was	saturated.	

The	same	procedure	was	repeated.	A	constant	rotation	rate	of	1500	rpm	was	applied	to	all	

experiments.		

The	light	source	was	positioned	underneath	the	electrochemical	cell,	it	was	always	placed	in	

the	same	place	for	every	experiment	with	constant	distance	of	10	cm	to	the	bottom	of	the	

cell.	A	water	filter	was	attached	to	the	front	of	the	light	source	so	that	infra-red	spectrum	was	

removed	to	minimise	the	effect	of	cell	heating.	The	water	filter	was	an	aluminium	cylindrical	

piece	where	D.I.H2O	could	be	filled	up	in	the	middle	of	the	cylinder.	Circulating	water	bath	

was	connected	to	the	electrochemical	cell	to	control	the	temperature	of	the	cell.	Once	the	

electrolyte	was	saturated	with	carbon	dioxide,	cyclic	voltammetry	scans	were	performed	with	

disc	 electrode	being	 scanned	between	0	 -	 -1.5	V	 vs	 RHE	 and	 ring	 electrode	being	held	 at	

various	oxidation	potentials.	Disc	and	ring	electrodes	were	then	switched	over	so	that	ring	

electrode	was	scanned	between	0	–	1.2	V	vs	RHE	with	disc	electrode	being	held	at	various	

reduction	potentials.	Constant	rotation	of	1500	rpm	and	full	spectrum	light	of	100	W	were	

imposed	to	the	system	consistently	throughout	the	experiments.	Chrono-amperometry	tests	
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were	then	carried	out	by	holding	the	disc	electrode	at	different	potentials	and	the	samples	

after	the	tests	were	sent	to	NMR	for	product	detection.	

By	way	of	comparison,	TiO2	powders	were	made	into	the	catalytic	ink	for	photo-reduction	of	

CO2	 tests.	The	same	catalyst	 ink	 recipe	was	used	 for	making	 the	TiO2	 ink.	The	same	cyclic	

voltammetry	tests	were	performed	under	the	same	conditions.	

4.2.4.	Ex-situ	Detection	of	Product	using	NMR	

Chrono-amperometry	scans	of	the	disc	electrode	were	performed	for	one	hour	with	the	disc	

electrode	being	held	at	-0.7	V	vs	RHE.	Liquid	samples	of	2	ml	were	collected	after	chrono-

amperometry	tests,	and	they	were	detected	by	the	NMR	(Cryo	Icon	AV600)	spectroscopy	for	

analysis.	When	preparing	the	NMR	sample,	0.5	ml	of	sample	was	added	into	NMR	tube,	D2O	

was	used	as	the	solvent,	and	600	MHz	NMR	with	1H	spectra	was	used	for	detection	of	the	

product.	

4.3.	Results	and	Discussion	

4.3.1.	Calibration	of	Cu2O/TiO2	Catalyst	

X-ray	diffraction	was	performed	on	the	Cu2O/TiO2	composite	material	in	order	to	determine	

the	composition	of	the	material	by	showing	the	crystal	structure	of	the	material.	XRD	spectra	

of	Cu2O/TiO2	is	displayed	in	Figure	43.	The	diffraction	peaks	with	stars	can	be	indexed	as	the	

cubic	phase	Cu2O	(JCPDS	File	No.05-0667).	The	peaks	with	2θ	at	29.60°,	36.42°,	42.32°,	61.40°,	

73.55°	and	77.38°	correspond	to	the	crystal	planes	of	(110),	(111),	(200),	(220),	(311)	and	(222)	

of	crystalline	Cu2O	respectively.	Peaks	with	red	marks	were	related	to	TiO2	as	they	matched	

well	with	anatase	TiO2	pattern	(RUFF	database,	R060277).	No	other	diffraction	peaks	were	
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obtained,	which	indicated	that	there	was	no	impurities	including	Cu	and	CuO;	therefore,	it	

can	be	concluded	that	the	synthesized	material	only	consists	of	TiO2	and	Cu2O.	

	

	

	

	

	

	

	

	

Figure	43.	X-ray	diffraction	spectra	for	Cu2O/TiO2	catalyst	

	

4.3.2.	Calibration	of	Methanol	for	Photo-electrochemical	Reduction	of	CO2	

Methanol	 calibration	 was	 performed	 in	 carbon	 dioxide	 saturated	 0.5	 M	 potassium	

bicarbonate	 solution.	 10	 ml	 methanol	 was	 added	 into	 the	 solution.	 Light	 of	 100	W	 (full	

spectrum)	was	added	to	 the	system.	There	was	no	catalyst	on	the	disc	electrode	and	disc	

electrode	was	switched	off.	The	ring	electrode	was	used	to	detect	the	methanol	and	oxidise	

it.	Figure	44	showed	the	methanol	oxidation	calibration	under	the	above	conditions.		

20 30 40 50 60 70 80 90

In
te

ns
ity

2 theta (°)

TiO2 (anatase)

*

.......
.

.
.

.
.

.
..
.

(222)

  *

(311)

   *

(220)

    *
(200)

  *

(111)

  *

 

 

(110)

  *

.
Cu2O.



99	
	

	

Figure	44.	Cyclic	voltammetry	scan	of	ring	electrode	for	methanol	oxidation	calibration.	10	ml	

methanol	was	added	in	100	ml	0.5	M	KHCO3	solution.	Ring	electrode	was	between	0	–	1.4	V	vs	RHE,	

disc	electrode	was	off.	Rotation	of	1500	rpm	was	applied.	Light	of	100	W	was	added.		

	

According	to	result	from	Figure	44,	methanol	oxidation	appeared	at	0.84	V	vs	RHE	on	the	ring	

electrode	with	 100	W	 light.	 By	 comparing	 this	 result	 to	 the	 result	 of	methanol	 oxidation	

calibration	without	light	in	Section	3.2.4,	the	oxidation	potential	was	lower	by	0.2	V	vs	RHE.	

When	methanol	oxidation	was	calibrated	in	the	same	environment	with	no	light	added,	the	

oxidation	 peak	 took	 place	 at	 1.03	 V	 vs	 RHE.	 The	 lower	 oxidation	 potential	 indicated	 that	

methanol	oxidation	took	place	much	easier	with	the	aid	of	light.		
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4.3.3.	Photo-electrochemical	reduction	of	CO2	

When	CO2	was	introduced	into	the	solution	for	30	minutes,	the	disc	was	scanned	from	0	-	-

1.5	V	vs	RHE	for	the	cyclic	voltammetry	test,	and	the	ring	electrode	was	held	at	+0.9	V	vs	RHE.	

Rotation	speed	of	the	RRDE	electrode	was	1500	rpm.	CV	scans	of	the	system	without	and	

under	light	were	both	shown	in	Figure	45.	

	

Figure	45.	CV	plots	for	RRDE	for	reduction	of	carbon	dioxide	in	0.5	M	KHCO3.	Electrolyte	(0.5	M	

KHCO3)		was	saturated	with	CO2.	a).	CV	scans	of	the	RRDE	system	without	added	light;	b).	CV	scans	of	

the	RRDE	system	with	100	W	light.	Disc	electrode	was	scanned	from	0	-	-1.5	V	vs	RHE,	ring	electrode	

was	at	+0.9	V	vs	RHE,	rotation	was	1500	rpm.	Comparison	of	CVs	with	and	without	light	were	shown.	

	

As	shown	in	Figure	45	a),	there	was	an	increase	in	current	density	on	the	ring	electrode	from	

-0.5	V	vs	RHE	on	the	oxidation	scan,	the	current	density	increased	to	0.06	mA	cm-2	at	-0.7	V	

vs	RHE.	As	the	scan	continued,	there	was	another	increase	in	current	and	a	peak	was	observed	

on	the	ring	electrode	at	-1.2	V	vs	RHE	with	current	density	of	0.12	mA	cm-2.	During	the	reverse	

scan	of	the	ring	electrode,	there	were	noisy	peaks	at	more	negative	potentials.	The	oxidation	

a)	 b)	
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peak	at	-1.2	V	vs	RHE	on	the	ring	electrode	could	be	the	oxidation	of	hydrogen	which	was	

generated	from	the	disc	electrode	because	at	that	potential,	disc	electrode	was	performing	

hydrogen	evolution	reaction	which	produced	hydrogen.	The	noisy	peaks	on	the	reverse	scan	

of	the	ring	electrode	was	due	to	the	re-formation	of	hydrogen	from	its	oxidised	form	(see	

Appendix).	

To	demonstrate	and	compare	the	effect	of	added	light	into	the	system,	100	W	of	full	spectrum	

light	was	added	which	was	shown	in	Figure	45	b).	When	light	was	added,	the	oxidation	peak	

on	the	ring	electrode	at	 -0.7	V	vs	RHE	showed	a	higher	current	density	of	0.098	mA	cm-2,	

which	was	63.3%	higher	than	that	of	the	same	oxidation	peak	in	Figure	45	a)	when	there	was	

no	light	added	to	the	system.	The	hydrogen	oxidation	peak	appeared	at	-1.1	V	vs	RHE	also	

with	a	higher	current	density	of	0.20	mA	cm-2	which	was	66.7%	higher	than	that	without	light.	

This	indicated	that	CO2	reduction	process	was	enhanced	with	the	aid	of	light.	A	water	filter	

was	applied	to	the	light	source	in	order	to	remove	the	infra-red	spectrum,	so	that	heat	was	

not	a	contributing	factor	in	the	experiments	with	light.	There	was	also	a	circulating	water	bath	

connected	to	the	electrochemical	cell	in	order	to	control	the	temperature	at	25°C.	The	use	of	

a	Faraday	cage	with	internal	black	boards	indicated	that	there	was	no	additional	light	source	

towards	the	reaction	system.	Therefore,	the	increase	in	current	density	was	due	to	the	light	

source.		

The	ring	electrode	was	also	held	at	other	potentials	between	+0.7	V	vs	RHE	and	+1.0	V	vs	RHE	

with	light	added	to	the	system;	the	highest	oxidation	current	density	was	achieved	when	the	

ring	electrode	was	at	+0.9	V	vs	RHE.	Constant	hydrogen	oxidation	peaks	were	observed	for	

every	scan	at	-1.2	V	vs	RHE.		
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a).	CV	scan	of	the	RRDE	electrode	when	ring	electrode	was	held	at	+0.7	V	vs	RHE	

	

b).	CV	scan	of	the	RRDE	electrode	when	ring	electrode	was	held	at	+	0.8	V	vs	RHE	

a)	

b)	

Ring	@	+0.7	V	
vs	RHE	

Ring	@	+0.8	V	
vs	RHE	
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c).	CV	scan	of	the	RRDE	electrode	when	ring	electrode	was	held	at	+1.0	V	vs	RHE	

Figure	47.	CV	scans	for	photo-electrochemical	reduction	of	CO2.	Rotation	was	1500	rpm,	light	of	100	

W	was	added.	Circulating	water	bath	was	added	to	the	system	to	control	the	temperature	at	25°C.	

Disc	was	scanned	between	0	-	-1.5	V	vs	RHE,	ring	electrode	was	held	at	various	of	oxidation	

potentials	between	+0.7	V	and	+1.0	V	vs	RHE.	

	

As	shown	in	Figure	47	a),	there	was	almost	no	oxidation	peak	on	the	ring	electrode	until	the	

hydrogen	oxidation	peak	appearing	at	the	same	potential	around	-1.2	V	vs	RHE.	When	the	

ring	electrode	was	held	at	+0.8	V	and	+1.0	V	vs	RHE,	the	oxidation	peak	at	-0.7	V	vs	RHE	on	

the	ring	electrode	existed;	however,	the	peaks	were	small.	Therefore,	the	highest	oxidation	

peak	for	CO2	photo-electrochemical	reduction	was	achieved	when	the	ring	electrode	was	held	

at	+0.9	V	vs	RHE.	The	oxidation	of	the	product	was	supposed	to	take	place	between	+0.8	V	

and	+0.9	V	vs	RHE	on	the	ring	electrode.	As	methanol	oxidation	takes	place	at	0.84	V	vs	RHE	

c)	

Ring	@	+1.0	V	
vs	RHE	
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with	100	W	light	added	to	the	system,	these	results	indicated	that	methanol	was	the	product	

generated	from	CO2	photo-electrochemical	reduction	process.	

In	order	to	confirm	the	product	generated	from	photo-reduction	of	carbon	dioxide,	the	ring	

electrode	and	the	disc	electrode	were	switched,	so	the	ring	electrode	was	scanned	with	the	

disc	electrode	being	held	at	certain	potentials	for	CO2	photo-electrochemical	reduction.	The	

ring	electrode	was	scanned	between	0	–	1.2	V	vs	RHE.	Disc	electrode	was	held	at	various	

reduction	potentials,	so	that	possible	product	would	be	generated	continuously.	Hence	the	

ring	electrode	could	then	indicate	the	oxidation	of	the	product	by	showing	its	oxidation	peak	

during	the	scans.	The	rotation	speed	for	this	test	was	also	1500	rpm,	and	all	other	conditions	

were	kept	the	same.		

From	Figure	48	b)	to	Figure	48	e),	there	was	a	constant	oxidation	peak	on	the	forward	scan	of	

the	ring	electrode	between	0.81	V	and	0.84	V	vs	RHE	indicating	the	existence	of	methanol	in	

the	solution.	There	was	no	other	oxidation	peak	during	the	forward	scan.	This	indicated	that	

methanol	was	the	major	product	generated	from	photo-electrochemical	reduction	of	carbon	

dioxide	in	0.5	M	potassium	bicarbonate	solution.		

During	the	reverse	scans,	the	re-oxidised	methanol	appeared	at	0.48	V	vs	RHE,	the	oxidation	

peaks	on	the	reverse	scans	became	larger	from	Figure	48	b)	to	d)	and	then	was	smaller	again	

in	Figure	48	e).	This	could	be	due	to	the	existence	of	water	 in	the	electrolyte	[162].	When	

there	was	higher	water	concentration	in	the	solution,	the	oxidation	peak	in	the	reverse	scan	

was	smaller,	in	contrast,	when	methanol	concentration	was	higher	in	the	solution,	i.e.	water	

concentration	in	the	solution	was	lower,	oxidation	peak	in	the	reverse	scan	became	larger.	

This	 circumstance	 indicated	 that	 at	 -0.7	 V	 vs	 RHE	 on	 the	 disc	 electrode,	 methanol	

concentration	reached	to	the	highest	level.		
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The	integral	area	under	the	oxidation	peaks	increased	when	the	disc	electrode	was	held	from	

-0.5	V	to	-0.7	V	vs	RHE,	and	then	decreased	at	-0.8	V	vs	RHE,	which	indicated	that	the	highest	

possible	production	rate	of	methanol	was	at	-0.7	V	vs	RHE.	The	result	also	matched	with	the	

phenomena	observed	on	the	reverse	scans.	So,	these	results	suggest	that	methanol	was	the	

major	 product	 from	 photo-electrochemical	 reduction	 of	 CO2	 and	 the	 highest	 methanol	

generation	potential	on	the	disc	electrode	was	at	-0.7	V	vs	RHE.	

	

	

a)	 b)	

c)	 d)	

Disc	@	-0.4	V	vs	RHE	 Disc	@	-0.5	V	vs	RHE	

Disc	@	-0.6	V	vs	RHE	 Disc	@	-0.7	V	vs	RHE	
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Figure	48.	CV	plots	for	ring	electrode	for	photo-electrochemical	reduction	of	carbon	dioxide	in	0.5	M	

KHCO3	with	100	W	full	spectrum	light,	ring	was	scanned	from	0	V	to	1.2	V	vs	RHE,	disc	was	held	at	

various	potentials	between	-0.4	V	-	-0.8	V	vs	RHE,	at	1500	rpm	a).	disc	was	held	at	-0.4	V	vs	RHE;	b).	

disc	was	held	at	-0.5	V	vs	RHE;	c).	disc	was	held	at	-0.6	V	vs	RHE;	d).	Disc	was	held	at	-0.7	V	vs	RHE;	e).	

disc	was	held	at	-0.8	V	vs	RHE	

	

e)	

Disc	@	-0.8	V	vs	RHE	
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From	Figure	45,	the	trend	of	hydrogen	evolution	reaction	was	also	shown	from	the	CV	scans.	

When	the	disc	electrode	was	held	at	-0.4	V	vs	RHE,	large	hydrogen	evolution	reaction	current	

density	was	observed;	however,	when	the	disc	electrode	holding	potentials	increased	from	-

0.5	V	to	-0.7	V	vs	RHE,	the	current	density	for	hydrogen	evolution	reaction	obtained	on	the	

ring	electrode	was	reduced.	Methanol	was	 largely	produced	at	these	potentials;	therefore,	

this	implies	that	photo-electrochemical	reduction	of	CO2	was	the	major	reaction	taking	place	

in	 the	 system.	 This	 competed	 with	 the	 hydrogen	 evolution	 reaction,	 which	 reduced	 the	

amount	 of	 hydrogen	 generated	 in	 the	 solution.	 Then,	 as	 methanol	 production	 from	 CO2	

reduction	reduced,	higher	current	density	for	hydrogen	evolution	reaction	was	observed	again	

when	the	disc	electrode	was	held	at	-0.8	V	vs	RHE.		

TiO2	could	also	be	used	as	a	photo-catalyst	for	photo-catalytic	reduction	of	CO2	on	its	own.	

Therefore,	TiO2	was	then	used	for	photo-reduction	of	CO2	as	a	single	catalyst,	as	a	comparison	

to	the	performance	of	the	Cu2O/TiO2	composite	catalyst.	The	same	cyclic	voltammetry	scans	

were	performed	using	RRDE	with	disc	electrode	scanned	between	0	-	-1.5	V	vs	RHE	and	ring	

electrode	held	at	+0.9	V	vs	RHE.	
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Figure	49.	CV	scans	for	photo-reduction	of	CO2	on	TiO2	catalyst.	Disc	was	scanned	between	0	-	-1.5	V	

vs	RHE,	ring	was	held	at	+0.9	V	vs	RHE.	Rotation	was	1500	rpm,	light	of	100	W	was	added.	Circulating	

water	bath	was	added	to	the	system	to	control	the	temperature	at	25°C	

	

As	shown	in	Figure	49,	there	was	no	increase	in	current	density	during	the	oxidation	process	

on	the	ring	electrode	until	-0.95	V	vs	RHE,	which	indicated	that	there	was	no	CO2	reduction	

taking	place.	On	the	ring	electrode,	the	increase	in	current	density	at	-0.95	V	vs	RHE	with	noisy	

peaks	indicated	that	hydrogen	was	generated	at	this	potential	(see	Appendix).	When	the	ring	

electrode	 and	disc	 electrode	was	 switched,	 Figure	 50	 indicated	 that	 there	was	 no	 sign	of	

product(s)	from	CO2	reduction	other	than	a	Pt	CV	scan.	
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Figure	50.	CV	plot	of	the	ring	electrode	scanned	between	0	–	1.4	V	vs	RHE,	disc	electrode	was	held	at	

-0.7	V	vs	RHE.	1500	rpm	rotation	and	100	W	light	were	added.	Temperature	was	controlled	at	25°C	

	

4.3.4.	NMR	Result	and	Faradaic	Efficiency	

Chrono-amperometry	test	was	run	for	one	hour	when	disc	electrode	was	held	at	-0.7	V	vs	RHE	

as	-0.7	V	vs	RHE	was	the	highest	possible	methanol	generation	potential	on	the	disc	electrode.	

The	sample	of	the	electrolyte	(2.0	ml)	was	collected	after	the	test	and	sent	for	NMR	analysis	

(Figure	 51).	 The	 large	 peak	 at	 4.7554	 was	 water,	 and	 the	 peak	 at	 3.3143	 indicated	 the	

existence	of	methanol.	There	was	no	other	product	generated	from	CO2	reduction	other	than	

methanol.	This	result	matched	with	the	RRDE	detection	and	confirmed	the	methanol	as	the	

product	from	CO2	photo-electrochemical	reduction.	Using	the	‘Topspin’	programme	for	NMR,	

the	concentration	of	methanol	was	3.5	´	10-3	M.	As	the	production	of	methanol	requires	6	

electrons	transfer,	and	an	80	ml	electrolyte	was	used	in	the	experiment,	hence,	the	calculated	

Faradaic	efficiency	was	35.9	%	when	the	disc	electrode	was	held	at	-0.7	V	vs	RHE.		
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Figure	51.	NMR	spectrum	of	sample	from	CO2	photo-electrochemical	reduction	

	

Methanol	was	confirmed	as	 the	product	 for	photo-electrochemical	 reduction	of	CO2	using	

Cu2O/TiO2	composite	catalyst	which	proved	again	that	RRDE	was	an	accurate	and	convenient	

technique	 for	 in-situ	 detection	 of	 product(s)	 from	 CO2	 reduction.	 There	 have	 been	 a	 few	

explanations	for	methanol	being	the	product	instead	of	formic	acid	in	this	set	of	experiments.	

As	light	was	added	in	the	system,	TiO2	was	used	as	a	supporting	material	in	the	photocatalyst	

due	to	its	stability,	wide	band	gap	and	relatively	high	activity.	According	to	Iqbal	et	al.,	the	

alignment	of	the	band	gaps	of	semiconductors	played	an	important	role	in	photo-reduction	

of	CO2.	In	order	to	achieve	the	desired	product,	conduction	band	of	both	semiconductors	in	

the	heterojunction	were	required	to	be	more	negative	than	the	reduction	potential	where	

the	desired	product	was	generated	from	CO2	reduction	[166].	The	electrochemical	potentials	

of	conduction	band	of	TiO2	was	reported	just	below	-0.5	V	vs	NHE	at	pH	=	7,	which	was	not	
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sufficiently	negative	 for	the	reduction	potential	 required	for	the	production	of	 formic	acid	

from	CO2	reduction	(-0.61	V	vs	NHE,	Equation	1)	[167].	However,	 it	satisfied	the	reduction	

potential	required	for	methanol	from	CO2	reduction	(-0.38	V	vs	NHE,	Equation	3).	Therefore,	

formic	acid	in	theory	would	not	be	generated	in	photo-reduction	of	CO2	with	photocatalyst	

involving	 TiO2.	 There	 have	 been	 other	 researchers	who	 have	 also	 found	methanol	 as	 the	

major	product	 from	CO2	 reduction	while	 they	applied	TiO2	as	 substrate	 for	photocatalysts	

[164]	[168]	[168]	[170].	Liu	et	al.	and	Setvin	et	al.	have	all	found	out	that	methanol	formation	

became	 very	 stable	 and	 favourable	with	 the	 existence	 of	 oxygen	 defect	 vacancies	 at	 the	

surface	of	TiO2,	which	hence	explained	another	reason	why	methanol	was	favourable	to	be	

generated	from	CO2	reduction	when	the	photocatalysts	involved	TiO2	[171]	[172].		

4.4.	Conclusion	

Cu2O/TiO2	 composite	 material	 has	 been	 synthesized	 using	 a	 hot-stirring	 method,	 the	

composite	material	was	used	as	catalyst	for	photo-electrochemical	reduction	of	CO2	in	0.5	M	

KHCO3	solution.	Calibration	of	methanol	oxidation	under	100	W	light	was	performed	where	

methanol	was	oxidised	at	+0.85	V	vs	RHE.	Cyclic	voltammetry	scans	of	the	RRDE	system	with	

disc	scanned	between	0	-	-1.5	V	vs	RHE	were	performed	while	the	ring	electrode	was	held	at	

various	oxidation	potentials.	Reduction	of	carbon	dioxide	was	enhanced	63.3%	when	 light	

was	added	to	the	system	compared	to	the	one	without	light,	provided	that	other	conditions	

stayed	the	same.	Methanol	was	the	product	 from	photo-electrochemical	 reduction	of	CO2	

and	the	highest	oxidation	peak	obtained	from	the	ring	electrode	was	at	+0.9	V	vs	RHE.	When	

the	ring	electrode	was	the	primary	working	electrode,	constant	oxidation	peak	was	obtained	

between	+0.83	-	+0.85	V	vs	RHE	which	confirmed	that	methanol	was	the	major	product	from	

photo-electrochemical	reduction	of	CO2.	At	-0.7	V	vs	RHE,	the	highest	possible	production	of	
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methanol	was	observed	with	a	Faradaic	efficiency	of	35.9%.	NMR	spectra	also	confirmed	the	

formation	 of	 methanol	 as	 the	 product.	 By	 comparing	 to	 the	 Faradaic	 efficiency	 of	

electrochemical	reduction	of	CO2	in	Section	3,	the	one	for	photo-electrochemical	reduction	

of	CO2	using	Cu2O-TiO2	composite	material	was	lower.	Different	catalysts	were	used	in	these	

tests	 with	 different	 species	 produced	 as	 the	 products	 from	 CO2	 reduction.	 In	 addition,	

catalysts	were	produced	with	different	methods	where	CHFS	method	of	synthesis	gave	a	finer	

nano-particles	 of	 catalysts	 for	 electrochemical	 reduction	 of	 CO2.	 Compared	 to	 other	

researchers	in	Section	2,	production	rate	of	methanol	in	this	work	was	among	the	highest	for	

photo-reduction	of	CO2,	especially	surpassing	those	with	bulk	electrodes.	This	indicated	that	

the	application	of	RRDE	in	photo-electrochemical	reduction	of	CO2	was	an	effective	approach	

in	order	to	reduce	CO2.	
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5.	Electrochemical	Reduction	of	CO2	 in	PCB-Integrated	Electrolyser	

Devices	

5.1.	Introduction	

In	 Section	 3	 and	 4,	 electrochemical	 and	 photoelectrochemical	 reduction	 of	 CO2	 were	

performed	successfully	in	a	conventional	three-electrode	cell;	formic	acid	and	methanol	were	

produced	respectively	as	major	products.	These	studies	point	to	improved	understanding	of	

the	mechanisms	of	CO2	reduction	and	routes	to	better	performing	catalysts,	but	there	is	still	

an	 urgent	 need	 to	 convert	 promising	 materials	 innovations	 into	 practical	 devices	 for	

commercialisation.	To	do	this,	bespoke	electrochemical	(and	photo-electrochemical)	reactors	

need	to	be	developed	that	are	practical	and	techno-economically	viable.			Here,	printed	circuit	

board	(PCB)	integrated	electrolyser	devices	have	been	demonstrated	for	the	first	time	as	a	

light-weight,	easy	to	manufacture	with	relatively	low	cost	route	to	practical	CO2	conversion	

devices.		

5.2.	Experimental		

5.2.1.	Commercial	Reagents	

Commercial	reagents	used	 in	this	work	 included	commercial	platinum	(40	wt%)	on	carbon	

anode	electrode	and	porous	carbon	gas	diffusion	electrode	from	Johnson	Matthey	Fuel	Cells,	

2-propanol	 (IPA,	ACS	 reagent,	 99.5%)	 and	Nafion	 solution	 (9.81	wt%	 in	water)	were	 from	

Sigma	Aldrich,	Dorset,	UK.	

5.2.2.	Device	Design	
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In	 terms	 of	 reduction	 of	 carbon	 dioxide,	 Figure	 52	 illustrates	 the	 schematic	 diagram	 of	 a	

typical	PCB-integrated	electrolyser	device	for	the	purpose	of	CO2	reduction.	

	

Figure	52.	Schematic	diagram	of	a	CO2	reduction	electrolyser	

	

There	are	three	types	of	flow	channels	commonly	used	in	fuel	cells	and	electrolysers	for	feeds	

inserting	into	the	system:	parallel,	serpentine,	and	interdigitated	[173].		

 
	

Figure	53.	Schematic	diagrams	of	different	flow	channels.	a).	serpentine	flow	channels;	b).	parallel	

flow	channels;	c).	interdigitated	flow	channels	[173]	
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Flow	channels	were	used	to	allow	feeds	(liquid	or	gas)	going	through	the	flow	pattern	and	had	

sufficient	 contact	 with	 electrodes	 so	 that	 reactions	 could	 take	 place	 effectively.	 Outlet	

(products)	 from	 the	 reactions	 could	 then	 leave	 the	 device	 through	 the	 flow	 channel	 into	

extraction.		

As	shown	in	Figure	53,	parallel	design	of	the	flow	pattern	could	allow	the	inlet	feeds	going	

through	parallel	patterns	towards	the	outlet.	However,	as	each	path	was	parallel	to	another,	

there	was	not	enough	pressure	so	that	blockage	of	substances	within	the	flow	channel	could	

occur.	If	this	was	the	case,	pressure	would	build	up	in	the	device	to	affect	the	performance.	

For	 interdigitated	 flow	 patterns,	 higher	 pressure	 of	 inlet	 was	 required	 to	 push	 the	 feeds	

through	 the	 gas	 diffusion	 layer/current	 collection	 layer.	 The	 feeds	 need	 to	 be	 evenly	

distributed	in	the	flow	pattern	to	achieve	the	maximum	performance.	The	serpentine	design	

of	 the	 flow	 pattern	 is	 one	 of	 the	most	 commonly	 used.	 There	was	 only	 one	 path	 in	 the	

serpentine	flow	channel;	therefore,	a	high-pressured	flow	was	required	so	that	the	flow	could	

pass	through	the	entire	pattern	evenly.		

Flow	channels	were	used	to	allow	feeds	(liquid	or	gas)	going	through	the	flow	pattern	and	had	

sufficient	contact	with	electrodes	so	that	electron	transfer	could	take	place	effectively.	Outlet	

(products)	 from	 the	 reactions	 could	 then	 leave	 the	 device	 through	 the	 flow	 channel	 into	

extraction/analysis.	 The	 commonly	 used	 serpentine	 flow	 channel	was	 chosen	 for	 the	 PCB	

electrolyser	device.	 There	was	only	one	path	 in	 the	 serpentine	 flow	channel;	 therefore,	 a	

relatively	high-pressured	flow	was	required	so	that	the	flow	could	pass	through	the	entire	

pattern	evenly.	During	the	feed	flowing	along	the	channel,	there	was	no	blockage	expected	
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in	the	flow	channel.	The	design	of	the	PCB	flow	channel	was	done	with	AutoCAD	2014.	The	

drawings	of	the	flow	channel	in	2-D	and	3-D	are	shown	in	Figure	54.	

	

	

	

	

	

	

	

	

Figure	54.	Illustration	of	serpentine	flow	channel.	Entire	PCB	plate:	60	mm	´	60	mm	´	1	mm.	

Flow	channel	reaction	area	was	10	cm2.	

	

As	shown	in	Figure	54,	in	a	2-D	drawing	of	the	flow	channel,	the	entire	PCB	plate	had	an	overall	

dimension	of	6	cm	´	6	cm	from	the	top	view.	The	flow	channel	was	located	in	the	centre	of	

the	PCB	plate	with	an	area	of	10	cm2	(3.3	cm	´	3.3	cm).	The	flow	path	had	a	width	of	0.1	cm.	

The	inlet	and	outlet	flows	could	come	and	go	from	the	holes	which	had	diameter	of	0.1	cm	at	

diagonal	corners	of	the	plate.	The	thickness	of	each	flow	channel	plate	was	0.1	cm.		

A	labelled	photograph	of	the	PCB	electrolyser	device	is	shown	in	Figure	55.	

	

outlet	

Flow	channel	
Inlet	
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Figure	55.	Photo	of	the	PCB	electrolyser	device	for	electrochemical	reduction	of	CO2	

	

The	overall	weight	of	the	device	was	only	67.65	g	and	the	thickness	of	the	device	was	2.7	mm.	

As	there	was	no	backing	plates	on	the	PCB	electrolyser,	it	would	be	practical	and	easy	for	the	

enlargement	of	the	device	into	further	usages.		

5.2.3.	Catalyst	and	Catalytic	Ink	Preparation	

CuO	nanoparticles	were	prepared	by	continuous	hydrothermal	flow	synthesis	(CHFS)	using	

Cu(NO3)2	•	3H2O	and	KOH	precursors,	according	to	Bersani	et	al.	[103].	The	overall	procedure	

was	similar	to	that	described	in	Section	3.	However,	the	precursors	(including	temperatures,	

concentrations,	pressures,	etc.)	were	different.	CuO	catalyst	of	10	mg	was	mixed	with	7	ml	of	

D.I.H2O,	3	ml	of	IPA	and	32.5	µl	of	9.81	wt%	Nafion	solution	to	make	the	catalytic	ink.	The	

Connection	wires	to	electrodes	

PCB	device	

Inlet	

Outlet	
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mixed	 solution	 was	 then	 sonicated	 for	 30	minutes	 in	 an	 iced	 water	 bath	 to	 obtain	 well-

dispersed	ink	solution.	

5.2.4.	MEA	and	Device	Preparation	

Well-prepared	CuO	catalytic	ink	was	used	as	the	catalyst	on	cathode,	the	ink	was	sprayed	on	

a	porous	carbon	gas	diffusion	electrode	(GDE)	which	has	a	thickness	of	190	µm.	Commercial	

porous	carbon	sheet	was	used	as	a	gas	diffusion	electrode.	Commercial	platinum	on	carbon	

sheet	with	40	wt%	of	platinum	was	used	as	the	anode.	The	activation	area	for	each	electrode	

was	10	cm2.	CuO	catalyst	ink	of	400	µL	was	divided	into	5	´	80	µL,	and	each	80	µL	of	catalytic	

ink	 was	 gently	 sprayed	 on	 the	 porous	 carbon	 GDE	 layer	 using	 SprayCraft	 SP30	 top	 feed	

airbrush	 (SprayCraft).	 Membrane	 212	 sheet	 (Dupont)	 was	 used	 as	 proton-exchange	

membrane.	Membrane	sheet	with	two	electrodes	were	aligned	and	hot	pressed	in	the	hot-

pressing	machine	(Carver,	USA)	in	order	to	make	the	MEA.	During	hot-pressing	process,	the	

pressure	was	set	to	2500	pounds,	temperature	was	set	to	90°C,	and	the	process	was	run	for	

four	minutes.	MEA	was	 then	 cooled	down	under	 room	 temperature.	 The	 serpentine	 flow	

channel	was	cut	using	CNC	machine	(Bungard	Elektronik).	The	flow	channel	area	was	gold-

coated	to	prevent	corrosion	under	higher	potentials.	The	thin	backing	plates	were	made	of	

FR-4	epoxy	sheet,	pre-preg	layers	of	the	flow	inlets	and	outlets	were	added	in	between	the	

backing	layers	and	PCB	flow	channels.	Two	pre-preg	layers	on	each	side	of	the	electrode	with	

inlet-outlet	holes	and	a	square	hole	of	10	cm2	were	added	between	the	PCB	flow	channel	and	

MEA.	The	entire	device	was	then	hot-pressed	(Bungard	Elektronik.	Temperature	was	140	°C,	

pressure	was	1.5	bar	for	two	hours).	



119	
	

A	pair	of	connection	kits	were	then	attached	to	the	device	to	connect	the	 inlet	and	outlet	

pipes	on	both	sides.	Anode	was	connected	with	working	electrode,	cathode	was	connected	

with	reference	and	counter	electrode	to	the	Ivium	potentiotat	(Ivium	Technologies).	

5.2.5.	Electrochemical	Reduction	of	CO2	

The	PCB	electrolyser	device	was	a	two-electrode	set-up,	with	working	electrode	connected	to	

the	 anode	 and	 reference/counter	 electrodes	 connected	 to	 the	 cathode.	 Nitrogen	 with	

constant	flow	rate	of	10	ml	min-1	was	purged	into	the	system	for	25	minutes	to	undergo	the	

degassing	process.	Cyclic	voltammetry	scan	of	the	device	was	performed	between	0	–	2.0	V.	

Carbon	 dioxide	 was	 then	 inserted	 into	 the	 device	 for	 20	 minutes	 and	 the	 same	 cyclic	

voltammetry	scan	was	repeated.	The	device	was	then	degassed	again	in	nitrogen	for	another	

40	minutes,	chronoamperometry	test	was	run	under	nitrogen	between	0	V	to	2.0	V.	At	each	

holding	potential,	the	device	was	held	for	150	seconds.	The	potential	interval	for	each	step	

was	0.2	V,	i.e.	the	device	was	held	at	0.2	V,	0.4	V,	0.6	V,	0.8	V,	…,	2.0	V.	The	system	was	then	

saturated	in	dried	CO2	for	another	20	minutes	and	the	same	chrono-amperometry	scan	was	

repeated	 between	 0.2	 V	 and	 2.0	 V.	 Throughout	 the	 testing	 of	 the	 device,	 the	 scanning	

potential	applied	to	the	system	was	the	potential	difference	between	anode	and	cathode.	As	

in	 the	 anode,	 water	 splitting	 reaction	 was	 expected	 at	 1.23	 V	 theoretically,	 the	 reaction	

potential	for	reduction	of	carbon	dioxide	at	the	cathode	would	be	1.23	V	–	ECell.	

In	 nitrogen,	 the	 device	 was	 then	 held	 at	 1.8	 V	 for	 around	 600	 s	 in	 order	 for	 the	 mass	

spectrometer	 to	detect	 the	product	at	 the	cathode.	The	same	procedure	was	 repeated	 in	

carbon	dioxide	with	the	device	being	held	at	1.4	V	and	1.8	V.	A	stability	test	of	four	hours	was	

performed	 on	 carbon	 dioxide	 where	 the	 PCB	 device	 was	 held	 at	 1.8	 V	 to	 show	 the	

performance	changes.	
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The	 mass	 spectrometer	 was	 used	 for	 detecting	 the	 species	 coming	 from	 the	 cathode	

extraction	pipe	(i.e.	from	CO2	reduction	side)	via	its	profile	mode	(i.e.	where	the	peaks	profile	

would	be	detected	and	shown),	while	the	device	was	running	chrono-amperometry	tests.		

	

Figure	56.	Schematic	diagram	of	the	mass	spectroscopy	and	its	working	mechanism	[174]	

	

While	the	mass	spectrometry	was	operating,	the	product(s)	generated	by	CO2	reduction	from	

the	cathode	of	the	device	could	be	detected	directly.	Depending	on	the	concentrations	of	the	

species,	two	different	detection	modes,	Faraday	mode	or	SEM	mode,	could	be	used.	Faraday	

mode	was	using	the	Faraday	cup	detector	in	the	instrument	to	detect	the	species.	It	could	be	

used	 to	detect	majority	of	 the	 species	with	high	concentrations.	 SEM	 (secondary	electron	

multiplier)	mode	used	the	secondary	electron	multiplier	integrated	in	the	instrument	which	

could	 be	 used	 for	 species	with	 low	 concentrations.	 Throughout	 the	 experiments,	 Faraday	

mode	was	chosen.	When	the	device	was	held	at	1.8	V	 in	nitrogen	 for	around	600	s,	mass	
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spectrometry	 was	 switched	 to	 its	 MID	 (Multiple	 Ion	 Detection)	 mode	 in	 which	 partial	

pressures	of	different	species	as	well	as	the	trend	analysis	could	be	detected	via	the	mass	

spectrometry.	 Changes	 of	 pressures	 for	 the	 species,	 detected	 by	 the	mass	 spectrometry,	

could	 indicate	 the	 formation	 of	 certain	 substances.	 The	 same	procedure	was	 repeated	 in	

carbon	dioxide	in	order	to	detect	the	product	from	CO2	reduction	with	the	device	being	held	

at	1.4	V	and	1.8	V,	respectively.		

Chrono-amperometry	test	on	the	electrolyser	device	under	carbon	dioxide	was	performed	at	

1.8	 V	 for	 30	 minutes.	 An	 extraction	 pipe	 from	 the	 cathode	 was	 inserted	 into	 a	 bottle	

containing	2	ml	D.I.H2O.	The	sample	from	the	device	was	then	sent	for	NMR	analysis.	Hiden	

QGA	MS	(Hiden	Analytical,	Warrington)	was	selected	to	be	used	for	this	purpose.		

5.3.	Results	and	Discussion	

5.3.1.	Cyclic	Voltammetry	and	Chrono-amperometry	Scans	

A	PCB	electrolyser	device	was	used	for	electrochemical	reduction	of	CO2.	On	the	cathode	side,	

dry	 N2	 and	 CO2	 were	 purged	 into	 the	 device	 with	 a	 constant	 flow	 rate	 of	 10	 ml	 min-1,	

separately.	On	the	anode	side,	D.I.H2O	was	flowing	towards	the	device	from	a	reservoir	higher	

above	the	set-up.	Cyclic	voltammetry	test	was	performed	between	0	–	2.0	V	after	25	minutes	

of	degassing	in	nitrogen.	Cyclic	voltammetry	of	the	device	was	then	repeated	after	the	device	

was	saturated	in	CO2	for	another	20	minutes.	
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Figure	57.	Cyclic	voltammetry	scan	of	the	PCB	device	in	N2	and	CO2.	

	

From	Figure	57,	there	wasn’t	any	peak	observed	from	the	CV	scan	of	the	device	in	nitrogen.	

Current	density	of	the	device	started	to	increase	from	around	1.4	V	and	reached	0.8	mA	cm-2	

at	 2.0	 V.	 However,	 when	 CO2	 was	 inserted	 into	 the	 system,	 an	 obvious	 difference	 was	

observed	with	higher	current	density	from	1.4	V.	There	was	a	rapid	increase	in	current	density	

at	1.4	V	to	1.0	mA	cm-2.	The	current	density	increased	significantly	again	to	2.5	mA	cm-2	at	

about	1.7	V.	The	difference	obtained	from	the	PCB	device	under	carbon	dioxide	indicated	that	

reduction	of	CO2	was	taking	place	during	the	CV	scanning	procedure.	

The	PCB	electrolyser	device	was	then	undergone	chronoamperometry	tests	between	0.2	V	

and	2.0	V	with	0.2	V	potential	interval	in	both	N2	and	CO2.	Figure	58	showed	the	difference	in	

chrono-amperometry	scans	for	the	device	under	nitrogen	and	carbon	dioxide.	
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Figure	58.	Chrono-amperometry	scans	for	the	PCB	electrolyser	device	in	nitrogen	and	carbon	

dioxide.	PCB	device	was	scanned	between	0.2	V	and	2.0	V	under	nitrogen	and	carbon	dioxide.	

Potential	interval	was	0.2	V,	each	potential	was	held	for	150	seconds.	Gas	flow	rate	was	10	ml	

min-1.	a).	Original	chrono-amperometry	scans	for	PCB	electrolyser	device	in	nitrogen	and	carbon	

dioxide	(current	density	vs	time);	b).	The	current	changes	at	different	holding	potentials	during	

the	scans	(current	density	vs	holding	potentials).	

	

The	potentials	during	the	tests	were	the	potential	difference	between	cathode	and	anode	

electrodes.	 As	 shown	 by	 the	 black	 lines	 in	 Figure	 58,	 current	 density	 in	 the	 device	 was	

increasing	steadily	until	1.2	V	where	 there	was	a	slight	 increase	 in	 the	current	density.	As	

there	was	no	reaction	other	than	the	water	splitting	process	taking	place	in	the	device,	the	

slight	current	increase	from	1.2	V	indicated	that	the	water	splitting	reaction	started	to	occur	

in	the	system.	There	was	a	dramatic	increase	occurred	at	1.8	V,	which	indicated	that	the	water	

splitting	reaction	was	enhanced	at	this	potential.		

When	carbon	dioxide	was	inserted	in	the	device,	as	the	red	lines	indicate	in	Figure	58,	the	

current	density	of	the	device	increased	steadily	and	followed	a	similar	path	as	in	nitrogen	until	

1.4	V,	where	a	sudden	and	clear	increase	of	current	density	was	observed.	The	current	density	

a).	 b).	
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then	decreased	slightly	at	1.6	V	and	then	increased	sharply	at	1.8	V.	The	changes	in	current	

density	indicated	that	CO2	reduction	started	to	happen	since	the	device	reached	1.4	V.	The	

power	density	of	the	device	at	1.4	V	was	4.2	mW	cm-2.	The	reaction	was	enhanced	at	1.8	V	

with	a	power	density	of	8.1	mW	cm-2.	Assuming	water	splitting	reaction	taken	place	on	the	

anode	at	1.23	V,	reaction	on	the	cathode	taken	place	at	1.8	V	was	1.23	–	1.8	=	-0.57	V.	The	

power	density	obtained	from	the	PCB	electrolyser	device	was	significantly	higher	than	the	

one	reported	by	Ma	et	al.	[150].	This	indicated	that	the	PCB	electrolyser	device	represents	a	

promising	lightweight,	thin,	and	powerful	unit	for	electrochemical	reduction	of	CO2.		

As	dry	CO2	gas	was	purged	into	the	system,	there	was	no	humidification	from	the	gas	input;	

therefore,	 gaseous	 product	 (e.g.	 CO,	 CH4)	 was	 expected	 rather	 than	 liquid	 products	 (e.g.	

methanol,	formic	acid,	etc.).	The	mass	spectrometer	was	therefore	turned	into	MID	mode	in	

order	to	determine	the	partial	pressures	of	different	species	coming	out	from	the	cathode	

electrode,	 hence	 the	 Faradaic	 efficiency	 of	 the	 product(s)	 could	 then	 be	 calculated	 using	

partial	pressures	from	the	mass	spectrometer.	

5.3.2.	Characterisation	and	Analysis	of	Products	

Operation	of	the	mass	spectrometer	was	characterised	using	air	inserting	into	the	instrument	

(see	Appendix	3).		

When	nitrogen	was	purged	into	the	device,	mass	spectrum	from	the	extraction	of	the	device	

was	provided	in	Figure	56,	which	showed	the	existence	of	nitrogen	and	hydrogen	atoms	from	

the	cathode,	which	confirmed	the	existence	of	both	nitrogen	and	hydrogen	in	the	system.	

This	 confirmed	 the	 reaction	 of	 water	 splitting	 taken	 place	 at	 the	 anode	 of	 the	 device.	
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Hydrogen	 ions	 generated	 from	 water	 splitting	 reaction	 at	 the	 anode	 crossed	 the	 Nafion	

membrane	and	combined	the	electrons	at	the	cathode	side	to	form	hydrogen	gas	[175].		

	

Figure	59.	Mass	spectra	of	PCB	device	outlet	in	N2	

	

The	PCB	electrolyser	device	was	then	held	at	1.8	V	for	600	s,	mass	spectrometer	was	switched	

to	the	MID	mode	in	order	to	detect	the	partial	pressure	changes	of	appropriate	species.	Due	

to	the	production	of	hydrogen	from	water	splitting	reaction,	the	pressure	change	of	hydrogen	

in	the	device	was	expected.	This	detection	is	shown	in	Figure	60.	
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Figure	60.	Mass	spectrum	in	MID	mode	for	different	species	coming	out	from	the	cathode	of	the	

electrolyser	device.	Device	was	held	at	1.8	V	for	600	s.	N2	was	purged	into	the	system.	

	

From	Figure	60,	a	clear	increase	in	hydrogen	partial	pressure	was	shown	from	the	detection	

of	mass	spectroscopy.	This	indicated	that	at	1.8	V,	hydrogen	was	generated	at	the	cathode,	

which	was	from	the	water	splitting	reaction	taken	place	in	the	PCB	device.	

When	CO2	was	inserted	into	the	device,	mass	spectrum	from	the	cathode	of	the	device	was	

obtained	which	was	shown	in	Figure	61.		
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Figure	61.	Mass	spectra	of	the	PCB	device	outlet	after	CO2	electrochemical	reduction	

	

It	showed	no	existence	of	N	or	H	atoms,	but	with	C	and	O	atoms	in	the	system.	As	the	mass	

spectra	of	CO	could	overlap	with	the	CO2	mass	spectrum,	the	device	was	then	held	at	1.4	V	

and	1.8	V	respectively	for	chrono-amperometry	tests	to	detect	the	products	generated	from	

the	PCB	device.	At	each	potential,	the	device	was	held	for	~600	s.	The	mass	spectrometer	was	

switched	 to	 the	MID	mode	 in	 order	 to	monitor	 the	 pressure	 changes	 of	 the	 appropriate	

substances.		
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a).	PCB	device	was	held	at	1.4	V	in	CO2	for	around	600	seconds.	

	

b).	PCB	device	was	held	at	1.8	V	in	CO2	for	around	600	seconds	

Figure	62.	Mass	spectrum	for	different	species	coming	out	from	the	cathode	of	the	PCB	

electrolyser	device.	CO2	with	constant	flow	rate	of	10	ml	min-1	was	inserted	into	the	system.	
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When	the	device	was	at	1.4	V	under	carbon	dioxide,	the	reduction	potential	on	the	cathode	

side	was	-0.17	V.	As	shown	in	Figure	62	a),	partial	pressure	of	carbon	monoxide	was	increasing	

slightly,	pressure	of	methane	was	kept	at	a	 relatively	constant	value;	however,	 the	partial	

pressure	of	hydrogen	in	the	device	was	dramatically	decreasing.	This	indicated	that	CO	started	

to	form	at	this	potential	on	the	cathode	from	electrochemical	reduction	of	CO2.	Hydrogen	

evolution	reaction	was	restricted	by	the	reduction	reaction	of	carbon	dioxide.	Figure	62	b)	

showed	more	obvious	 increase	 in	CO	partial	 pressure,	with	 slightly	decreased	pressure	 in	

methane	and	a	constant	pressure	of	hydrogen	when	the	device	was	held	at	1.8	V	in	carbon	

dioxide.	 At	 1.8	 V,	 the	 reduction	 potential	 on	 the	 cathode	 was	 -0.57	 V.	 The	 results	 then	

indicated	 that	 carbon	monoxide	was	 the	major	product	generated	by	 the	electrochemical	

reduction	 of	 CO2	 using	 PCB	 electrolyser	 device	 with	 CuO	 catalyst	 at	 the	 cathode.	 The	

production	efficiency	of	CO	could	be	calculated	via	the	partial	pressures	of	the	species	coming	

out	from	the	cathode	outlet	pipe.	The	produced	CO	had	a	partial	pressure	of	1	´	10-6	torr,	the	

detected	partial	pressure	of	CO2	coming	out	from	the	cathode	extraction	pipe	was	2.2	×	10-6	

torr	which	had	a	constant	flow	rate	of	10	ml	min-1	inserted	into	the	system,	combined	with	

the	recorded	partial	pressures	of	methane	and	hydrogen,	hence	the	production	efficiency	of	

CO	at	1.8	V	was	32.7%	from	electrochemical	reduction	of	CO2	using	PCB	electrolyser	device.	

To	confirm	there	was	no	 liquid	product	generated	from	CO2	reduction,	NMR	spectroscopy	

was	used	to	detect	the	sample	collected	from	the	cathode.	According	to	the	NMR	spectrum,	

there	was	no	methanol,	formic	acid	or	any	other	liquid	product.	
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Figure	63.	NMR	spectra	for	outcome	sample	from	chrono-amperometry	test	in	electrolyser	

device.	Test	was	run	for	30	minutes.	Constant	flow	rate	of	10	ml	min-1	was	used.	Device	was	held	

at	1.8	V.	

	

Therefore,	 there	 was	 no	 liquid	 product	 from	 electrochemical	 reduction	 of	 CO2	 in	 the	

electrolyser	device.	The	same	catalyst	has	been	used	by	Gupta	et	al.	in	their	CO2	reduction	

research	in	an	aqueous	(0.5	M	KHCO3)	solution.	 In	their	work,	CO2	reduction	could	lead	to	

formation	 of	 formic	 acid	 [23].	 In	 addition,	 according	 to	 Zhu	 et	 al,	 with	 Cu2O	 catalyst	 for	

electrochemical	reduction	of	CO2,	formate	was	produced	in	0.5	M	KHCO3	electrolyte	solution	

[176].	 However,	 in	 this	 PCB	 electrolyser	 device,	 formic	 acid	 was	 not	 generated,	 instead,	

carbon	monoxide	was	the	major	product	which	was	reduced	from	carbon	dioxide.	
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5.3.3.	Further	Analysis	of	the	Device	for	CO2	Reduction	

Stability	test	for	the	device	in	carbon	dioxide	was	also	performed	for	four	hours	when	the	

device	was	held	at	1.8	V.	

	

Figure	64.	Chrono-amperometry	test	(stability	test)	for	the	electrolyser	device.	Device	was	held	at	

1.8	V	for	four	hours.	Constant	flow	rate	of	10	ml	min-1	was	used.	

	

The	starting	current	for	this	chrono-amperometry	test	was	around	50	mA,	which	was	5	mA	

cm-2	in	current	density.	The	current	stayed	around	50	mA	for	5300	s,	and	then	it	increased	

dramatically	and	reached	around	220	mA	at	7300	s.	The	current	stayed	between	180	mA	and	

240	mA	until	12600	s.	At	12600	s,	the	current	started	to	dramatically	increase	again	and	it	

reached	300	mA	when	the	test	reached	four	hours.	During	this	process,	current	was	increasing	

even	when	the	device	was	held	at	a	constant	potential;	therefore,	the	power/power	density	
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of	 the	PCB	device	was	also	 increasing	during	 this	process.	This	 indicated	that	 the	reaction	

taken	place	in	the	device	became	more	active	and	the	device	had	an	outstanding	performance.		

However,	fuel	cell	and	electrolyser	devices	could	have	corrosion	taking	place	when	held	at	

higher	potentials;	the	corrosion	could	take	place	on	the	flow	channels	or	at	the	carbon	gas	

diffusion	electrodes	[177]	[178].	Several	researchers	have	reported	corrosion	circumstances	

in	fuel	cell	or	electrolyser	devices	in	their	research	work	[179].	In	this	research,	gold-plated	

flow	channels	could	help	with	this	issue	as	it	can	stand	a	higher	potential,	whereas	it	could	

not	prevent	 the	corrosion	 from	taking	place.	Corrosion	of	 the	GDE	 layers	could	also	occur	

which	also	affected	the	performance	of	the	device.	Therefore,	throughout	the	tests,	the	PCB	

electrolyser	device	was	not	held	at	a	potential	higher	than	2.0	V.	

5.4.	Conclusion	

A	PCB	electrolyser	device	was	used	 for	electrochemical	 reduction	of	CO2.	 Serpentine	 flow	

channel	of	 the	electrolyer	device	was	designed	and	hot-pressed	 into	 the	PCB	device.	CuO	

nanoparticles	synthesized	via	Continuous	Hydrothermal	Flow	Synthesis	was	applied	as	 the	

catalyst	at	the	cathode.	Catalytic	ink	was	sprayed	on	porous	carbon	gas	diffusion	electrode.	

On	the	anode,	commercial	Pt/C	GDE	was	used.	Nafion	212	membrane	was	used	as	polymer	

exchange	 membrane.	 Cyclic	 voltammetry	 tests	 and	 chrono-amperometry	 tests	 were	

performed	on	the	device	in	both	N2	and	CO2.	By	inserting	N2	into	the	system,	water	splitting	

reaction	started	between	1.2	and	1.4	V,	hydrogen	was	generated	at	the	cathode	with	oxygen	

generated	at	the	anode.	When	CO2	was	purged	into	the	device,	CO2	reduction	started	at	1.4	

V	and	the	reaction	was	enhanced	at	1.8	V.	Mass	spectroscopy	detected	the	production	of	CO	

as	 the	major	product	 from	CO2	 reduction	with	Faradaic	efficiency	of	32.7%	at	1.8	V.	NMR	

spectrum	showed	no	liquid	product	from	the	CO2	reduction	as	dried	CO2	was	inserted	into	
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PCB	electrolyser	device.	In	overall,	electrochemical	reduction	of	CO2	using	PCB	electrolyser	

device	was	successful.	PCB	device	was	lightweight,	thin,	easily-manufactured	and	it	provided	

high	power	density	while	using	it	for	electrochemical	reduction	of	CO2.	
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6.	Final	Discussion	of	the	Project	

In	the	three	different	sections	of	the	project,	CO2	was	electrochemically	reduced	to	formic	

acid	 using	 RRDE	 technique	 in	 0.5	 M	 KHCO3	 with	 Cu2O	 as	 catalyst,	 it	 was	 photo-

electrochemically	reduced	to	methanol	using	RRDE	technique	in	0.5	M	KHCO3	with	Cu2O/TiO2	

photocatalyst,	and	finally	it	was	reduced	to	carbon	monoxide	in	PCB-integrated	electrolyser	

devices	with	CuO	catalyst.	This	has	been	a	fairly	complete	project	work	on	electrochemical	

reduction	of	carbon	dioxide	involving	both	electrochemical	and	photoelectrochemical	work,	

as	well	as	experiments	in	aqueous	solutions	and	engineering	devices.		

Different	 catalysts	 have	 been	 used	 in	 this	 project	 as	well	 as	 different	 synthesis	methods,	

including	 continuous	 thermal	 flow	 synthesis	 and	 the	 conventional	 magnetic	 hot-stirring	

method.	 Continuous	 hydrothermal	 flow	 synthesis	 was	 a	 superior	 synthesis	 method	 for	

production	 of	 nanoparticles.	 Nanoparticles	 with	 different	 sizes	 or	 morphology	 could	 be	

synthesized	 via	 controlling	 the	 temperature,	 concentration	 of	 precursors,	 flow	 rates	 and	

different	 parameters.	With	 different	 catalysts	 and	 reaction	 conditions,	 different	 products	

from	CO2	reduction	were	generated	as	different	activation	energy	and	activated	electrons	

provided.	As	stated	in	Literature	Review	section,	copper	and	copper	oxides	have	been	widely	

reported	as	appropriate	catalyst	for	CO2	reduction	due	to	the	high	reactivity	as	well	as	high	

efficiency	[84]	[85]	[86]	[87]	[88].	It	is	also	one	of	the	most	easily	synthesized	and	low-cost	

catalyst	 compared	 to	 other	 catalysts	 including	 Pt,	 Ag,	 or	 Au.	 Therefore,	 continuous	

hydrothermal	 flow	 synthesized	 Cu2O	 nanoparticles	 were	 used	 for	 electrochemical	 CO2	

reduction	in	0.5	M	KHCO3	solution	with	formic	acid	as	the	major	product.	Production	of	formic	

acid	required	only	2	electrons	and	2	holes,	which	in	theory	was	a	more	favourable	reaction	to	

take	 place	 than	 the	 formation	 of	 other	 products,	 e.g.	 methanol.	 The	 reported	 Faradaic	
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efficiency	of	67	%	 for	 formic	acid	production	 in	 this	work	was	higher	 than	majority	of	 the	

reported	literature	using	similar	catalysts.	The	application	of	RRDE	in	this	work	reduced	the	

mass	 transportation	 loss,	 and	 the	 nanoparticles	 used	 in	 this	 work	 showed	 a	 promising	

reactivity.	 In	 addition,	 rotating	 ring-disc	 electrode	 used	 in	 this	 work	 was	 a	 novel	 but	

convenient	 technique	 that	 almost	 no	 researcher	 has	 ever	 done	 before.	 Formation	 of	 the	

product	and	the	reaction	dynamics	were	monitored	in-situ	while	the	reaction	took	place.	

When	 the	 experiments	 moved	 to	 photo-electrochemical	 reduction	 of	 CO2,	 a	 promising	

semiconductor	 photo-catalyst	 was	 required,	 therefore,	 heterojunction	 of	 Cu2O/TiO2	

composite	photocatalyst	was	then	synthesized	and	applied.	Due	to	the	existence	of	TiO2	as	

the	substrate	in	the	photocatalyst,	formic	acid	reduction	potential	was	not	reached	by	the	

conduction	band	of	TiO2,	therefore,	in	photo-electrochemical	reduction	of	CO2,	formic	acid	

and	 carbon	 monoxide	 were	 both	 eliminated	 from	 the	 possible	 products	 list.	 Eventually,	

methanol	 was	 generated	 as	 the	 major	 product	 for	 photo-electrochemical	 CO2	 reduction.	

Detailed	explanation	was	stated	in	Section	4.3.4.	Literatures	have	also	shown	that	with	the	

application	of	 TiO2	 in	 the	 photocatalysts,	methanol	was	 the	 favourable	 product	 from	CO2	

reduction	 [39]	 [40]	 [42]	 [43].	 Faradaic	 efficiency	 of	 methanol	 production	 in	 photo-

electrochemical	reduction	of	CO2	was	lower	than	that	in	electrochemical	reduction	of	CO2,	

this	could	be	due	to	the	different	conditions	applied	to	the	system	which	resulted	in	different	

products	generated.	Methanol	in	theory	was	a	more	difficult	product	to	be	generated	from	

CO2	reduction	than	formic	acid,	because	formation	of	methanol	required	6	electrons,	where	

formation	 of	 formic	 acid	 only	 required	 two	 electrons.	 In	 addition,	 Cu2O	 nanoparticles	

synthesized	by	continuous	hydrothermal	flow	synthesis	method	had	particle	size	of	25	nm	

which	was	very	small	and	hence	gave	a	relatively	higher	surface	area	to	better	reactivity.	In	
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contrast,	TiO2	used	in	Cu2O/TiO2	composite	material	was	from	commercial	TiO2	which	showed	

that	the	nanoparticle	size	was	below	100	nm.	Cu2O/TiO2	synthesis	method	was	also	a	more	

conventional	 magnetic	 hot-stirring	 way	 which	 the	 size	 of	 the	 nanoparticles	 were	 more	

difficult	to	be	controlled.	Therefore,	the	efficiency	of	the	final	products	could	also	be	affected.	

However,	 the	 efficiency	 of	 methanol	 production	 of	 this	 work	 could	 also	 match	 or	 even	

overtake	majority	of	the	previous	work	in	photocatalytic	reduction	of	CO2	(See	Appendix	Table	

A1),	this	could	be	because	the	use	of	RRDE	where	the	mass	transportation	loss	was	reduced,	

as	well	as	the	assist	from	both	applied	potentials	and	external	light	power.		

When	the	experimental	progressed	to	the	engineering	aspect,	a	PCB-integrated	electrolyser	

device	was	designed	and	made.	During	the	electrolyser	testing,	water	splitting	reaction	took	

place	at	the	anode	where	at	the	cathode	CO2	was	electrochemically	reduced	to	CO.	In	this	set	

of	experiments,	no	liquid	product	was	expected	as	dried	CO2	was	inserted	into	the	system.	

Therefore,	comparing	to	electrochemical	reduction	of	CO2	in	aqueous	solution,	only	gaseous	

products	were	expected	 in	 this	 set	of	 experiments.	According	 to	 some	 researchers,	 liquid	

products	could	be	generated	from	fuel	cell	systems	for	CO2	reduction,	and	that	was	because	

the	CO2	was	fully	humidified	via	electrolytes	or	buffer	solutions	before	entering	the	system	

[140]	[141]	[142]	[143].	In	this	work,	a	novel	approach	was	done	in	both	design	of	the	device	

and	 the	 reaction	 procedure	 where	 dried	 CO2	 was	 inserted	 in	 the	 system.	 Hence,	 carbon	

monoxide,	 methane,	 ethylene	 could	 be	 the	 possible	 products.	 As	 carbon	 monoxide	

production	 only	 required	 two	 electrons	 and	 two	 holes	 which	 was	 much	 easier	 than	 the	

generation	of	methane	or	other	gaseous	products,	it	was	detected	as	the	major	product	from	

CO2	electrochemical	reduction	in	electrolyser	devices.	Trace	of	production	of	methane	was	

shown	in	the	mass	spectrometer	detection,	however,	the	amount	of	methane	generated	was	
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minimal	which	was	difficult	to	be	quantified	or	recorded.	Comparing	to	electrochemical	CO2	

reduction	in	aqueous	solution,	the	product	efficiency	of	CO	was	lower,	this	was	because	the	

use	of	RRDE	in	aqueous	solution	neglected	the	mass	transportation	loss.	In	addition,	in	the	

aqueous	solution,	higher	flow	rate	of	inserting	CO2	was	applied,	whereas	in	the	electrolyser	

devices,	flow	rate	must	be	controlled	in	order	to	protect	the	functionality	and	physicality	of	

proton	exchange	membrane.	However,	CO2	reduction	in	electrolyser	devices	provided	a	more	

practical	 industrial	 approach.	 Inserted	 dried	 CO2	 was	 also	 more	 realistic	 than	 the	 fully	

humidified	CO2	input	compared	to	other	works.	

Throughout	this	project,	RRDE	has	been	proved	to	be	an	accurate	and	convenient	technique	

for	electrochemical	tests	with	its	in-situ	detection	of	product(s)	and	real-time	monitor	of	the	

reaction	dynamics.	This	technique	can	be	applied	for	future	electrochemistry	work	so	that	

higher	efficiency	and	accurate	detection	can	be	achieved.	The	PCB-electrolyser	work	for	CO2	

electrochemical	reduction	was	a	novel	but	successful	approach,	which	is	realistic	and	practical	

for	 industrial	applications.	 In	overall,	 this	project	work	was	a	complete	work	 for	CO2	 from	

synthesis	of	catalysts,	application	in	aqueous	solutions,	to	application	in	realistic	engineering	

approach.	
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Conclusion	and	Future	Work	

Conclusion	

The	 rotating	 ring-disc	 electrode	 (RRDE)	 technique	 was	 successfully	 applied	 for	 both	

electrochemical	and	photo-electrochemical	reduction	of	carbon	dioxide.	For	electrochemical	

reduction	 of	 CO2,	 Cu2O	 nanoparticles	 synthesized	 from	 continuous	 hydrothermal	 flow	

synthesis	 (CHFS)	were	 used	 as	 the	 catalyst.	 CO2	was	 reduced	 to	 formate	 in	 0.5	M	KHCO3	

electrolyte	between	-0.5	and	-0.9	V	vs	RHE.	The	highest	Faradaic	efficiency	was	66%	at	-0.8	V	

vs	RHE.	Cu2O/TiO2	composite	material	synthesized	via	conventional	hot-stirring	method	was	

used	for	photo-electrochemical	reduction	of	CO2	in	0.5	M	KHCO3	solution.	RRDE	technique	

was	also	used	in	this	research.	100	W	light	was	added	to	the	system.	Methanol	was	generated	

between	-0.5	and	-0.8	V	vs	RHE	as	the	major	product	with	highest	Faradaic	efficiency	of	35.9%	

at	-0.7	V	vs	RHE.	Overall,	RRDE	has	been	proved	to	be	an	effective	and	convenient	technique	

used	for	both	electrochemical	and	photo-electrochemical	CO2	reduction.	It	could	detect	the	

reduction	process	directly	while	the	experiment	was	running.	The	results	obtained	from	the	

RRDE	scans	also	matched	with	the	external	detection	from	NMR	spectra	which	indicated	that	

RRDE	was	a	reliable	technique	for	reduction	of	CO2.	

PCB-electrolyser	 devices	 have	 been	 designed	 and	 manufactured	 for	 electrochemical	

reduction	of	CO2.	CuO	catalyst	synthesized	from	CHFS	method	was	used	as	the	catalyst	in	this	

test.	Dried	 carbon	dioxide	was	purged	 into	 the	 system	at	 the	 cathode	with	water	 flowing	

through	 the	 anode.	 There	 was	 no	 liquid	 product	 generated	 from	 the	 devices.	 Carbon	

monoxide	was	 the	major	 product	 generated	 from	electrochemical	 reduction	 of	 CO2	 using	

PCB-electrolyser	device	with	a	Faradaic	efficiency	of	32.7%	at	1.8	V	 (i.e.	 -0.57	V	 reduction	
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potential).	 PCB-electrolyser	 devices	 have	 been	 successfully	 applied	 for	 electrochemical	

reduction	of	carbon	dioxide.	PCB	devices	were	light,	cost-efficient,	and	easy-to-manufacture	

which	could	lead	to	larger	scales	of	researches	in	the	future.	

Future	Work	

In	this	project,	carbon	dioxide	has	been	successfully	reduced	to	various	products	via	different	

methods.	Electrochemical	reduction	of	carbon	dioxide	with	RRDE	technique	has	given	formic	

acid	 as	 a	major	 product,	 electrochemical	 reduction	 of	 carbon	 dioxide	 in	 a	 PCB-integrated	

engineering	 device	 has	 produced	 carbon	 monoxide.	 Photo-electrochemical	 reduction	 of	

carbon	dioxide	using	RRDE	technique	has	generated	methanol	as	the	major	product.	However,	

there	are	a	few	things	needed	to	be	addressed	in	future	work.	

PCB-integrated	device	has	been	applied	to	reduce	carbon	dioxide,	dried	carbon	dioxide	gas	

was	inserted	into	the	device	therefore	the	product	generated	was	carbon	monoxide.	If	carbon	

dioxide	 can	be	humidified	before	 entering	 the	device,	with	 existence	of	water	molecules,	

liquid	product	can	possibly	be	generated.	In	this	case,	NMR	spectrometer	can	be	used	in	order	

to	detect	the	liquid	product(s)	generated.	

A	PCB-integrated	photo-reactor	can	also	be	designed	and	applied	for	photo-electrochemical	

reduction	 of	 carbon	 dioxide	 in	 an	 engineering	 aspect,	 in	 which	 a	 quartz	 window	 or	 a	

transparent	film	can	be	added	to	the	cathode	end	of	the	device.	Light	can	be	inserted	to	the	

device	to	possibly	enhance	the	reaction	with	appropriate	photo-catalyst	applied.	

PCB-integrated	electrolyser	and	photo-reactor	can	also	be	enlarged	into	larger	scales	for	more	

practical	 usage	 in	 industrial	 sectors.	 Other	 catalysts	 and	 photo-catalysts	 can	 also	 be	

introduced	trying	to	enhance	the	efficiency	of	carbon	dioxide	conversion.	
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Appendix	

Appendix	1.	

Table	A1.	Summary	of	the	photocatalysts	for	photocatalytic	CO2	reduction	[7]	

Light	Source	 Catalyst	 Reaction	Medium	 Products	 Efficiency	

Mercury	(Hg)	

lamp	

p-GaP	single	crytal	 CO2-saturated	buffered	solution	

(electrochemical	cell)	

Formic	acid,	

formaldehyde,	

methanol	

η=	0.61%	

Tungsten-

halogen	lamp	

p-GaAs,	p-InP	 CO2-saturated	Na2SO4	

(Electrochemical	cell)	

Methanol	 Faradaic	eff.=	

0.52	(p-GaAs)	

Xenon	(Xe)	lamp	 p-GaAs,	p-GaP	

single	crystal	

CO2	saturated	aqueous	solution	

(Electrochemical	cell)	

Methanol,	

formic	acid,	

formaldehyde	

FE=	0.8	

(max.)	

Visible	light	320–	

580nm	

Colloidal	CdS	 Aqueous	solution	of	

tetramethylammonium	chloride	

Glyoxylic	acid,	

formic	and	

acetic	acid	

QE=	

0.00125%	

Hg	lamp	 ZnS	nanocrystals	 Dimethylformamide	solution	with	

distilled	triethylamine	

Formic	acid	 ------	

UV	Hg	lamp	 ZnS	microcrystals	 NaHCO3,	and	K2HPO4	solution	 Methanol	 QE=	5.9%	

UV	365nm	 p-GaP	 Electrochemical	cell	 Methanol	 η=	10.9%,	

QE=	44%	at	-

0.5V	

UV	Xe	lamp	 SiC	and	other	

semiconducting	

powders	

Electrochemical	cell	 Methanol,	

formic	acid,	

formaldehyde,	

-------	
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methane	

Natural	sunlight	

through	solar	

concentrator	

SrTiO3	powder	 Aqueous	suspension	 Formic	acid,	

formaldehyde,	

methanol	

η=	0.011%	

UV	365nm	 Cu	added	p-SiC	 KHCO3	solution	 Methane,	

ethane,	and	

ethylene	

-------	

	

UV	Xe	lamp	

	

Cu	added	TiO2	

	

Aqueous	suspension	with	

pressurised	CO2	

	

Methane,	

ethylene	

	

-------	

UV	Hg	lamp	 TiO2	loaded	zeolite	 CO2	and	H2O	vapour	 Methanol	 -------	

UV	Hg	lamp	 Cu	added	ZrO2	 NaHCO3	solution	 CO	 -------	

UV	Hg	lamp	 Ti	containing	SiO2	

film	

CO2	and	H2O	vapour	 Methane	and	

methanol	

QE=	0.28%	

UV	laser	266nm	 Ti-silicalite	

molecular	sieve	

CO2	and	H2O	vapour	 CO,	

formaldehyde,	

acetaldehyde	

-------	

UV	lamp	 TiO2	powder	 CO2	and	H2O	vapour	 CH4,	H2,	CO	 -------	

UV	lamp	 TiO2,	ZrO2	 H2	+	H2O	 Methane,	

ethane,	CO	

-------	

UV	365nm	 MW-CNT	

supported	TiO2	

CO2	and	H2O	vapour	 Ethanol,	

formic	acid	

-------	

UV	365nm	 Ag/Cu-TiO2	coated	

optical	fibre	

CO2	and	H2O	vapour	 Methanol	 QE=	

0.00013%	
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UV	310-435nm	 Ru/RuOx	sensitised	

TiO2	

CO2,	H2	in	Ar	 Methane	 -------	

Hg	arc	lamp	

λ>330nm	

Rh	complex	 CO2	bubbled	through	DMF-TEOA	

solution	

CO	 QE=	0.59%	

Hg	arc	lamp	

λ>400nm	

Ru-bipyridien-Co(II)	

chloride	

Acetonitrile/water/triethyleamine	 CO	 -------	

Natural	sunlight	

of	AM1.5	

Cu,	Pt	cocatalysed	

N-doped	TiO2	

nanotube	arrays	

CO2	and	H2O	vapour	 Methane,	

other	alkanes,	

olefins,	Br-

paraffins,	H2,	

CO	

η=	0.0148%,	

QE=	0.74%	

Visible	light	

λ>420nm	

CdSe/Pt/TiO2	

heterostructure	

CO2	and	H2O	vapour	 Methane,	

methanol,	CO,	

H2	

-------	

	

Appendix	2.	

In	 a	 separate	 experiment,	 N2	 was	 purged	 into	 0.5	 M	 KHCO3	 electrolyte	 for	 30	 minutes.		

Hydrogen	was	 added	 to	 the	 system	 constantly	 throughout	 the	 experiment.	 Linear	 sweep	

voltammetry	scans	of	the	RRDE	were	performed	with	disc	electrode	being	scanned	between	

0	-	-2.0	V	vs	RHE	and	ring	electrode	held	at	0	V	and	0.3	V	vs	RHE.	Ring	electrode	was	held	at	

lower	oxidation	potentials	in	order	to	pick	up	the	oxidation	process	of	hydrogen.	
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Figure	 11.	 Linear	 sweep	 voltammetry	 scans	 for	 RRDE	 electrode	 in	 0.5	 M	 KHCO3.	 Electrolyte	 was	

degassed	with	nitrogen.	Hydrogen	was	inserted	into	the	system	with	a	constant	flow	rate	of	10	ml	min-

1.	Disc	electrode	was	scanned	from	0	V	-	-2.0	V	vs	RHE,	ring	electrode	was	held	at	0	V	and	0.3	V	vs	RHE.		

	

In	the	0.5	M	KHCO3	solution,	hydrogen	oxidation	reaction	was	taken	place	at	around	-1.2	V	vs	

RHE.	Ring	electrode	picked	up	the	oxidation	of	hydrogen	by	showing	an	increase	in	current	

density	since	-1.2	V	vs	RHE.	There	was	no	other	reactions	taken	place	in	the	system.	Therefore,	

in	photoelectrochemical	reduction	of	CO2	proecess,	the	oxidation	peak	at	-1.1	V	–	-1.2	V	vs	

RHE	on	the	ring	electrode	related	to	the	oxidation	of	hydrogen.	Earlier	oxidation	peak	on	the	

ring	electrode	at	around	-0.6	V	vs	RHE	was	related	to	the	oxidation	of	the	product	generated	

from	CO2	reduction.	In	the	reverse	scan,	the	oxidised	hydrogen	species	on	the	ring	electrode	

was	reduced	and	released	from	the	RRDE	electrode,	which	created	bubbles	with	noisy	peaks	

on	the	reverse	scans.		
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Appendix	3.		

Characterisation	of	the	mass	spectrometer	with	air	in	order	to	confirm	mass	spectrmetry	in	a	

perfect	operation	mode	(Figure	A3).		

	

Figure	A3.	Mass	spectrum	for	air	sample	

	

Air	sample	contained	nitrogen,	oxygen,	water,	carbon	dioxide	and	other	species.	There	were	

obvious	peaks	shown	in	Figure	A3	of	existence	of	nitrogen,	oxygen,	water,	carbon	dioxide	and	

argon.	Nitrogen	was	70%	in	the	air;	therefore,	its	peak	was	the	largest.	It	contained	two	14	

g/mol	N	atom,	 therefore,	 the	peak	 for	nitrogen	was	at	28	and	14	on	 the	mass	 spectrum.	

Oxygen	peak	was	detected	at	32,	with	small	peaks	at	16.	Peaks	at	around	17	and	18	were	

related	to	vapour	molecules	from	water.	Small	amount	of	CO2	and	Ar	were	also	detected.	
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Appendix	4.	

Reference	fingerprint	of	XRD	spectra	of	CuO	

 

Figure	A4.	XRD	fingerprint	of	CuO	

	

	

The	XRD	spectra	of	CuO	occurred	at	higher	2q	angles	with	highest	peaks	at	36	degree	and	39	

degree	[180].	This	was	different	from	the	XRD	spectra	obtained	for	Cu2O	catalyst.	

	


