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∫∑§«“¡π’Èπ”‡ πÕº≈°“√«—¥§à“Õ‘¡æ’·¥π ǻ°√–·  ≈—∫¢ÕßÕ‘‡≈Á°‚∑√¥ 8 ™π‘¥ §◊Õ ‡ß‘π,  ·µπ‡≈ , Õ–≈Ÿ¡‘‡π’¬¡,
π‘°‡°‘≈, ºâ“§“√å∫Õπ, °√–¥“…§“√å∫Õπ, ºâ“§“√å∫Õπ‡§≈◊Õ∫∑Õß ·≈–°√–¥“…§“√å∫Õπ‡§≈◊Õ∫∑Õß °“√«—¥Õ‘¡æ’·¥π´å‡ªìπ
·π«∑“ßÀπ÷Ëß„π°“√«‘‡§√“–Àå§ÿ≥ ¡∫—µ‘∑“ß‰øøÑ“¢ÕßÕ‘‡≈Á°‚∑√¥  “¡“√∂π”¡“„™â„π‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ‡æ◊ËÕ«‘‡§√“–Àå
Õ‘¡æ’·¥π´å∑’Ë àßº≈µàÕ°“√®”°—¥°“√∂à“¬‚ÕπÕ‘‡≈Á°µ√Õπ¿“¬„π‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ √–∫∫∑’Ë„™â«—¥Õ‘¡æ’·¥π´åª√–°Õ∫
¥â«¬ “√≈–≈“¬∫—ø‡øÕ√å·≈–Õ‘‡≈Á°‚∑√¥ ¥—ßπ—Èπ«ß®√ ¡¡Ÿ≈ª√–°Õ∫¥â«¬§«“¡µâ“π∑“π¢Õß “√≈–≈“¬ (RS) ·≈–
Õ‘¡æ’·¥π´å¢ÕßÕ‘‡≈Á°‚∑√¥ (ZE) µàÕÕπÿ°√¡°—∫§«“¡µâ“π∑“π√–À«à“ß√Õ¬µàÕ¢ÕßÕ‘‡≈Á°‚∑√¥°—∫ “√≈–≈“¬ (RI) ∑’ËµàÕ
¢π“πÕ¬Ÿà°—∫ CPE Õ‘¡æ’·¥π ǻ (Constant-Phase Element impedance: ZCPE) ®“°º≈°“√∑¥≈Õßæ∫«à“ RI ·≈– ZCPE

¡’º≈µàÕ°“√∂à“¬‚ÕπÕ‘‡≈Á°µ√Õπ√–À«à“ß√Õ¬µàÕ¢ÕßÕ‘‡≈Á°‚∑√¥·≈– “√≈–≈“¬ ‚¥¬æ∫«à“Õ‘‡≈Á°‚∑√¥ºâ“§“√å∫Õπ, °√–¥“…
§“√å∫Õπ, ºâ“§“√å∫Õπ‡§≈◊Õ∫∑Õß, °√–¥“…§“√å∫Õπ‡§≈◊Õ∫∑Õß·≈–‡ß‘π¡’§«“¡‡À¡“– ¡∑’Ë®–π”¡“„™â‡ªìπÕ‘‡≈Á°‚∑√¥¢Õß
‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ ‡π◊ËÕß®“°¡’§à“ RI ·≈– ZCPE µË”æÕ∑’Ë®–∑”„ÀâÕ‘‡≈Á°µ√Õπ “¡“√∂∂à“¬‚Õπ‰¥â –¥«° „π¢≥–∑’ËÕ‘‡≈Á°‚∑√¥
 ·µπ‡≈ , Õ–≈Ÿ¡‘‡π’¬¡·≈–π‘°‡°‘≈¡’§à“ RI ·≈– ZCPE  Ÿß´÷Ëß∑”„Àâ‡°‘¥°“√®”°—¥°“√∂à“¬‚ÕπÕ‘‡≈Á°µ√Õπ¿“¬„π√–∫∫ ‰¡à
‡À¡“– ¡∑’Ë®–π”¡“„™â°—∫‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ

º≈°“√«—¥Õ‘¡æ’·¥π ǻ∑’Ë‰¥âπ’È®–π”‰ª‡ª√’¬∫‡∑’¬∫°—∫º≈°“√∑¥ Õ∫ª√– ‘∑∏‘¿“æ¢Õß‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ ‰¥â·°à
·√ß¥—π‰øøÑ“, °√–· ‰øøÑ“ ·≈–°”≈—ß‰øøÑ“  ´÷Ëß‡≈◊Õ°∑¥ Õ∫Õ‘‡≈Á°‚∑√¥‡æ’¬ß 4 ™π‘¥ §◊Õ ºâ“§“√å∫Õπ, °√–¥“…§“√å∫Õπ,
‡ß‘π ·≈– ·µπ‡≈  ‡æ◊ËÕ· ¥ß„Àâ‡ÀÁπ«à“Õ‘‡≈Á°‚∑√¥∑’Ë¡’Õ‘¡æ’·¥π´å√–À«à“ß√Õ¬µàÕ¢ÕßÕ‘‡≈Á°‚∑√¥·≈– “√≈–≈“¬∑’Ë¡’§à“ Ÿß
 àßº≈„Àâª√– ‘∑∏‘¿“æ¢Õß‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æµË” ·≈–Õ‘‡≈Á°‚∑√¥∑’Ë¡’Õ‘¡æ’·¥π´å√–À«à“ß√Õ¬µàÕ¢ÕßÕ‘‡≈Á°‚∑√¥·≈–
 “√≈–≈“¬¡’§à“µË”  àßº≈„Àâª√– ‘∑∏‘¿“æ¢Õß‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ Ÿß ®“°º≈°“√∑¥≈Õßæ∫«à“∑’Ë‚À≈¥ 1 kΩ

Õ‘‡≈Á°‚∑√¥ºâ“§“√å∫Õπ, °√–¥“…§“√å∫Õπ·≈–‡ß‘π ‡ªìπÕ‘‡≈Á°‚∑√¥∑’Ë¡’Õ‘¡æ’·¥π´å√–À«à“ß√Õ¬µàÕ¢ÕßÕ‘‡≈Á°‚∑√¥·≈–
 “√≈–≈“¬µË”°«à“Õ‘‡≈Á°‚∑√¥ ·µπ‡≈  ·≈–®à“¬°√–· ‰øøÑ“·≈–°”≈—ß‰øøÑ“ Ÿß°«à“Õ‘‡≈Á°‚∑√¥ ·µπ‡≈  3~4 ‡∑à“ ·≈–
17~22 ‡∑à“ µ“¡≈”¥—∫ ¥—ßπ—Èπ°≈à“«‰¥â«à“°“√«‘‡§√“–ÀåÕ‘¡æ’·¥π´å¡’§«“¡ —¡æ—π∏å°—∫ª√– ‘∑∏‘¿“æ¢Õß‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ
§◊Õª√– ‘∑∏‘¿“æ¢Õß‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ®– Ÿß°ÁµàÕ‡¡◊ËÕÕ‘¡æ’·¥π´å¢Õß√–∫∫¡’§à“µË”

§” ”§—≠ : °“√«‘‡§√“–ÀåÕ‘¡æ’·¥π ǻ / Õ‘‡≈Á°‚∑√¥ / ‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ / °“√∂à“¬‚ÕπÕ‘‡≈Á°µ√Õπ

°“√«‘‡§√“–ÀåÕ‘¡æ’·¥π ǻ¢ÕßÕ‘‡≈Á°‚∑√¥„π‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ
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Impedance Analysis of Electrodes in Bio-Fuel Cell

The present paper reports an AC-impedance measurement of eight electrodes; silver, stainless steel,

aluminum, nickel, carbon fiber cloth, carbon paper, gold-coated carbon fiber cloth and gold-coated carbon

paper.  The impedance measurement is a technique used in analyzing electrical properties of electrode for

applying the bio-fuel cell (BFC).  The impedance analysis results will point out which component is an

electron transfer limiting part in the BFC.  The impedance measuring system consists of only a buffer

solution and electrode.  Therefore, the equivalent circuit consists of a solution resistance [R
S
], electrode

impedance [Z
E
], interfacial resistance [R

I
] and constant-phase element impedance [Z

CPE
].  The results

indicate that RI and Z
CPE

 is an electron transfer limiting component between electrode and solution inter-

face. Carbon fiber cloth, carbon paper, gold-coated carbon fiber cloth, gold-coated carbon paper and silver

are suitable for using as the BFC electrode since their RI and Z
CPE

 are low enough for facile electron

transfer in the system. While stainless steel, aluminum and nickel have high R
I
 and Z

CPE
 which limit the

electron transfer in the system then they are not suitable for the BFC application.

The impedance measurement results were compared with the BFC performance test which are

generated voltage, current and power.  The performance test have been carried out for only 4 electrode;

carbon fiber cloth, carbon paper, silver and stainless steel.  The high interfacial impedances make low BFC

performance and the low interfacial impedances make high BFC performance.  At 1 kΩ load, it was found

that carbon fiber cloth, carbon paper and silver could generate the current and power higher than stainless

steel 3~4 and 17~22 times, respectively.  Therefore, the impedance results were correlated with the BFC

performance that the performances of the BFC will be high when the impedance of the system is low.

Keywords : Impedance Analysis / Electrode / Bio-Fuel Cell / Electron Transfer
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1. ∫∑π”
‡´≈≈å‡™◊ÈÕ‡æ≈‘ß‡ªìπæ≈—ßß“π∑¥·∑π√Ÿª·∫∫Àπ÷Ëß∑’Ë‰¥â

√—∫§«“¡ π„®®“°π—°«‘®—¬¥â“πæ≈—ßß“π ‡π◊ËÕß®“°‡ªìπ
æ≈—ßß“π –Õ“¥∑’Ë‰¡à°àÕ„Àâ‡°‘¥¡≈¿“«–‡ªìπæ‘…µàÕ ‘Ëß·«¥≈âÕ¡
‡´≈≈å‡™◊ÈÕ‡æ≈‘ß®à“¬æ≈—ßß“π‚¥¬Õ“»—¬ªØ‘°‘√‘¬“∑“ß‰øøÑ“‡§¡’
´÷Ëß·∫àßÕÕ°‰¥âÀ≈“¬·∫∫¢÷ÈπÕ¬Ÿà°—∫Õ‘‡≈Á°‚∑√‰≈µå∑’Ë„™â ‡™àπ
‡´≈≈å‡™◊ÈÕ‡æ≈‘ß·∫∫‡¡¡‡∫√π·≈°‡ª≈’Ë¬π‚ª√µÕπ (Proton
Exchange Membrane Fuel Cells, PEMFC), ‡´≈≈å
‡™◊ÈÕ‡æ≈‘ß·∫∫°√¥øÕ øÕ√‘° (Phosphoric Acid Fuel
Cells, PAFC) ·≈–‡´≈≈å‡™◊ÈÕ‡æ≈‘ß·∫∫ªÑÕπ‡¡∑“πÕ≈
‚¥¬µ√ß (Direct Methanol Fuel Cells, DMFC) œ≈œ [1]
‡´≈≈å‡™◊ÈÕ‡æ≈‘ß‡À≈à“π’È®–„™â‰Œ‚¥√‡®πÀ√◊Õ “√‰Œ‚¥√§“√å∫Õπ
‡ªìπ‡™◊ÈÕ‡æ≈‘ß ´÷Ëß°“√‰¥â¡“¢Õß‡™◊ÈÕ‡æ≈‘ßµâÕß‡ ’¬§à“„™â®à“¬
·≈– Ÿ≠‡ ’¬æ≈—ßß“π„π°√–∫«π°“√º≈‘µ ®“° “‡Àµÿ¥—ß
°≈à“«π”‰ª Ÿà°“√æ—≤π“‡´≈≈å‡™◊ÈÕ‡æ≈‘ßÕ’°√Ÿª·∫∫Àπ÷Ëß ∑’Ë
‡√’¬°«à“‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ (Bio-Fuel Cell) ‡ªìπ·À≈àß
®à“¬æ≈—ßß“π∑’Ëπ”æ≈—ßß“π®“°°√–∫«π°“√‡º“º≈“≠
Õ“À“√¢Õß®ÿ≈‘π∑√’¬å¡“„™â‰¥â‚¥¬µ√ß ‡π◊ËÕß®“°º≈æ≈Õ¬‰¥â
¢Õß°√–∫«π°“√π’È§◊Õ ‚ª√µÕπ, Õ‘‡≈Á°µ√Õπ ·≈–°ä“´
§“√å∫Õπ‰¥ÕÕ°‰´¥å ‚¥¬Õ‘‡≈Á°µ√Õπ·≈–‚ª√µÕπ∑’Ë‰¥â®“°
°√–∫«π°“√π’È®–∂Ÿ°π”‰ª„™â„π°“√·ª≈ß√Ÿª‡ªìπæ≈—ßß“π

°“√«‘®—¬‡°’Ë¬«°—∫‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ‡°‘¥¢÷Èπµ—Èß·µàªï
§.». 1912 ‚¥¬ Potter [2] µàÕ¡“„πªï §.». 1990 Benetto
[3] ‰¥â √â“ß·∫∫®”≈Õß‡∫◊ÈÕßµâπ‡æ◊ËÕæ‘ Ÿ®πå„Àâ‡ÀÁπ«à“
®ÿ≈‘π∑√’¬å “¡“√∂π”¡“„™â„π°“√º≈‘µæ≈—ßß“π‰¥â ‚¥¬„™â
E.Coli ‡ªìπ®ÿ≈‘π∑√’¬å ·≈–„™â°≈Ÿ‚§  (C6H12O6) ‡ªìπ‡™◊ÈÕ
‡æ≈‘ß ´÷Ëß°√–∫«π°“√‡º“º≈“≠°≈Ÿ‚§  · ¥ß‰¥â¥—ß ¡°“√
∑’Ë (1)

C6H12O6 + 6O2 => 6CO2 + 6H2O (1)

®“° ¡°“√∑’Ë (1) °√–∫«π°“√‡º“º≈“≠ “√Õ“À“√∑’Ë
‡°‘¥®“°®ÿ≈‘π∑√’¬å ‘Èπ ÿ¥∑’Ë«—Ø®—°√‡§√∫ å®–‰¥âº≈º≈‘µ‡ªìπ
§“√å∫Õπ‰¥ÕÕ°‰´¥å (CO

2
), ‚ª√µÕπ (H+) ·≈–Õ‘‡≈Á°µ√Õπ

(e-) · ¥ßªØ‘°‘√‘¬“‰¥â¥—ß ¡°“√∑’Ë (2)

C
6
H

12
O

6
 + 6H

2
O => 6CO

2
 + 24H+ + 24e- (2)

À≈—ß®“°π—Èπ‚ª√µÕπ·≈–Õ‘‡≈Á°µ√Õπ®–∂Ÿ° àß‰ª¬—ß
√–∫∫°“√∂à“¬∑Õ¥Õ‘‡≈Á°µ√Õπ (Electron Transport
System : ETS) À√◊Õ≈Ÿ°‚´à°“√À“¬„® (Respiratory Chain)
‡æ◊ËÕ√«¡µ—«°—∫ÕÕ°´‘‡®π ∑”„Àâ°√–∫«π°“√‡º“º≈“≠ “√
Õ“À“√‡°‘¥¢÷ÈπÕ¬à“ß ¡∫Ÿ√≥å ·≈–„Àâº≈‘µº≈‡ªìππÈ” · ¥ß
¥—ß ¡°“√∑’Ë (3)

6O
2
 + 24H+ + 24e- => 12H

2
O (3)

 ¡°“√∑’Ë (2) ·≈– (3) π’È‰¥â∂Ÿ°π”¡“„™â°—∫‡´≈≈å‡™◊ÈÕ
‡æ≈‘ß™’«¿“æ∑’Ëª√–°Õ∫¥â«¬ÀâÕß·Õ‚π¥ ·≈–ÀâÕß·§‚∑¥
∑’Ë°—Èπ°≈“ß¥â«¬‡¡¡‡∫√π‡≈◊Õ°ºà“π‚ª√µÕπ (proton
exchange membrane) ‚¥¬ªØ‘°‘√‘¬“ÕÕ°´‘‡¥™—π∑’Ë‡°‘¥
®“°°“√ÕÕ°´‘‰¥´å¢Õß°≈Ÿ‚§ À√◊Õ ¡°“√∑’Ë (2) ‡°‘¥¢÷Èπ„π
ÀâÕß·Õ‚π¥∑”„Àâ¢—È«·Õ‚π¥‡ªìπ¢—È«≈∫ ·≈–ªØ‘°‘√‘¬“
√’¥—°™—πÀ√◊Õ ¡°“√∑’Ë (3) ‡°‘¥¢÷Èπ„πÀâÕß·§‚∑¥∑”„Àâ¢—È«
·§‚∑¥‡ªìπ¢—È«∫«° ‚ª√µÕπ∑’Ë‡°‘¥¢÷Èππ’È®–·æ√àºà“π
‡¡¡‡∫√π·≈°‡ª≈’Ë¬π‚ª√µÕπ®“°ÀâÕß·Õ‚π¥‰ªÀâÕß·§‚∑¥
 à«πÕ‘‡≈Á°µ√Õπ®–∂Ÿ°µ—«π”æ“Õ‘‡≈Á°µ√Õπ (Electron
Mediator) ‡™àπ ‡¡∏‘≈’π∫≈Ÿ (methylene blue) ·≈– π‘«
∑√Õ≈‡√¥ (neutral red) ‡ªìπµâπ ∑’Ë “¡“√∂·æ√àºà“π‡¬◊ËÕ
Àÿâ¡‡´≈≈å‡¢â“‰ª„π‡´≈≈å·≈–π”æ“Õ‘‡≈Á°µ√ÕπÕÕ°¡“
¿“¬πÕ°‡´≈≈å‰¥â ·≈–À“°Õ‘‡≈Á°µ√Õπ‡À≈à“π’È∂Ÿ° àß„Àâ¢—È«
·Õ‚π¥ Õ‘‡≈Á°µ√Õπ®–‡§≈◊ËÕπ∑’ËµàÕ‰ª¬—ß‚À≈¥¿“¬πÕ°·≈–
¢—È«·§‚∑¥ ‡æ◊ËÕ√«¡µ—«°—∫‚ª√µÕπ·≈–ÕÕ°´‘‡®π„πÀâÕß
·§‚∑¥ À≈—°°“√∑”ß“π¢Õß‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ∑’Ë°≈à“«
π’È· ¥ß‰¥â¥—ß√Ÿª∑’Ë 1

®“°À≈—°°“√∑”ß“π¢Õß‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“ææ∫«à“
¡’µ—«·ª√ ”§—≠À≈“¬µ—«·ª√∑’Ë àßº≈µàÕª√– ‘∑∏‘¿“æ°“√
∑”ß“π¢Õß‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ ‰¥â·°à ‚§√ß √â“ß¢Õß
‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ ™π‘¥·≈–§«“¡‡¢â¡¢âπ¢Õß®ÿ≈‘π∑√’¬å
‡™◊ÈÕ‡æ≈‘ß µ—«π”æ“Õ‘‡≈Á°µ√Õπ·≈–µ—«√—∫Õ‘‡≈Á°µ√Õπ ™π‘¥
·≈–¢π“¥¢ÕßÕ‘‡≈Á°‚∑√¥ ·≈–‡¡¡‡∫√π·≈°‡ª≈’Ë¬π‚ª√µÕπ
´÷ËßπÕ°®“°µ—«·ª√‡À≈à“π’È·≈â«°Á¬—ß¡’º≈¢ÕßÕÿ≥À¿Ÿ¡‘ ·≈–
§à“ pH ¢Õß “√≈–≈“¬„πÀâÕß·Õ‚π¥·≈–ÀâÕß·§‚∑¥
¥—ßπ—Èπ·π«∑“ßÀ≈—°„π°“√æ—≤π“‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ®–
¢÷ÈπÕ¬Ÿà°—∫µ—«·ª√µà“ßÊ ‡À≈à“π’È [2-14]
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‚¥¬∑—Ë«‰ªÀ“°æ‘®“√≥“„π∑“ß‰øøÑ“ ‡´≈≈å‡™◊ÈÕ‡æ≈‘ß
™’«¿“æ “¡“√∂·∑π¥â«¬«ß®√ ¡¡Ÿ≈¢Õß‡∑«‘π‘π ∑’Ë
ª√–°Õ∫¥â«¬·À≈àß®à“¬·√ß¥—π‰øøÑ“Õπÿ°√¡°—∫Õ‘¡æ’·¥π ǻ
‚¥¬∑’ËÕ‘¡æ’·¥π´å®– —¡æ—π∏å°—∫µ—«·ª√µà“ßÊ ∑’Ë‡ªìπÕß§å
ª√–°Õ∫¢Õß√–∫∫ √–∫∫∑’Ë¡’Õ‘¡æ’·¥π ǻ¿“¬„πµË”∑’Ë ÿ¥
∑”„Àâ‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ®à“¬°√–· ‰øøÑ“‰¥â Ÿß ÿ¥
°≈à“«§◊Õ°“√∂à“¬‚ÕπÕ‘‡≈Á°µ√Õπ¿“¬„π‡´≈≈å‡™◊ÈÕ‡æ≈‘ß
™’«¿“æ®–‡ªìπ‰ª‰¥â¥’ ¥—ßπ—ÈπÕ‘¡æ’·¥π´å¿“¬„π‡´≈≈å‡™◊ÈÕ
‡æ≈‘ß™’«¿“æ®÷ß‡ªìπª√–‡¥Áπ∑’Ëπà“ π„®

°“√«‘‡§√“–ÀåÕ‘¡æ’·¥π ǻ‡ªìπ«‘∏’Àπ÷Ëß∑’Ëπ”¡“„™â°—∫‡´≈≈å
‡™◊ÈÕ‡æ≈‘ß [15,16] ∑”„ÀâÀ“§à“æƒµ‘°√√¡∑“ß‰øøÑ“‡§¡’¢Õß
Õ‘‡≈Á°‚∑√¥∑’Ë‡°‘¥¢÷Èπ„π‡´≈≈å‡™◊ÈÕ‡æ≈‘ß ‚¥¬· ¥ß¥â«¬Õß§å
ª√–°Õ∫∑“ß‰øøÑ“ §◊Õ µ—«µâ“π∑“π µ—«‡°Á∫ª√–®ÿ ·≈–µ—«
‡Àπ’Ë¬«π” ¥—ßπ—Èπ∫∑§«“¡π’È‰¥âπ”°“√«‘‡§√“–ÀåÕ‘¡æ’·¥π´å
∑’Ë„™â°—∫‡´≈≈å‡™◊ÈÕ‡æ≈‘ß∑’Ë¡’ ¿“«–°“√∑”ß“πÕ¬Ÿà„π°ä“´¡“
„™â°—∫‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ∑’Ë¡’ ¿“«–°“√∑”ß“πÕ¬Ÿà„π
¢Õß‡À≈« ‚¥¬®–æ‘®“√≥“º≈¢ÕßÕ‘¡æ’·¥π´å∑’Ë‡°‘¥¢÷Èπ‡¡◊ËÕ
„™âÕ‘‡≈Á°‚∑√¥ 8 ™π‘¥ §◊Õ ‡ß‘π (Ag),  ·µπ‡≈  (St),
Õ–≈Ÿ¡‘‡π’¬¡ (Al), π‘°‡°‘≈ (Ni), ºâ“§“√å∫Õπ (carbon fiber
cloth : CF), °√–¥“…§“√å∫Õπ (carbon paper : CP), ºâ“
§“√å∫Õπ‡§≈◊Õ∫∑Õß (gold-coated carbon fiber cloth :
CFG) ·≈–°√–¥“…§“√å∫Õπ‡§≈◊Õ∫∑Õß (gold-coated
carbon paper : CPG)

´÷ËßÕ‘‡≈Á°‚∑√¥‡À≈à“π’È‡ªìπµ—«π”‰øøÑ“∑’Ë¥’  “¡“√∂„™â
ß“π‡ªìπµ—«π”‰¥â∑—Ë«‰ª„π ¿“«–ª°µ‘ ·µà‡¡◊ËÕ∂Ÿ°π”¡“„™â
„π “√≈–≈“¬®–°àÕ„Àâ‡°‘¥º≈¢ÕßÕ‘¡æ’·¥π´å√–À«à“ß√Õ¬
µàÕ¢ÕßÕ‘‡≈Á°‚∑√¥·≈– “√≈–≈“¬ ´÷ËßÀ“°Õ‘¡æ’·¥π´å∑’Ë
‡°‘¥¢÷Èππ’È¡’§à“ Ÿß®– àßº≈„Àâª√– ‘∑∏‘¿“æ„π°“√®à“¬
°√–· ‰øøÑ“·≈–°”≈—ß‰øøÑ“¢Õß‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ¡’
§à“µË” ¥—ßπ—ÈπÕ‘‡≈Á°‚∑√¥∑’Ë‡À¡“– ¡ µâÕß¡’§à“Õ‘¡æ’·¥π´å
√–À«à“ß√Õ¬µàÕ¢ÕßÕ‘‡≈Á°‚∑√¥·≈– “√≈–≈“¬µË”Ê πÕ°®“°
π’Èº≈°“√«‘‡§√“–ÀåÕ‘¡æ’·¥π´å®–∂Ÿ°π”¡“‡ª√’¬∫‡∑’¬∫°—∫
º≈°“√∑¥ Õ∫·√ß¥—π‰øøÑ“ °√–· ‰øøÑ“ ·≈–°”≈—ß
‰øøÑ“∑’Ë‰¥â®“°‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ ‚¥¬‡≈◊Õ°Õ‘‡≈Á°‚∑√¥
¡“∑¥ Õ∫‡æ’¬ß 4 ™π‘¥ ‰¥â·°à ºâ“§“√å∫Õπ °√–¥“…§“√å∫Õπ
‡ß‘π ·≈– ·µπ‡≈  ‡æ◊ËÕæ‘ Ÿ®πå«à“ Õ‘‡≈Á°‚∑√¥∑’Ë∑”„ÀâÕ‘¡æ’
·¥π´å¢Õß√–∫∫ Ÿß  àßº≈„Àâª√– ‘∑∏‘¿“æ¢Õß‡´≈≈å‡™◊ÈÕ
‡æ≈‘ß™’«¿“æµË”°«à“Õ‘‡≈Á°‚∑√¥∑’Ë∑”„ÀâÕ‘¡æ’·¥π´å¢Õß
√–∫∫µË”

2. «‘∏’°“√∑¥≈Õß
·∫∫®”≈Õß‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ∑’Ë„™â„π°“√∑¥≈Õß

 √â“ß®“°·ºàπÕ–§√‘≈‘° ª√–°Õ∫¥â«¬ 2 ÀâÕß §◊ÕÀâÕß
·Õ‚π¥·≈–ÀâÕß·§‚∑¥ ·µà≈–ÀâÕß¡’ª√‘¡“µ√ 8 ´¡.3 ‚¥¬
Õ‘‡≈Á°‚∑√¥∑’Ëπ”¡“∑¥ Õ∫„π°“√∑¥≈Õßπ’È “¡“√∂·∫àß
ÕÕ°‡ªìπ 3 °≈ÿà¡¥—ßπ’È

1. ‚≈À– ‰¥â·°à ‡ß‘π,  ·µπ‡≈ , Õ–≈Ÿ¡‘‡π’¬¡ ·≈–π‘°‡°‘≈
2. §“√å∫Õπ ‰¥â·°à ºâ“§“√å∫Õπ  ·≈–°√–¥“…§“√å∫Õπ
3. «— ¥ÿº ¡√–À«à“ß§“√å∫Õπ·≈–‚≈À– ‰¥â·°à ºâ“

§“√å∫Õπ‡§≈◊Õ∫∑Õß ·≈–°√–¥“…§“√å∫Õπ‡§≈◊Õ∫
∑Õß

 ”À√—∫ºâ“§“√å∫Õπ‡§≈◊Õ∫∑Õß·≈–°√–¥“…§“√å∫Õπ
‡§≈◊Õ∫∑Õß‡ªìπÕ‘‡≈Á°‚∑√¥∑’Ëæ—≤π“¢÷Èπ‡Õß ‚¥¬„™â‡§√◊ËÕß
√–‡À¬·∫∫§«“¡√âÕπ (evaporator) √–‡À¬∑Õß„Àâµ‘¥∫π
ºâ“§“√å∫Õπ·≈–°√–¥“…§“√å∫Õπ ‚¥¬¡’§«“¡Àπ“ª√–¡“≥
280°A

Õ‘‡≈Á°‚∑√¥∑’Ë„™â„π°“√∑¥≈Õß¡’æ◊Èπ∑’Ë —¡º— °—∫ “√≈–≈“¬
9.6 ´¡.2 Àπ“ < 0.1 ¡¡. Õ‘‡≈Á°‚∑√¥·µà≈–™π‘¥®–
∑”§«“¡ –Õ“¥¥â«¬·Õ≈°ÕŒÕ≈å ·≈â«π”‰ª·™à„ππÈ” DI °àÕπ
π”‰ª„™â„π·∫∫®”≈Õß‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ

CO2

PROTON EXCHANGE MEMBRANE
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E
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E

H+

CATHODEANODE

e- e-

MEDIATOR
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MEDIATOR
(oxidised)

H2O

O2

e- e-

M
IC
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√Ÿª∑’Ë 1  À≈—°°“√∑”ß“π¢Õß‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ
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‡π◊Ë Õß®“°µâÕß°“√»÷°…“‡©æ“–Õ‘¡æ’·¥π´å¢Õß
Õ‘‡≈Á°‚∑√¥„π “√≈–≈“¬‡∑à“π—Èπ „π°“√∑¥ Õ∫π’È®–‰¡à„ à
‡¡¡‡∫√π·≈°‡ª≈’Ë¬π‚ª√µÕπ ®ÿ≈‘π∑√’¬å ‡™◊ÈÕ‡æ≈‘ß µ—«π”
æ“Õ‘‡≈Á°µ√Õπ ·≈–µ—«√—∫Õ‘‡≈Á°µ√Õπ ‡æ◊ËÕµ—¥º≈
Õ‘¡æ’·¥π´å¢Õßµ—«·ª√‡À≈à“π’È ¥—ßπ—Èπ„π√–∫∫π’È‡µ‘¡‡©æ“–
 “√≈–≈“¬øÕ ‡øµ∫—ø‡øÕ√å§«“¡‡¢â¡¢âπ 0.1 M pH7
ª√‘¡“µ√ 16 ¡≈. ≈ß„π‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ ·≈–µàÕ
‡´≈≈å ‡™◊È Õ ‡æ≈‘ß™’«¿“æ‡¢â“°—∫‡§√◊ËÕß«—¥Õ‘¡æ’·¥π ǻ
°√–·  ≈—∫ (AC-Impedance measurement) · ¥ß
‰¥â¥—ß√Ÿª∑’Ë 2

 ”À√—∫°“√∑¥≈Õß«—¥·√ß¥—π‰øøÑ“∑’Ë‡´≈≈å‡™◊ÈÕ‡æ≈‘ß
™’«¿“æ “¡“√∂º≈‘µ‰¥â‡¡◊ËÕ„™âÕ‘‡≈Á°‚∑√¥™π‘¥µà“ßÊ π—Èπ ®–
„™â Neosepta® ‡¡¡‡∫√π·≈°‡ª≈’Ë¬π‚ª√µÕπ ‡æ◊ËÕ°—Èπ
√–À«à“ßÀâÕß·Õ‚π¥·≈–ÀâÕß·§‚∑¥ „πÀâÕß·Õ‚π¥„™â
°≈Ÿ‚§ ‡ªìπ‡™◊ÈÕ‡æ≈‘ß„Àâ°—∫¬’ µå∑’Ë„™â‡ªìπµ—« √â“ßæ≈—ßß“π
µ—«π”æ“Õ‘‡≈Á°µ√Õπ„™â‡¡∏‘≈’π∫≈Ÿ (methylene blue : MB)
·≈–„™â “√≈–≈“¬øÕ ‡øµ∫—ø‡øÕ√å (PB) §«“¡‡¢â¡¢âπ 0.1
M (pH7) ‡ªìπµ—«∑”≈–≈“¬·≈–√—°…“§à“§«“¡‡ªìπ°√¥-‡∫ 
¢Õß√–∫∫ „πÀâÕß·§‚∑¥„™â‚æ·∑ ‡´’¬¡‡Œ°´–‰´¬“‚π
‡øÕ‡√µ∑√’ (K3Fe(CN)

6
) ‡ªìπµ—«√—∫Õ‘‡≈Á°µ√Õπ ·≈–√—°…“

Õÿ≥À¿Ÿ¡‘¢≥–∑¥≈Õß 26-27 °´ Õß§åª√–°Õ∫¢Õß‡´≈≈å
‡™◊ÈÕ‡æ≈‘ß· ¥ß‰¥â¥—ß√Ÿª∑’Ë 3
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E
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D
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PB 0.1 M
16 ml

Anode Cathode

AC
Impedance

2 cm

‡§√◊ËÕß«—¥Õ‘¡æ’·¥π´å°√–·  ≈—∫∑’Ë„™â„π°“√∑¥≈Õß
‡ªìπ¢Õß Solartron √ÿàπ SI 1260 µ—Èß§à“§«“¡∂’Ë∑’Ë„™â«—¥„π
™à«ß 0.05 Hz - 10 MHz ‚¥¬‡ª≈’Ë¬π§à“§«“¡∂’Ë®“°¡“°‰ª
πâÕ¬  ”À√—∫·√ß¥—π‰øøÑ“°√–·  ≈—∫∑’ËªÑÕπ„π°“√∑¥≈Õß
‰¡à “¡“√∂„™â·√ß¥—πµË”„π™à«ß 1-10 mV ‰¥â ‡π◊ËÕß®“°
‡°‘¥ —≠≠“≥√∫°«π Ÿß ¥—ßπ—Èπ§à“·Õ¡æ≈‘®Ÿ¥¢Õß·√ß¥—π
‰øøÑ“°√–·  ≈—∫∑’ËªÑÕπ„Àâ°—∫√–∫∫§◊Õ 200 mV ‡æ◊ËÕ„Àâ
‰¥â§à“Õ‘¡æ’·¥π ǻ∑’Ë¡’§«“¡‡ ∂’¬√∑’Ë§«“¡∂’Ë Ÿß  ”À√—∫·√ß
¥—π‰øøÑ“°√–· µ√ßµ—Èß§à“∑’Ë  0 V ‡æ◊ËÕ‰¡à„Àâ ‡°‘¥
electrolysis ¿“¬„π·∫∫®”≈Õß‡´≈≈å‡æ≈‘ß™’«¿“æ

√Ÿª∑’Ë 2  ·∫∫®”≈Õß‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ∑’ËµàÕ¥â«¬‡§√◊ËÕß«—¥
Õ‘¡æ’·¥π´å°√–·  ≈—∫

·√ß¥—π‰øøÑ“∑’Ë‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æº≈‘µ‰¥â (Vload)

®–∂Ÿ°«—¥¥â«¬‡§√◊ËÕß«—¥·√ß¥—π‰øøÑ“ (Voltmeter) ∑’Ë
 “¡“√∂∫—π∑÷°¢âÕ¡Ÿ≈≈ß„πÀπà«¬§«“¡®”¢Õß‡§√◊ËÕß
§Õ¡æ‘«‡µÕ√å (PC) ∑ÿ°Ê 30 «‘π“∑’ ¢≥–∑¥≈Õß¡’°“√µàÕ
‚À≈¥ (RL) §à“µà“ßÊ „π™à«ß 100 Ω - 100 kΩ ‚¥¬µàÕ
‚À≈¥®“°§à“¡“°‰ª§à“πâÕ¬ ‡æ◊ËÕπ”‰ª„™â„π°“√§”π«≥
°√–· ‰øøÑ“∑’Ë‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æº≈‘µ‰¥â (Icell) ‚¥¬„™â
°Æ¢Õß‚ÕÀå¡¥—ß ¡°“√∑’Ë (4) ·≈–· ¥ß√–∫∫°“√«—¥·√ß
¥—π‰øøÑ“¢Õß‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ‰¥â¥—ß√Ÿª∑’Ë 4

NEOSEPTA  PROTON EXCHANGE MEMBRANE

CATHODEANODE

PB 0.1M (8 ml)

GLUCOSE 53mM

YEAST 25mg/ml

MB 3mM

PB 0.1M (8 ml)

K3Fe(CN)6 5mM 

CHAMBER

EL
EC
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TEMP : 26-27 °CV

LOAD



√Ÿª∑’Ë 3  Õß§åª√–°Õ∫¢Õß‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ∑’Ë„™â„π°“√∑¥≈Õß
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Vload = Icell x RL (4)

°”≈—ß‰øøÑ“∑’Ë‡´≈≈å‡™◊ÈÕ‡æ≈‘ßº≈‘µ‰¥â (Pload) §”π«≥‚¥¬

Pload = Vload x Icell (5)

BFC

Icell

RL microcontroller

RS-232

Voltage 
follower

+

-

VloadEcell

+

-

PC
Voltmeter

√Ÿª∑’Ë 4  √–∫∫«—¥·√ß¥—π‰øøÑ“¢Õß‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ

3. º≈°“√∑¥≈Õß·≈–«‘‡§√“–Àåº≈°“√∑¥≈Õß
3.1 Õ‘¡æ’·¥π´å¢ÕßÕ‘‡≈Á°‚∑√¥„π “√≈–≈“¬

∫—ø‡øÕ√å
√Ÿª∑’Ë 5 · ¥ß°√“øÕ‘¡æ’·¥π ǻ¢Õß‡´≈≈å‡™◊ÈÕ‡æ≈‘ß

™’«¿“æ∑’Ë«—¥¥â«¬‡§√◊ËÕß«—¥Õ‘¡æ’·¥π ǻ°√–·  ≈—∫ ‚¥¬∑’Ë·°π

x · ¥ß à«π®√‘ß¢ÕßÕ‘¡æ’·¥π´å (Zre) ·≈–·°π y · ¥ß
 à«π®‘πµ¿“æ¢ÕßÕ‘¡æ’·¥π´å (Zim) ¡’Àπà«¬‡ªìπ‚ÕÀå¡ (Ω)
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®“°√Ÿª∑’Ë 2 ‡¢’¬π«ß®√ ¡¡Ÿ≈‰¥â¥—ß√Ÿª∑’Ë 6
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√Ÿª∑’Ë 5  °√“øÕ‘¡æ’·¥π´å¢Õß‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ‡¡◊ËÕ„™â (°) ‡ß‘π, π‘°‡°‘≈ ·≈– ·µπ‡≈ , (¢) Õ–≈Ÿ¡‘‡π’¬¡, (§) °√–¥“…
§“√å∫Õπ ·≈–ºâ“§“√å∫Õπ, ·≈– (ß) °√–¥“…§“√å∫Õπ‡§≈◊Õ∫∑Õß ·≈–ºâ“§“√å∫Õπ‡§≈◊Õ∫∑Õß‡ªìπÕ‘‡≈Á°‚∑√¥

(°) (¢)

(§) (ß)

 

Rs

RE

CE

RI

Z CPE

ZT

‚¥¬∑’Ë  RS : §«“¡µâ“π∑“π‰øøÑ“¢Õß “√≈–≈“¬
RI : §«“¡µâ“π∑“π‰øøÑ“√–À«à“ß√Õ¬µàÕ¢ÕßÕ‘‡≈Á°

‚∑√¥°—∫ “√≈–≈“¬
ZCPE (Constant-Phase Element) : Õ‘¡æ’·¥π´å

√–À«à“ß√Õ¬µàÕ¢ÕßÕ‘‡≈Á°‚∑√¥°—∫ “√≈–≈“¬ [17]

‚¥¬∑’Ë ZCPE  =

‡¡◊ËÕ A : §à“§«“¡®ÿ‡∑’¬¡ (pseudo capacitance)
ω : §«“¡∂’Ë‡™‘ß¡ÿ¡ (rad/s) ·≈– ω = 2πf

√Ÿª∑’Ë 6  «ß®√ ¡¡Ÿ≈¢Õß‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ∑’Ë¡’‡©æ“–
 “√≈–≈“¬∫—ø‡øÕ√å·≈–Õ‘‡≈Á°‚∑√¥ [17]

1

A(jω)α



«“√ “√«‘®—¬·≈–æ—≤π“ ¡®∏. ªï∑’Ë 31 ©∫—∫∑’Ë 1 ¡°√“§¡-¡’π“§¡ 255154

f : §«“¡∂’Ë (Hz)
α : ∑‘»∑“ß¢ÕßÕ‘¡æ’·¥π ǻ ¡’§à“Õ¬Ÿà„π™à«ß 0-1

∂â“¡’§à“‡§√◊ËÕßÀ¡“¬‡ªìπ∫«°· ¥ß«à“¡’µ—«‡°Á∫
ª√–®ÿ‡ªìπÕß§åª√–°Õ∫
∂â“¡’§à“‡§√◊ËÕßÀ¡“¬‡ªìπ≈∫· ¥ß«à“¡’µ—«‡Àπ’Ë¬«
π”‡ªìπÕß§åª√–°Õ∫
‡¡◊ËÕ α=0 : ZCPE ‡ªìπ§à“§«“¡µâ“π∑“π

α=1 : ZCPE ‡ªìπ§à“§«“¡®ÿÀ√◊Õ§à“§«“¡
‡Àπ’Ë¬«π”
0<α<1 : ZCPE ‡ªìπº≈√«¡¢Õß§à“§«“¡
µâ“π∑“π·≈–§à“§«“¡®ÿ À√◊Õ§à“§«“¡
µâ“π∑“π·≈–§à“§«“¡‡Àπ’Ë¬«π”

RE : §«“¡µâ“π∑“π‰øøÑ“¢ÕßÕ‘‡≈Á°‚∑√¥
CE : §à“§«“¡®ÿ‰øøÑ“¢ÕßÕ‘‡≈Á°‚∑√¥

‡æ√“–©–π—Èπ

(6)

‡¡◊ËÕ ZT: Õ‘¡æ’·¥π´å√«¡
®“°º≈°“√∑¥≈Õß„π√Ÿª∑’Ë 5 æ∫«à“Õ‘¡æ’·¥π´å¢Õß

√–∫∫‚¥¬„™âÕ‘‡≈Á°‚∑√¥™π‘¥µà“ßÊ  “¡“√∂·∫àßÕÕ°‰¥â‡ªìπ
2 ≈Ÿª ¥—ß· ¥ß„π√Ÿª∑’Ë 7

ZT(ω) = RS + (                     ) + (                     )
RI

1 + ARI(jω)α

RE

1 + jωCERE

 ≈Ÿª 1

    ≈Ÿª 2

√Ÿª∑’Ë 7  °√“øÕ‘¡æ’·¥π´å¢Õß‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ‡¡◊ËÕ„™â°√–¥“…§“√å∫Õπ‡ªìπÕ‘‡≈Á°‚∑√¥

®“°√Ÿª∑’Ë 7 ®–‡ÀÁπ«à“‡°‘¥≈Ÿª¢÷Èπ 2 ≈Ÿª ‚¥¬≈Ÿª 1 Õ¬Ÿà
„π™à«ß§«“¡∂’Ë Ÿß¢Õß°“√«—¥  à«π≈Ÿª 2 ‡°‘¥¢÷Èπ∑’Ë§«“¡∂’Ë
µË”¢Õß°“√«—¥ ·≈–≈Ÿª 1 π—Èπ¡’§à“Õ‘¡æ’·¥π ǻ (Zre ·≈– Zim)
µË”¡“°‡¡◊ËÕ‡∑’¬∫°—∫≈Ÿª 2 ÷́ËßÀ“°∑”°“√æ‘®“√≥“®“°
√–∫∫„π√Ÿª∑’Ë 2 æ∫«à“§«“¡µâ“π∑“π¢Õß “√≈–≈“¬∫—ø‡øÕ√å
(RS) π—Èπ¡’§à“µË” ‡π◊ËÕß®“°¡’§à“§«“¡‡¢â¡Õ‘ÕÕπ (ionic
strength)  Ÿß (0.1M) ·≈–Õ‘‡≈Á°‚∑√¥∑’Ë„™â„π°“√∑¥≈Õß
∑—ÈßÀ¡¥π’È¡’§à“Õ‘¡æ’·¥π ǻµË”‡π◊ËÕß®“°‡ªìπ«— ¥ÿµ—«π”‰øøÑ“
¥—ßπ—Èπº≈¢ÕßÕ‘¡æ’·¥π ǻ∑’Ë‡°‘¥¢÷Èπ„π≈Ÿª 1 ®÷ß‡ªìπº≈¢Õß
§«“¡µâ“π∑“π¢Õß “√≈–≈“¬ ·≈–Õ‘¡æ’·¥π´å¢ÕßÕ‘‡≈Á°
‚∑√¥ ·≈–‡π◊ËÕß®“°§à“Õ‘¡æ‘·¥π ǻ∑’Ë‡°‘¥¢÷Èπ„π≈Ÿª 1 µË”°«à“≈Ÿª
2 ¡“° À√◊Õ°≈à“««à“Õ‘¡æ’·¥π ǻ„π™à«ß§«“¡∂’ËµË” (≈Ÿª 2)  àß

º≈µàÕ°“√®”°—¥°“√∂à“¬‚ÕπÕ‘‡≈Á°µ√Õπ Ÿß°«à“™à«ß§«“¡∂’Ë Ÿß
(≈Ÿª 1) ¡“° ¥—ßπ—Èπ„π°“√«‘‡§√“–ÀåÀ“Õ‘¡æ’·¥π´å¢Õß
‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ®÷ß°”Àπ¥„Àâ

RSE = RS + (RE//CE)

¥—ßπ—Èπ®–‰¥â«à“  ZT = RSE + (RI// ZCPE) ·≈–

(7)

§à“§ßµ—«„πÕ‘¡æ’·¥π´å¢Õß‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ∑’Ë«—¥
‰¥â®“°‡§√◊ËÕß«—¥Õ‘¡æ’·¥π´å°√–·  ≈—∫ “¡“√∂À“‰¥â®“°
°“√øîµ°√“øÕ‘¡æ’·¥π´å„π√Ÿª∑’Ë 5 ‚¥¬„™â ¡°“√∑’Ë (7) ´÷Ëß
§à“§ßµ—«µà“ßÊ „πÕ‘¡æ’·¥π´å∑’ËÀ“‰¥â √ÿª¥—ßµ“√“ß∑’Ë 1

ZT = RSE + (                     )
RI

1 + ARI(jω)α
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®“°µ“√“ß∑’Ë 1 ®–‡ÀÁπ«à“§à“ R
SE
 ¡’§à“Õ¬Ÿà„π™à«ß 30-65

Ω ‚¥¬§à“ R
SE
 ∑’Ë·µ°µà“ß°—ππ’È‡ªìπº≈®“°§«“¡µâ“π∑“π

¢Õß·µà≈–Õ‘‡≈Á°‚∑√¥ §à“ R
SE
 π’È¡’§à“πâÕ¬¡“°‡¡◊ËÕ‡ª√’¬∫

‡∑’¬∫°—∫§«“¡µâ“π∑“π∑’Ë‡°‘¥¢÷Èπ√–À«à“ß√Õ¬µàÕ (RI) ¥—ßπ—Èπ
R

SE
 ®÷ß‰¡à‰¥â‡ªìπµ—«®”°—¥°“√∂à“¬‚ÕπÕ‘‡≈Á°µ√Õπ¿“¬„π

‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ

‡¡◊ËÕ SSEre= Σ (Zre(normalize)-Zresim(normalize))
2

SSEim = Σ (Zim(normalize)-Zimsim(normalize))
2

·≈– SSE §◊Õ sum square error

 ”À√—∫Õ‘¡æ’·¥π ǻ∑’Ë‡°‘¥¢÷Èπ√–À«à“ß√Õ¬µàÕ¢ÕßÕ‘‡≈Á°
‚∑√¥°—∫ “√≈–≈“¬∑’Ë· ¥ß‚¥¬§à“ RI ·≈– ZCPE  ®–‡ÀÁπ
«à“§à“∑’Ë‰¥â¡’§à“·µ°µà“ß°—πµ“¡™π‘¥¢ÕßÕ‘‡≈Á°‚∑√¥∑’Ë„™â ‡¡◊ËÕ
æ‘®“√≥“§à“ RI æ∫«à“Õ‘‡≈Á°‚∑√¥‡ß‘π¡’§à“ RI µË”∑’Ë ÿ¥ §◊Õ
2.61 kΩ √Õß≈ß¡“§◊Õºâ“§“√å∫Õπ¡’§à“ RI 4.96 kΩ ·≈–
‡¡◊ËÕºâ“§“√å∫Õπ∂Ÿ°‡§≈◊Õ∫¥â«¬∑ÕßÀπ÷Ëß¥â“π àßº≈„Àâ§à“RI  Ÿß
¢÷Èπ‡ªìπ 7.10 kΩ º≈∑’Ë‰¥âπ’È‡ªìπ‰ª„π∑”πÕß‡¥’¬«°—π°—∫
°√–¥“…§“√å∫Õπ ‡æ√“–°√–¥“…§“√å∫Õπ∑’Ë‰¡à‡§≈◊Õ∫∑Õß
¡’§à“ RI 177.17 kΩ ‡¡◊ËÕ‡§≈◊Õ∫∑Õß®–¡’§à“ RI  Ÿß¢÷Èπ‡ªìπ
581.27 kΩ ¥—ßπ—Èπ· ¥ß«à“ºâ“·≈–°√–¥“…§“√å∫Õπ∑’Ë
‡§≈◊Õ∫∑Õßπ’È àßº≈„Àâ§à“ RI  Ÿß¢÷Èπ ÷́Ëß‡¡◊ËÕ§à“ RI  Ÿß¢÷Èπ ¡’
º≈∑”„Àâ°“√∂à“¬‚ÕπÕ‘‡≈Á°µ√Õπºà“π RI ‰¥âπâÕ¬≈ß  à«πÕ‘
‡≈Á°‚∑√¥Õ–≈Ÿ¡‘‡π’¬¡¡’§à“ RI 224.14 kΩ „°≈â‡§’¬ß°—∫
°√–¥“…§“√å∫Õπ  ”À√—∫Õ‘‡≈Á°‚∑√¥π‘°‡°‘≈·≈– ·µπ‡≈ 
¡’§à“ RI  Ÿß°«à“ 1 MΩ ´÷Ëß· ¥ß„Àâ‡ÀÁπ™—¥‡®π«à“°“√∂à“¬
‚ÕπÕ‘‡≈Á°µ√Õπºà“π RI ¢ÕßÕ‘‡≈Á°‚∑√¥π‘°‡°‘≈·≈– ·µπ‡≈ 
π—Èπ‡°‘¥¢÷Èπ‰¥â§àÕπ¢â“ßµË” Õ¬à“ß‰√°Áµ“¡Õ‘‡≈Á°µ√Õπ ¬—ß§ß
 “¡“√∂‰À≈ºà“π ZCPE ‰¥â ‡π◊ËÕß®“°‡ªìπÕß§åª√–°Õ∫∑’Ë

µàÕ¢π“π°—πÕ¬Ÿà  ¥—ßπ—Èπ®”‡ªìπµâÕßæ‘®“√≥“ ZCPE ‡æ◊ËÕ
æ‘®“√≥“«à“Õ‘‡≈Á°µ√Õπ “¡“√∂∂à“¬‚Õπºà“π∑“ßπ’È‰¥âÀ√◊Õ‰¡à

§à“ ZCPE · ¥ßÕ¬Ÿà„π§à“¢Õß α ·≈– A ´÷Ëß®“°°“√
∑¥≈Õßæ∫«à“ §à“ α ∑’Ë§”π«≥‰¥â¢Õß·µà≈–Õ‘‡≈Á°‚∑√¥¡’§à“
Õ¬Ÿà„π™à«ß 0.71-0.82 ¬°‡«âπÕ‘‡≈Á°‚∑√¥‡ß‘π´÷Ëß¡’§à“ α = 0.56
∑’Ë¡’‡§√◊ËÕßÀ¡“¬‡ªìπ∫«°·≈– 0<α<1 ¥—ßπ—Èπ ZCPE ¢Õß
√–∫∫π’È¡’µ—«‡°Á∫ª√–®ÿ·≈–µ—«µâ“π∑“π‡ªìπÕß§åª√–°Õ∫ ́ ÷Ëß
„π°“√æ‘®“√≥“§«“¡À¡“¬ ‡√“ “¡“√∂‡ª√’¬∫ ZCPE ‰¥â
°—∫µ—«µâ“π∑“π∑’ËÕπÿ°√¡Õ¬Ÿà°—∫µ—«‡°Á∫ª√–®ÿ ¥—ßπ—Èπ°“√∑’Ë
Õ‘‡≈Á°µ√Õπ∂à“¬‚Õπ‰¥â¥’∑’Ë ÿ¥π—Èπ §à“§«“¡µâ“π∑“π§«√¡’
§à“µË”Ê ·≈–§à“§«“¡®ÿ§«√¡’§à“ ŸßÊ Õ—π®–∑”„ÀâÕ‘¡æ’·¥π´å
¢Õß à«ππ’È¡’§à“µË”  àßº≈„Àâ°√–· ‰À≈ºà“π‰¥â –¥«° ®“°
º≈°“√∑¥≈Õß· ¥ß„Àâ‡ÀÁπ«à“Õ‘‡≈Á°‚∑√¥‡ß‘π¡’ —¥ à«π
¢Õß§à“§«“¡µâ“π∑“π°—∫§à“§«“¡®ÿ„°≈â‡§’¬ß°—π  à«π
Õ‘‡≈Á°‚∑√¥™π‘¥Õ◊ËπÊ ¡’ —¥ à«π¢Õß§à“§«“¡®ÿ¡“°°«à“§à“
§«“¡µâ“π∑“π · ¥ß„Àâ‡ÀÁπ«à“Õ‘¡æ’·¥π ǻ√–À«à“ß√Õ¬µàÕ
¢ÕßÕ‘‡≈Á°‚∑√¥°—∫ “√≈–≈“¬¢ÕßÕ‘‡≈Á°‚∑√¥ à«π„À≠à¡’§à“
√’·Õ°·µπ´å Ÿß°«à“§à“§«“¡µâ“π∑“π ∑”„Àâ§à“ α ‡æ’¬ßµ—«
‡¥’¬«¬—ß‰¡à “¡“√∂∫Õ°‰¥â«à“°“√∂à“¬‚ÕπÕ‘‡≈Á°µ√Õπ
√–À«à“ß√Õ¬µàÕ¥’À√◊Õ‰¡à ¥—ßπ—ÈπµâÕßæ‘®“√≥“Õ—µ√“¢¬“¬
À√◊Õ§à“ 1/A ‚¥¬∂â“§à“ A  Ÿß ∑”„Àâ§à“Õ‘¡æ’·¥π´åµË” ´÷Ëß
®“°°“√∑¥≈Õß “¡“√∂· ¥ß„Àâ‡ÀÁπÕ¬à“ß™—¥‡®π‚¥¬π”§à“

Electrode RSE (ΩΩΩΩΩ) RI (kΩΩΩΩΩ) ααααα A (sααααα/ΩΩΩΩΩ) SSEre (%) SSEim (%)

CFG 36.9 7.10 0.74 0.004961 2.10 0.28

CF 34.7 4.96 0.71 0.0044231 1.42 0.27

CPG 49.5 581.27 0.82 0.0013263 0.91 0.08

CP 65.2 177.17 0.80 0.0010173 8.13 0.90

Ag 30.6 2.61 0.56 0.0013661 2.86 5.41

Ni 33.8 3662.56 0.82 0.0002868 1.08 0.02

St 31.8 2452.87 0.82 0.0001947 3.17 0.11

Al 30.0 224.14 0.76 0.0000174 0.07 0.23

µ“√“ß∑’Ë 1  §à“§ßµ—«„πÕ‘¡æ’·¥π´å¢Õß‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ∑’ËÕ‘‡≈Á°‚∑√¥™π‘¥µà“ßÊ
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R
I
 ·≈–§à“ 1/A ¡“· ¥ß¥—ß√Ÿª∑’Ë 8 ¬°‡«âπÕ‘‡≈Á°‚∑√¥

Õ–≈Ÿ¡‘‡π’¬¡ ‡π◊ËÕß®“°§à“ 1/A ¢ÕßÕ‘‡≈Á°‚∑√¥Õ–≈Ÿ¡‘‡π’¬¡
¡’§à“ 57.43 kΩ/sα  Ÿß°«à“§à“ 1/A ¢ÕßÕ‘‡≈Á°‚∑√¥™π‘¥Õ◊ËπÊ
¡“°

®“°√Ÿª∑’Ë 8 · ¥ß„Àâ‡ÀÁπ«à“Õ‘‡≈Á°‚∑√¥ºâ“§“√å∫Õπ
‡§≈◊Õ∫∑Õß ºâ“§“√å∫Õπ ·≈–‡ß‘π ¡’§à“ RI ·≈– 1/A µË”
À¡“¬∂÷ß°“√∂à“¬‚ÕπÕ‘‡≈Á°µ√Õπºà“π‰¥â¥’∑—Èß∑“ß RI ·≈–
ZCPE  ”À√—∫Õ‘‡≈Á°‚∑√¥°√–¥“…§“√å∫Õπ ·≈–°√–¥“…
§“√å∫Õπ‡§≈◊Õ∫∑Õß®–¡’§à“ RI  Ÿß ·µà§à“ 1/A µË”°«à“ 1
kΩ/sα ´÷Ëß∑”„ÀâÕ‘‡≈Á°µ√Õπ “¡“√∂∂à“¬‚Õπºà“π∑“ß ZCPE

‰¥â  ”À√—∫Õ‘‡≈Á°‚∑√¥π‘°‡°‘≈,  ·µπ‡≈  ·≈–Õ–≈Ÿ¡‘‡π’¬¡
¡’§à“ RI ·≈– 1/A  Ÿß¡“° ∑”„Àâ°“√∂à“¬‚ÕπÕ‘‡≈Á°µ√Õπ
ºà“π‰¥âπâÕ¬¡“° ∑”„ÀâÕ‘‡≈Á°‚∑√¥π‘°‡°‘≈  ·µπ‡≈  ·≈–
Õ–≈Ÿ¡‘‡π’¬¡‰¡à‡À¡“– ¡°—∫°“√„™â‡ªìπÕ‘‡≈Á°‚∑√¥„π‡´≈≈å
‡™◊ÈÕ‡æ≈‘ß™’«¿“æ

‡π◊ËÕß®“° ZCPE ‡ª≈’Ë¬π·ª≈ßµ“¡§«“¡∂’Ë À“°µâÕß°“√
§”π«≥§à“Õ‘¡æ’·¥π´åµâÕß∑√“∫§«“¡∂’Ë∑’Ë·πàπÕπ ·µà„π
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√Ÿª∑’Ë 8  °√“ø R
I
 ·≈– 1/A ¢ÕßÕ‘‡≈Á°‚∑√¥™π‘¥µà“ßÊ

∑“ßªØ‘∫—µ‘§«“¡∂’Ë¢Õß°“√®à“¬·√ß¥—π‰øøÑ“¿“¬„π‡´≈≈å
‡™◊ÈÕ‡æ≈‘ß™’«¿“æ‰¡à “¡“√∂„™âÕÕ ´‘≈‚≈ ‚§ª®—∫ —≠≠“≥
‰¥â‚¥¬µ√ß ‡π◊ËÕß®“°·√ß¥—π‰øøÑ“∑’Ë‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ
®à“¬‡ªìπ·√ß¥—π‰øøÑ“°√–· µ√ß ÷́Ëß‚¥¬∑—Ë«‰ª¡’§à“§«“¡∂’Ë
‡¢â“„°≈â»Ÿπ¬å ·µà®“°°“√ —ππ‘…∞“π«à“°“√∂à“¬‚Õπ
Õ‘‡≈Á°µ√Õπ√–À«à“ß®ÿ≈‘π∑√’¬å·≈–Õ‘‡≈Á°‚∑√¥π—ÈπµâÕß¡’°“√
‡ª≈’Ë¬π·ª≈ßµ≈Õ¥‡«≈“‚¥¬®–¢÷ÈπÕ¬Ÿà°—∫§«“¡ “¡“√∂¢Õß
®ÿ≈‘π∑√’¬å·≈–µ—«π”æ“Õ‘‡≈Á°µ√Õπ ¥—ßπ—Èπ‡æ◊ËÕÀ“‡°≥±å„π
°“√‡ª√’¬∫‡∑’¬∫§à“ ZCPE ®÷ß°”Àπ¥§à“§«“¡∂’Ë∑’ËµË”Ê ‡æ◊ËÕ
„™â„π°“√§”π«≥À“§à“ ZCPE ‚¥¬º≈°“√§”π«≥À“§à“ ZCPE

· ¥ß„π√Ÿª¢Õß Zre ·≈– Zim ∑’Ë§«“¡∂’Ë 1, 0.1 ·≈– 0.01
Hz · ¥ß‰¥â¥—ß√Ÿª∑’Ë 9 - √Ÿª∑’Ë 11
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√Ÿª∑’Ë 10  Õ‘¡æ’·¥π´å¢ÕßÕ‘‡≈Á°‚∑√¥™π‘¥µà“ßÊ ‡¡◊ËÕ°”Àπ¥„Àâ §«“¡∂’Ë¡’§à“‡∑à“°—∫ 0.1 Hz
( ”À√—∫Õ‘‡≈Á°‚∑√¥Õ–≈Ÿ¡‘‡π’¬¡¡’§à“ Zre = 30.10 kΩ ·≈– Zim = -76.01 kΩ)

f = 1 Hz
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( ”À√—∫Õ‘‡≈Á°‚∑√¥Õ–≈Ÿ¡‘‡π’¬¡¡’§à“ Zre = 5.23 kΩ ·≈– Zim = -13.21 kΩ)

f = 0.1 Hz
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®“°°√“ø√Ÿª∑’Ë 9 - √Ÿª∑’Ë 11 · ¥ß„Àâ‡ÀÁπ™—¥‡®π«à“
Õ‘¡æ’·¥π´å¢ÕßÕ‘‡≈Á°‚∑√¥π‘°‡°‘≈,  ·µπ‡≈ ·≈–Õ–≈Ÿ¡‘‡π’¬¡
¡’§à“ Ÿß¡“°∑’Ë§«“¡∂’ËµË”Ê ‡¡◊ËÕ‡∑’¬∫°—∫Õ‘‡≈Á°‚∑√¥°≈ÿà¡
§“√å∫Õπ, «— ¥ÿº ¡√–À«à“ß§“√å∫Õπ·≈–‚≈À– ·≈–‡ß‘π
®“°º≈°“√«‘‡§√“–Àåπ’È· ¥ß„Àâ‡ÀÁπ«à“„π°“√æ‘®“√≥“
Õ‘¡æ’·¥π´å¢ÕßÕ‘‡≈Á°‚∑√¥ “¡“√∂æ‘®“√≥“‰¥â®“°§à“§ßµ—«
R

I
, α ·≈– 1/A ¢ÕßÕ‘‡≈Á°‚∑√¥ R

I
 ∂â“¡’§à“µË” ∑”„Àâ°“√

∂à“¬‚ÕπÕ‘‡≈Á°µ√Õπºà“π R
I
 ‰¥âßà“¬ ∂â“¡’§à“ Ÿß µâÕß

æ‘®“√≥“§à“ α ·≈– 1/A ‚¥¬∑’Ë §à“ α ·≈–§à“ 1/A µâÕß
¡’§à“‰¡à Ÿß ‡æ◊ËÕ„Àâ°“√∂à“¬‚ÕπÕ‘‡≈Á°µ√Õπºà“π∑“ß ZCPE ‡ªìπ
‰ª‰¥âßà“¬

3.2 °“√∑¥ Õ∫ª√– ‘∑∏‘¿“æ¢Õß‡´≈≈å‡™◊ÈÕ‡æ≈‘ß
™’«¿“æ
√Ÿª∑’Ë 12 ·≈– √Ÿª∑’Ë 13 · ¥ßº≈§«“¡Àπ“·πàπ

°√–· ‰øøÑ“·≈–·√ß¥—π‰øøÑ“∑’Ë«—¥‰¥â®“°‡´≈≈å‡™◊ÈÕ‡æ≈‘ß
™’«¿“æ ·≈–· ¥ßº≈§«“¡Àπ“·πàπ°”≈—ß‰øøÑ“‡∑’¬∫°—∫
‚À≈¥ µ“¡≈”¥—∫ ‡¡◊ËÕ„™â ºâ“§“√å∫Õπ, °√–¥“…§“√å∫Õπ,
‡ß‘π ·≈– ·µπ‡≈ ‡ªìπÕ‘‡≈Á°‚∑√¥ ‚¥¬¡’µ—«·ª√∑’Ë„™â„π
°“√∑¥≈Õß¥—ßπ’È§◊Õ
ÀâÕß·Õ‚π¥ : PB 0.1 M +yeast 25 mg/ml+glucose 53
mM+MB 3 mM
ÀâÕß·§‚∑¥ : PB 0.1 M+ K3Fe(CN)6 5 mM

√Ÿª∑’Ë 11  Õ‘¡æ’·¥π´å¢ÕßÕ‘‡≈Á°‚∑√¥™π‘¥µà“ßÊ ‡¡◊ËÕ°”Àπ¥„Àâ §«“¡∂’Ë¡’§à“‡∑à“°—∫ 0.01 Hz
( ”À√—∫Õ‘‡≈Á°‚∑√¥Õ–≈Ÿ¡‘‡π’¬¡¡’§à“ Zre = 173.18 kΩ ·≈– Zim = -437.40 kΩ)

f = 0.01 Hz
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√Ÿª∑’Ë 13  °√“ø§«“¡Àπ“·πàπ°”≈—ß‰øøÑ“-‚À≈¥¢Õß‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ
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µ“√“ß∑’Ë 2 §à“·√ß¥—π‰øøÑ“, §«“¡Àπ“·πàπ°√–· ‰øøÑ“ ·≈–§«“¡Àπ“·πàπ°”≈—ß‰øøÑ“ Ÿß ÿ¥

∑’Ë‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ “¡“√∂º≈‘µ‰¥â

Electrode Vmax (no load) (mV) V1kΩΩΩΩΩ(mV) I1kΩΩΩΩΩ (mA/m2) P1kΩΩΩΩΩ (mW/m2)

Stainless steel 454 10 10.6 0.1

Carbon paper 404 65 33.8 2.2

Carbon fiber 337 58 30.2 1.7

Silver 221 37 44.7 1.9
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®“°µ“√“ß∑’Ë 2 · ¥ß„Àâ‡ÀÁπ«à“§à“·√ß¥—π‰øøÑ“¢≥–
‡ªî¥«ß®√¢Õß‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ‡¡◊ËÕ„™â ·µπ‡≈ ‡ªìπ
Õ‘‡≈Á°‚∑√¥®à“¬‰¥â Ÿß ÿ¥ 454 mV ́ ÷Ëß¡’§à“ Ÿß°«à“Õ‘‡≈Á°‚∑√¥Õ’°
3 ™π‘¥§◊Õ Õ‘‡≈Á°‚∑√¥°√–¥“…§“√å∫Õπ, ºâ“§“√å∫Õπ·≈–
‡ß‘π §«“¡·µ°µà“ß∑’Ë‡°‘¥¢÷Èπ®“°·√ß¥—π‰øøÑ“¢≥–‡ªî¥
«ß®√π’Èπà“®–‡ªìπº≈∑’Ë‡°‘¥¢÷Èπ®“°ªØ‘°‘√‘¬“¿“¬„π‡´≈≈å‡™◊ÈÕ
‡æ≈‘ß™’«¿“æ∑’Ë‡°‘¥¢÷Èπ∑’Ë·µà≈–¢—È«¢ÕßÕ‘‡≈Á°‚∑√¥ ·µà®–‡ÀÁπ
«à“§«“¡Àπ“·πàπ°√–· ‰øøÑ“∑’ËÕ‘‡≈Á°‚∑√¥ ·µπ‡≈ ®à“¬
‰¥â Ÿß ÿ¥§◊Õ 10.6 mA/m2 ∑’Ë‚À≈¥ 1 kΩ ´÷Ëß¡’§à“µË”°«à“
Õ‘‡≈Á°‚∑√¥°√–¥“…§“√å∫Õπ, ºâ“§“√å∫Õπ·≈– ‡ß‘π 3~4
‡∑à“ ·≈–Õ‘‡≈Á°‚∑√¥·µà≈–™π‘¥¡’§à“§«“¡Àπ“·πàπ°√–· 
‰øøÑ“ 33.8 mA/m2, 30.2 mA/m2 ·≈– 44.7 mA/m2

∑’Ë‚À≈¥ 1 kΩ µ“¡≈”¥—∫ ´÷Ëß°“√®à“¬°√–· ‰¥â¡“°À√◊Õ
πâÕ¬π’È‡ªìπº≈®“°§à“Õ‘¡æ’·¥π´å¢Õß√–∫∫  ”À√—∫ ·µπ
‡≈ æ∫«à“§à“Õ‘¡æ‘·¥π´å¡’§à“ Ÿß¥—ßπ—Èπ°“√∂à“¬‚ÕπÕ‘‡≈Á°µ√Õπ
®÷ß‡ªìπ‰ª‰¥â¬“° „π¢≥–∑’ËÕ‘‡≈Á°‚∑√¥°√–¥“…§“√å∫Õπ,
ºâ“§“√å∫Õπ ·≈–‡ß‘π “¡“√∂∂à“¬‚ÕπÕ‘‡≈Á°µ√Õπ‰¥â¥’°«à“
´÷ËßÕ‘‡≈Á°‚∑√¥‡ß‘π “¡“√∂∂à“¬‚ÕπÕ‘‡≈Á°µ√Õπ∑’Ë‚À≈¥
 Ÿß(§à“§«“¡µâ“π∑“πµË”)‰¥â¥’∑’Ë ÿ¥ °“√∑’ËÕ‘¡æ’·¥π ǻ¢Õß
 ·µπ‡≈ ¡’§à“ Ÿßπ—Èπ àßº≈„Àâ§à“§«“¡Àπ“·πàπ°”≈—ß
‰øøÑ“∑’Ë‰¥â§◊Õ 0.1 mW/m2 ∑’Ë‚À≈¥ 1kΩ πâÕ¬°«à“
Õ‘‡≈Á°‚∑√¥°√–¥“…§“√å∫Õπ, ºâ“§“√å∫Õπ·≈–‡ß‘π∑’Ë¡’§à“
§«“¡Àπ“·πàπ°”≈—ß‰øøÑ“ 2.2 mW/m2, 1.7 mW/m2 ·≈–
1.9 mW/m2 ∑’Ë‚À≈¥ 1 kΩ µ“¡≈”¥—∫ À√◊Õ°≈à“«‰¥â«à“§à“
§«“¡Àπ“·πàπ°”≈—ß‰øøÑ“¢ÕßÕ‘‡≈Á°‚∑√¥°√–¥“…§“√å∫Õπ,
ºâ“§“√å∫Õπ·≈–‡ß‘π¡’§à“ Ÿß°«à“Õ‘‡≈Á°‚∑√¥ ·µπ‡≈  17~22
‡∑à“

4.  √ÿªº≈°“√∑¥≈Õß
®“°°“√«—¥Õ‘¡æ’·¥π´å¢ÕßÕ‘‡≈Á°‚∑√¥„π “√≈–≈“¬æ∫

«à“ °√“øÕ‘¡æ’·¥π´åª√–°Õ∫¥â«¬ Õß≈Ÿª ‚¥¬≈Ÿª∑’Ë 1 ‡°‘¥
„π™à«ß§«“¡∂’Ë Ÿß ∑’Ë´÷Ëß‡ªìπº≈¢Õß§«“¡µâ“π∑“π¢Õß
 “√≈–≈“¬∫—ø‡øÕ√å ·≈–Õ‘‡≈Á°‚∑√¥  ”À√—∫≈Ÿª∑’Ë 2 ‡°‘¥
„π™à«ß§«“¡∂’ËµË” ∑’Ë´÷Ëß‡ªìπº≈¢ÕßÕ‘¡æ’·¥π´å√–À«à“ß√Õ¬
µàÕ¢ÕßÕ‘‡≈Á°‚∑√¥·≈– “√≈–≈“¬ (ZI) ∑’Ë¡’§à“ Ÿß°«à“≈Ÿª∑’Ë 1
¡“° ¥—ßπ—ÈπÕ‘¡æ’·¥π´å¢Õß≈Ÿª∑’Ë 2 ‡ªìπµ—«®”°—¥°“√∂à“¬
‚ÕπÕ‘‡≈Á°µÕπ„π‡´≈≈å‡æ≈‘ß™’«¿“æ °“√∂à“¬‚ÕπÕ‘‡≈Á°µ√Õπ
„π‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ∑’Ë¡’ª√– ‘∑∏‘¿“æ Ÿß §à“ ZI µâÕß¡’

§à“µË” ´÷Ëß°Á§◊Õ§à“ RI ·≈–/À√◊Õ ZCPE µâÕß¡’§à“µË” ®“°°“√
∑¥≈Õßæ∫«à“Õ‘‡≈Á°‚∑√¥π‘°‡°‘≈,  ·µπ‡≈ ·≈–Õ–≈Ÿ¡‘‡π’¬¡
¡’§à“Õ‘¡æ’·¥π´å√–À«à“ß√Õ¬µàÕ¢ÕßÕ‘‡≈Á°‚∑√¥·≈– “√
≈–≈“¬ Ÿß¡“°Õ—π®– àßº≈„Àâ°“√∂à“¬‚ÕπÕ‘‡≈Á°µ√Õπºà“π
√–À«à“ß√Õ¬µàÕ‡ªìπ‰ª‰¥âπâÕ¬ ∑”„Àâ°√–· ‰øøÑ“∑’Ë‡´≈≈å
‡™◊ÈÕ‡æ≈‘ß √â“ß¢÷Èπ‰¡à “¡“√∂®à“¬ÕÕ°¡“‰¥âÕ¬à“ß‡µÁ¡∑’Ë ·¡â«à“
·√ß¥—π¢≥–‡ªî¥«ß®√¢Õß ·µπ‡≈ ¡’§à“ Ÿß·µà°Á‡ªìπ‡æ’¬ß
·√ß¥—π‰øøÑ“∑’Ë‡°‘¥¢÷Èπ√–À«à“ß√Õ¬µàÕ¢ÕßÕ‘‡≈Á°‚∑√¥·≈–
 “√≈–≈“¬ (Junction potential) ∑’Ë‰¡à “¡“√∂π”¡“„™â
ß“π‰¥â ¥—ßπ—ÈπÕ‘‡≈Á°‚∑√¥‡À≈à“π’È‰¡à‡À¡“– ”À√—∫π”¡“„™â
„π‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ  ”À√—∫Õ‘‡≈Á°‚∑√¥„π°≈ÿà¡§“√å∫Õπ,
«— ¥ÿº ¡√–À«à“ß§“√å∫Õπ·≈–‚≈À– ·≈–‡ß‘π ¡’§à“
Õ‘¡æ’·¥π´å√–À«à“ß√Õ¬µàÕ¢ÕßÕ‘‡≈Á°‚∑√¥·≈– “√≈–≈“¬
‰¡à Ÿß¡“° ∑”„Àâ°“√∂à“¬‚ÕπÕ‘‡≈Á°µ√Õπ√–À«à“ß√Õ¬µàÕ
‡°‘¥¢÷Èπ‰¥âßà“¬ ·≈–‰¡à‡°‘¥°“√®”°—¥°√–· √–À«à“ß√Õ¬µàÕ
¡“° Õ—π àßº≈„Àâ°√–· ∑’Ë‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ “¡“√∂
®à“¬‰¥â¡’§à“ Ÿß ¥—ßπ—ÈπÕ‘‡≈Á°‚∑√¥‡À≈à“π’È‡ªìπÕ‘‡≈Á°‚∑√¥∑’Ë
‡À¡“–®–π”¡“„™âß“π„π‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ

®“°°“√∑¥≈Õßª√– ‘∑∏‘¿“æ¢Õß‡´≈≈å‡™◊ÈÕ‡æ≈‘ß
™’«¿“ææ∫«à“Õ‘‡≈Á°‚∑√¥ºâ“§“√å∫Õπ, °√–¥“…§“√å∫Õπ ·≈–
‡ß‘π ´÷Ëß‡ªìπÕ‘‡≈Á°‚∑√¥∑’Ë¡’Õ‘¡æ’·¥π´å√–À«à“ßÕ‘‡≈Á°‚∑√¥
·≈– “√≈–≈“¬µË” ®à“¬°√–· ‰øøÑ“·≈–°”≈—ß‰øøÑ“ Ÿß
°«à “Õ‘ ‡≈Á°‚∑√¥ ·µπ‡≈ ´÷Ë ß¡’Õ‘¡æ’·¥π´å√–À«à“ß
Õ‘‡≈Á°‚∑√¥·≈– “√≈–≈“¬ Ÿß 3~4 ·≈– 17~22 ‡∑à“ µ“¡
≈”¥—∫ ‡¡◊ËÕµàÕ‚À≈¥ 1 kW º≈π’È· ¥ß„Àâ‡ÀÁπ«à“Õ‘‡≈Á°‚∑√¥
∑’Ë àßº≈„ÀâÕ‘¡æ’·¥π´å√–À«à“ßÕ‘‡≈Á°‚∑√¥·≈– “√≈–≈“¬¡’
§à“µË” ∑”„Àâ°“√∂à“¬‚ÕπÕ‘‡≈Á°µ√Õπ¿“¬„π‡´≈≈å‡™◊ÈÕ‡æ≈‘ß
™’«¿“æ¡’ª√– ‘∑∏‘¿“æ Ÿß¢÷Èπ

Õ¬à“ß‰√°Áµ“¡„π°“√æ‘®“√≥“Õ‘‡≈Á°‚∑√¥¡“„™â„π‡´≈≈å
‡™◊ÈÕ‡æ≈‘ß™’«¿“æ ¬—ß¡’ªí®®—¬∑’ËµâÕßæ‘®“√≥“Õ◊ËπÊ ∑’Ë¬—ß‰¡à‰¥â
π”¡“æ‘®“√≥“„π∫∑§«“¡π’È ‡™àπ ‡ ∂’¬√¿“æ°“√∑”ß“π
¢ÕßÕ‘‡≈Á°‚∑√¥∑’ËµâÕß„™âß“π‡ªìπ‡«≈“π“π„π¢Õß‡À≈«∑’Ë¡’
®ÿ≈‘π∑√’¬å ∑’ËµâÕß “¡“√∂√—°…“ ¿“æ§«“¡‡ªìπµ—«π”∑’Ë¥’
µ≈Õ¥√–¬–‡«≈“∑’Ë„™âß“π ·≈–µâÕß¡’§«“¡∑π∑“π‰¡à‡°‘¥
°“√ ÷°°√àÕπ‰¥âßà“¬ ´÷Ëßªí®®—¬‡À≈à“π’È§«√π”¡“æ‘®“√≥“
‡æ‘Ë¡‡µ‘¡ ‡æ◊ËÕ„Àâ‰¥âÕ‘‡≈Á°‚∑√¥∑’Ë¥’·≈–‡À¡“– ¡∑’Ë ÿ¥
 ”À√—∫π”¡“„™â„π‡´≈≈å‡™◊ÈÕ‡æ≈‘ß™’«¿“æ
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